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Abstract
Virtual trackball techniques are widely used when 3D interaction is performed through interfaces with a reduced number of
degrees of freedom such as mice and touchscreens. For decades, most implementations fix a vertical axis of rotation, which
is a suitable choice when the vertical axis should indeed be fixed, according to some mental model of the user. We conducted
an experiment involving the use of a mouse and a touch device to study usability in terms of performance, perceived usability
and mental workload when selecting different fixed axes in accordance with the user’s mental model. The results we obtained
indicate that the consistency between the axis fixed by the technique and the object’s intrinsic axis has a positive effect on
usability.We believe that implementations that allow to select different fixed axis for each specific object should be considered
when designing future reduced-DoF interaction interfaces.

Keywords Usability · 3D interaction · 3D User interfaces · Virtual trackball

1 Introduction

A very common 3D interaction task in several application
fields (such as modelling, computer aided design, medical
diagnosis or simple browsing of 3D object repositories) is
the inspection of a virtual object. Controlling a virtual cam-
era to navigate a 3D scene is, in general, not a trivial problem
[26]. A number of interaction techniques have been proposed
to map users’ actions into the commands needed for naviga-
tion, using both standard and specific input devices, tangible
props or gesture recognition [4,19]. In the context of desk-
top or web-based applications, the use of specific devices for
interaction is limited to keyboard and mouse, which provide
limited degrees of freedom (DoF).A similar situation is given
in applications within portable devices, where interaction is
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usually performed through a touch screen. In this paper,
we focus on the inspection of 3D objects using standard
devices, still widely and commonly used, which constrain
the user input to two DoF, provided by mouse or finger ges-
tures over the screen as horizontal (Δx) and vertical (Δy)
gestures. Most modern implementations of these interaction
techniques choose to fix a vertical axis of reference, which
is consistent with the users’ mental model for scenes where
objects are placed on the ground, such as buildings (Fig. 1a),
but not necessarily so when objects are presented as sus-
pended in an empty space, such as mechanical parts (Fig.
1b).

The virtual sphere or virtual trackball was proposed by
Chen et al. in an early study[9], for the 3D rotation of objects
using 2D devices. Their proposal consisted of simulating a
virtual sphere that can be rotated around any arbitrary axis.
The 3D object or scene to be rotated could be seen as encased
in this sphere. To rotate the object, the user has to roll the
sphere by clicking on the surface of the sphere andmoving the
mouse in the desired direction. Therefore, the axis of rotation
is perpendicular to the direction of movement on the surface
of the sphere. In the original paper, the virtual sphere was
drawn on the screen as a circle and, when the mouse moves
outside it, the object is rotated around the z axis (normal to
the screen). Alternatively, on touch devices (where the input
is finger gestures), such techniques can be easily adapted
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by treating a touch input as a mouse input (e.g.[3,23,42],
and [13]). The virtual sphere and the subsequent variations
[37,38]were especially suitable formanipulating objects sus-
pended in an empty space without a ground reference. In
fact, the trackball metaphor suggests that user actions make
the object rotate rather than making the camera orbit around
the object. All are variations of the same idea—the Virtual
Trackball—and all are able to rotate the object around three
axes.

The Two-Axis Valuator Technique (TAV) is a simpler
technique that predates the Virtual Trackball. The TAV
directlymaps user gestures inX- andY-coordinates into rota-
tions of the object around vertical and horizontal axes [40].
Despite havingmore than forty years of age, a variation of the
TAV technique is still used inmany applications and is one of
the preferred techniques nowadays. This variation is known
as the TAV with fixed Up-vector [2], or just Fixed Trackball
[32]. The TAVwith fixedUp-vector fixes aworld vertical ref-
erence rotation vector, which is consistent with scenes where
objects are placed on a horizontal surface. This technique is
used in 2021 in 3D modelling tools, such as Blender [5], 3D
Max [1] and Sketchup [18] or 3D object stores on the web
like 3D Warehouse [30] or Sketchfab [39].

Having the vertical axis as the fixed reference is appro-
priate when there is a ground, which is either explicitly
displayed or not (Fig. 1a). However, there are objects with an
intrinsic rotation axis that is not vertical. In the users’ men-
tal model, the representations of a wheel or a turbine may
have a horizontal rotation axis (Fig. 1b). A representation of
the Earth globe may have a diagonal rotation axis represent-
ing the tilting of the Earth’s rotation away from the direction
perpendicular to the orbit around the Sun. Designing an inter-
face that assumes that these axes are fixed could improve
interaction, following previous works on mental models and
interfaces [29]. A generic implementation should allow for
fixing any axis. In this paper, we advance in the direction of
this generalization by investigating the importance of select-
ingwhich axis to fix depending on the intrinsic characteristics

of the object to be inspected for objects with both vertical and
horizontal intrinsic rotation objects.

González-Toledo et al. [16] introduced a tool able to fix
either the Up-vector or Right-vector, but no study was made
into the importance of this selection. To the best of our
knowledge, very few studies have focused on the Two-Axis
Valuator with a fixed axis. To the best of our knowledge, only
Bade et al. [2] compared the fixed Up-vector with different
techniques, but not with a Right-vector. Buda [8] described
the two possible fixed axes (Up and Right) and compared
them without finding any major differences. However, none
of these studies considered any intrinsic characteristics of
the object. In this paper, we investigate the importance of
selecting which axis to fix, depending on the user’s mental
model about the intrinsic characteristics of the object to be
inspected.

This study was originally motivated by the authors’ expe-
rience in a research project which involved industries dealing
with high investment, low volume products with relatively
long service lives. One of the use cases in the project
involved creating a 3D collaborative tool to support deci-
sion making processes in maintenance inspection of energy
production turbines. Some of the tool requirements were
selection and manipulation of parts at different levels of the
product hierarchy; adaptive transparency and exploded views
for visualization of occluded parts; visual representation
and spatial location of inspection data; and basic naviga-
tion around the product using the mouse. The first stages
of the project required modelling the turbine, and to eval-
uate the early models we used standard visualization tools.
Our impression was that, in these tools, navigation around
the model of the turbine was awkward, unnatural. In the
3D collaborative tool that we subsequently created, we fixed
a horizontal rotation axis for consistency with our mental
model of the turbine. This decision was praised by the main-
tenance inspection operators testing the tool and motivated
us to investigate if this result could be generalised.

Fig. 1 3D objects with different reference axes [16]. (a) A reconstruction of the Parthenon with a vertical reference axis. (b) A gas turbine with a
horizontal reference axis
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2 Hypothesis

When virtual objects are presented as suspended in an empty
space, the natural rotating axis of the object depends on what
the virtualmodel is representing. The presented study aims to
demonstrate that having the object’s intrinsic axis consistent
with the axis fixed in the interaction technique will improve
interaction since it will match the user’s mental model and,
therefore, will be more natural. In the same way, when there
is an inconsistency between both axes, the interaction, and
therefore the user experience, will be hindered. In addition,
this should happen regardless of the device we use (mouse or
touch screen) since it is related with the consistency between
the user’s mental model and the interaction technique, not
with the specific characteristics of the interaction devices.

In the light of all the above, our hypothesis is the follow-
ing: having consistency between both axes, either vertical or
horizontal, will benefit the overall usability of the system,
which will be reflected in the following ways:

1. it will lead to higher performance,
2. it will lead to subjects perceiving increased usability, and
3. it will lead to a reduction in the workload of the subject

when using the system.

3 Material andmethods

3.1 Experiment overview

The participants in the experiment were asked to use a piece
of software to complete a series of inspection tasks. The
virtual object inspected was always a textured sphere with
equidistant holes on its surface (Fig. 2). The users had to
interact with the sphere in order to find a small target hid-
den in one of the holes. The texture on the sphere represents
meridians and parallels, so that an intrinsic rotation axis is
suggested to the participant. Rather than choosing objects
of different shapes, we deliberate chose the spheres to avoid
suggesting any intrinsic rotation axis through the geometry
of the object—only through texture.

To interact with the sphere, the software implemented a
Two-Axis Valuator technique that allows fixing either a ver-
tical, up-vector or a horizontal, right-vector, independently
of the axis suggested by the meridian and parallel texture.
The details of both variants of the technique are illustrated in
the Appendix at the end of this paper. The participants solved
the inspection task with different combinations of suggested
intrinsic rotation axis of the object, and rotation axis fixed by
the interaction technique. The time to complete the inspec-
tion tasks was measured by the software. Each combination
was used several times in a row, after which participants had
to fill-in questionnaires on perceived usability, workload and
fatigue.

3.2 Inspection task design

Each participant in the experiment had to complete an inspec-
tion task a number of times. The object inspectedwas a sphere
that presented 20 cylindrical holes on its surface, as shown
in Fig. 2a. The holes were distributed evenly on the sphere,
in alignment with the vertices of a dodecahedron inscribed
in the sphere, as in Fig. 2b. The goal of the inspection task
was to find small target—a yellow sphere—appearing inside
only one of the 20 holes (see the enlarged detail in Fig. 2a). In
order to do so, participants had to rotate the sphere, looking
for the target, and place it at the centre of the screen inside
a circular viewfinder, which turned yellow when the target
was inside. After one second, the target disappeared, a ’suc-
cess’ sound was played back through the speakers marking
the completion of one trial, and the viewfinder returned to its
initial colour. Then, a new trial started, presenting the partic-
ipant with a new target to find. This was repeated 20 times in
such a way that the target appeared once in every available
hole. During this phase, in the upper right corner of the screen
a countdown counter was displayed showing the number of
targets remaining. Full details on the arrangement of targets
are given in Sect. 3.6 Experimental Apparatus.

Fig. 2 (a) 3D model of the
textured sphere with twenty
holes used in the inspection
tasks. (b) Vertices of a
dodecahedron inscribed in the
sphere. The vertices of the
dodecahedron are used to evenly
distribute holes on the sphere
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3.3 Experimental procedure

The experiment was designed with four within-subject
conditions, which account for the vertical and horizontal
orientations of both the technique’s fixed rotation axis (tech-
nique reference axis) and the object’s intrinsic rotation axis
(object’s intrinsic axis). This defines twowithin-subject inde-
pendent variables: the first one is the consistency between the
object’s intrinsic axis and the technique reference axis, and
the second independent variable is the technique axis orien-
tation. These combine into the four conditions of Table 1,
illustrated in Fig. 3. We refer to Conditions A and D as con-
sistent because the technique reference axis and the object’s
intrinsic axis are in line. Conditions B and C are inconsistent
since the technique reference axis and the object’s intrinsic
axis do not match. In A and B, the technique reference axis
is vertical, while in C and D it is horizontal.

Every participant performed the whole study with the four
conditions. Half of the participants used a tablet, while the
other half used a notebook computerwith amouse. The appli-
cation was designed to prevent differences in performance
between both devices (full details are given in Sect. 3.6 on
the experimental apparatus). Therefore, the used platform is
a between-subject independent variable.

At the beginning of the experiment, the participants were
assigned to one between-subject condition (mouse or tablet)
and given a set of instructions about the procedure and how
the interaction is performed with the device. No explanations
or demonstrations of the rotation technique were presented

Fig. 3 Sphere representation for the four experimental conditions. The
rows indicate the object’s intrinsic axis. The columns show the technique
reference axis, which is also indicated with a white axis that crosses the
sphere. A and D are consistent, and B and C are inconsistent

Fig. 4 Experiment procedure. (a) shows the complete procedure of the
experiment. (b) shows the procedure of a block. The conditions and
sequence order for participant #3 are shown as an example

Table 1 Technique reference axis and the object’s intrinsic axes for the
four experimental conditions

Conditions Technique reference axis Object’s intrinsic axis

A Vertical Vertical

B Vertical Horizontal

C Horizontal Vertical

D Horizontal Horizontal

to the participants. The subjects were told that they were
going to try four variants of a technique for manipulating 3D
objects. They were also told that each time the target would
roughly come out of the antipodes of the previous point.

Figure 4a outlines the structure of the whole experiment
for each participant. Once the informed consent and the ques-
tionnaires are filled in, the participants had to complete four
blocks, one for each within-subject condition. The condition
of each block (Table 1: A, B, C or D) is selected according
to a counterbalanced order using Latin squares. Finally, once
these four blocks were completed, they were asked to fill out
the fatigue questionnaire a second time.

The procedure of a block is illustrated in Fig. 4b. Each
block started with a training phase, where participants could
practice the inspection task as long as they needed in order
to become familiar with the rotation technique. During this
phase, the word ‘Training’ was displayed on the screen and
the countdown counter, showing the number of remaining
targets, was not shown. Once the participants felt that they
were ready, they click or touch a start button located in the
lower right corner of the screen.The scenario shown inFig. 2a
is loaded, and the 20 inspection trials described in Sect. 3.2
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begin. The software internally balances the location of the
hidden target for each trial, following a strategy described
later in Sect. 3.6. The participants were asked to complete
each trial as quickly as possible. At the end of the block and
after finishing the 20 trials, participants filled in usability
andworkload questionnaires regarding the rotation technique
used in this block.

3.4 Data collection and analysis

The experiment goals were to measure the task perfor-
mance, perceived usability, perceived workload and per-
ceived fatigue and compare it under the different experimen-
tal conditions illustrated in Fig. 3.

For each trial, we recorded the time that participants took
to align the target inside the circular viewfinder. For each
participant and each condition, we computed three average
times: one for the 10 first trials, one for the last 10 trial and
the overall average for the 20 trials. For this, we compute
the geometric means of the trial times by applying a loga-
rithmic transformation to the timemeasurements, computing
the arithmetic mean and then exponentiating back to get the
geometric mean. This is done to correct the positive asym-
metry due to some users taking unusually excessively long
times to complete the trials [33].

Perceived usability is measured with the ten-item SUS
questionnaire [7], which was translated into Spanish by
Devin [14]. The subjects scored each question using a 5-point
Likert scale ranging from (strongly disagree) to (strongly
agree). The answers to these ten itemswere assessed to obtain
an SUS score [34] which summarizes the subject’s percep-
tion of the usability. In addition, as described by Lewis and
Sauro [25] and Borsci et al. [6], the SUS score was divided
in two factors or subscales, learnability and usability.

The workload is measured through the Raw TLX (RTLX)
questionnaire, a modification of the NASA Task Load Index
(NASA-TLX) that has been found to be comparatively sen-
sitive while being much simpler [20]. We used the Spanish
translation by Arquer and Nogareda [12]. The questionnaire
consists of six questions that are evaluated using a 21-point
scale ranging from very low to very high. These data were
averaged in order to obtain an RTLX score for each par-
ticipant and condition. Along with this summary score, the
average of each of the six sub-scales that compose the TLX
has also been obtained for each condition and each partic-
ipant. The sub-scales are Mental, Physical and Temporal
Demand, Frustration, Effort and Performance.

Finally, to know whether the different platforms caused
similar fatigue and if they were therefore comparable, a
fatigue questionnaire based on Shaw [36] was filled out. Par-
ticipants evaluated their fatigue using a 10-point Likert scale
(from no fatigue to extreme fatigue) of six body areas (eyes,
neck, hands, wrists, arms and shoulders).

We used estimation techniques based on the effect size
and confidence intervals (CI) to analyse data and to report
the results in detail, as recommended by Cumming [11]
and APA [41], among others. In addition, a mixed design
ANOVA, with one between-subject factor (the platform) and
two within-subject factors (consistency and technique refer-
ence axis), was carried out. These analyses have been done
for the task completion time, the usability, and the workload.
In addition, an independent sample T-test was carried out to
analyse the fatigue caused by the platform.

3.5 Participants

All participants read and signed an informed consent doc-
ument before the experiment was conducted. They were
subsequently asked to complete a demographic question-
naire, indicating their gender, age, and experience with 3D
object manipulations. A second questionnaire was used to
determine their fatigue level at the beginning of the exper-
iment. 32 subjects, including 19 males and 13 females,
participated in the experiment, with ages between 18 and
59 (M = 28.8, SD = 7.9). 20 participants were 18–29
years old, 9 were 30–39, two were 40–49, and one was 50–
59. None of the participants reported any uncorrected visual
acuities or impairments. No monetary incentive was offered.
No experience in the use of 3Dmodelling software or similar
software was required. However, all participants were very
familiar with the use of mouse and touchscreens, and 60% of
them stated that they had some or a lot of experience using
3D modelling software. All procedures were reviewed and
approved by the Ethical Committee for Experimentation of
the University of Malaga.

3.6 Experimental apparatus

The experiment was set up in a closed room. The laptop
computer was an Asus K541UJ-GO319T running Windows
10, and the tablet was a Samsung Galaxy Tab S4 running
Android 9.

The software used in the experiment was developed in
Unity3D to integrate HOM3R, a 3D viewer for complex hier-
archical product models [17]. The software was run on a full
screen on a 15.6-inch display with a resolution of 1366x768
pixels for the PC and on a 10.50-inch touchscreen display
with a resolution of 2560x1600 pixels for the tablet. The
control-to-display ratio was chosen according to the device
resolution in order to rotate the 3D model 180◦ when the
mouse or the fingers are moved from side to side on the
screen. This makes the application resolution independent.
The application is non-cpu- nor gpu-intensive, to ensure no
performance differences between the devices. The computer
was operated with a mouse and the tablet with fingers. Both
the computer and the mouse rested on a desk. Participants
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Table 2 The four dodecahedron
vertex sequences used in the
experiment. The vertex IDs are
shown in Fig. 2b. For each
block, the targets are hidden in
holes corresponding to one of
this vertex sequences

Sequence Id Vertices sequence

1 16, 05, 09, 13, 02, 18, 06, 12, 08, 14, 10, 20, 04, 17, 01, 19, 03, 15, 11, 07

2 13, 07, 11, 15, 03, 19, 01, 17, 04, 20, 02, 18, 06, 10, 14, 08, 12, 16, 05, 09

3 18, 02, 20, 04, 07, 13, 09, 05, 16, 03, 15, 11, 01, 17, 14, 10, 06, 12, 08, 19

4 20, 02, 18, 06, 12, 16, 05, 09, 13, 07, 04, 17, 01, 11, 15, 03, 19, 08, 14, 10

using the tablet were able to decide whether to rest it on the
desk or to hold it on their lap, but then theywere asked to keep
the tablet in the same position during the whole experiment.
For themouse, the x-/y-axis rotation controller is operated by
holding down the left mouse button and tracking the mouse
movement. For the touchscreen, one-fingered gestures con-
trol the rotation for the x- and y-axis.

The viewfinder and the target’s radius were, respectively,
15% and 5.6% of the sphere’s radius. Targets were arranged
across subsequent trials to follow a sequence that ensures that
the next target to find is always located on the hidden side of
the sphere. In this way, we ensured that the participant always
had to rotate the sphere to reach the next target. For this, we
pre-computed several sequences that place each target in one
of the holes around the antipodal point from the previous
one via an offline algorithm that generates sequences of ver-
tices of a dodecahedron inscribed in the sphere. Out of these
sequences, we selected four in which the first target is hid-
den (Table 2). This is a 3D extension of the ring of targets
proposed by ISO9241-9 [22], which ensures that the distance
between consecutive targets is always the same. During each
block, one of the four sequences (Table 2: 1, 2, 3 or 4) is
used to set the order of the target’s appearance. The order in
which the sequences are selected is counterbalanced using
Latin squares.

4 Results

The experiment goals were to measure the task perfor-
mance, perceived usability, perceived workload and per-
ceived fatigue and compare it under the four experimental
conditions illustrated in Fig. 3. We report the results in detail
in the following sections, where we consider three factors:
consistent vs. inconsistent conditions is the main factor, but
we also wanted to examine if there were differences between
a fixed vertical axis, which is commonly implemented by
software tools that the participants might have used before,
vs. a fixed horizontal axis. Finally, we also examine if there
were differences between participants that used the mouse
vs. those that used finger gestures on the tablet.

4.1 Task performance

To estimate the performance, the software measured the time
that participants took complete the task, i.e. to align the tar-

get inside the circular viewfinder, as detailed in the previous
section.

We found a significant effect of consistency in task per-
formance (F(1, 30) = 13.077, p = 0.001). For consistent
configurations, i.e. those in which the fixed axes and the
object’s intrinsic axis coincide, the mean1 was 7.24+0.51

−0.48
s, while for the inconsistent configurations the mean was
7.9+0.7

−0.64 s. The estimated difference between non-consistent

and consistent was 0.67+0.45
−0.41 s.

The axisfixedby the interaction techniquehas amarginally
significant effect (F(1, 30) = 3.681, p = 0.065). When the
vertical axis was fixed, the participants took 7.4+0.6

−0.57 s.When

the horizontal axis was fixed, they took 7.73+0.62
−0.57 s. The esti-

mated difference was 0.34+0.4
−0,37 s,

Finally, we could not measure any effect of the platform,
i.e. mouse v. finger gestures on the touchscreen (F(1, 30) =
2.33, p = 0.137). Participants using themouse took 7.2+0,97

−0.86

s, while participants using the touchscreen took 7.95+0.7
−0.65.

The estimated difference is 0.75+1.2
−1.07 s, a large CI including

the non-difference as a plausible case.
Figure 5a plots the average task completion time of each

experimental condition, suggesting that the consistent condi-
tions,A andD, involve lower completion times.Additionally,
when conditions are consistent, the vertical axis condition
seems to have better performance than the horizontal one.
However, when conditions are inconsistent, the times seem
to be similar for both orientation axes.

4.1.1 Interaction between factors for task performance

We did not find a significant interaction effect between the
platform and the within-subjects factors ( The results of the
ANOVA are F(1, 30) = 2.076, p = 0.16 for the interac-
tion between the platform and the consistency, F(1, 30) =
0.359, p = 0.554 for the interaction between the axis and the
platform, and F(1, 30) = 1.17p = 0.28 for the interaction
between the consistency and the axis. Thus, we consider that
these interaction effects can be neglected and will base our
analysis on the main effects.

1 It is conventional to use the superscript–subscript notation for plus or
minus one standard deviation. Instead, we use it across this section to
report 95% confidence intervals on the measured times [10].
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Fig. 5 Estimated means and CIs for the task completion time separated
by each experimental condition. These are consistent vertical, consis-
tent horizontal, inconsistent vertical and inconsistent horizontal. The
conditions of the same orientation axis have been joined with lines. To

the left, in (a), we show the results for all the twenty trials. To the right,
in (b), we show the results separately for the first ten and the last ten
trials to illustrate possible learning effects (see text). All results use n=
32. All error bars are 95% CIs

Fig. 6 Lineal regression model
calculated to analyse the
learning effects

4.1.2 Analysis of learning effects on task performance

We analysed the possible learning effects along the exper-
iment using two strategies. We observed the overall task
performance of subjects as a function of the number of tri-
als they accumulated. Also, we divided the twenty trials into
two halves, analysing the first ten trials and the last ten sepa-
rately for the factors for whichwe have observed some effect:
consistency and axis.

We computed a lineal regression model which attempts
to predict the performance time as a linear function of the
number of trials. All the trial completion times were used
as samples for this analysis and are represented in Fig. 6.
The graph shows descending time along the trials. The effect
of the number of trials on the completion time was found
to be significant with F(1, 2558) = 31.0276, p < 0.001.
Nevertheless, the effect of learning is likely small since only
1.2% of the time variance was explained by the number of
trials (R2 of 0.012).

We then proceeded to analyse the factors for the first ten
trials and the second ten trials separately. Consistent condi-
tions seem to help participants to learn faster: In the first ten

trials, for consistent conditions the average is only slightly
shorter: 7.56+0.54

−0.51 s vs. 8.08
+0.7
−0.64 s for the inconsistent ones

, an estimated difference of 0.52+0.56
−0.52 s . However, in the last

ten trials, we measured a stronger effect of the consistency:
6.92+0.50

−0.49 s, vs. 7.73
+0.55
−0.51 for the inconsistent configurations,

an estimated difference of 0.81+0.45
−0.42 s. This is a 55.8% larger

difference for the last trials, with a smaller CI.
Figure 5b displays the average task completion times for

each condition, in combination with the axis fixed by the
technique. Consistent conditions show an average perfor-
mance improvement of 8.45% while inconsistent conditions
show only a 4.2% improvement. We observed a small inter-
action between the consistency and the orientation axis only
when the first ten trials are considered; however, the ANOVA
showed no significant differences, yielding F(1, 30) =
1.748, p = 0.196.

We observed a likely small difference in learning depend-
ing on the orientation axis. At the first ten trials, the
performance time was very similar: 7.68+0.76

−0.69 s for fixed ver-

tical axis vs. 7.95+0.74
−0.68 s for fixed horizontal, a difference of

0.27+0.59
−0.54 s which does not suggest an advantage for any of
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Fig. 7 Estimated means and CIs for the SUS scores according to each
experimental condition. These are the following: consistent vertical,
consistent horizontal, inconsistent vertical and inconsistent horizontal.
Conditions with the same axis have been joined by lines. All error bars
are 95% CIs

the axes. For the second half of the trials, the mean for fixed
vertical axis was 7.12+0.63

−0.58, while the mean for trials with a
fixed horizontal axis was 7.520.69−0.63 s, an estimated difference

of 0.4+0.49
−0.45 s.

4.2 Perceived usability

The usability of the different conditions perceived by the par-
ticipants was measured with the ten-item SUS questionnaire,
as detailed in Sect. 3.4.

We measured a significant effect on usability again in the
within-subject consistency factor (F(1, 30) = 29.183, p <

0.001)—the analysis provides good evidence that consis-
tency outperforms inconsistency in terms of participant
usability scores: On average, consistent conditions scored
72+5

−5.1 points while inconsistent conditions scored 53+6.1
−6.2

points, an estimated difference of 18.98+7.22
−7.18, a large CI but

far from zero.
Regarding the second within-subject factor, there is also

good evidence that the fixed vertical axis scores better at per-
ceived usability than the fixed horizontal axis. In the case
of the vertical axis, participants scored an average of 69+5.2

−6.1
points, while for horizontal one, they scored an average of
56+6.3

−5.7 points. The estimated difference in this case was

12.19+7.78
−7.79 points. The ANOVA signals a significant effect

(F(1, 30) = 10.232, p = 0.003).
Similarly to the analysis of task performance,we could not

measure any effect of the platform—mouse vs. touchscreen,
between-subjects—on perceived usability measured by the
SUS score. The ANOVA resulted in F(1, 30) = 0.164 p =
0.688.

Fig. 8 Estimatedmeans andCIs for theworkloadRTLXscore question-
naires, separated by each experimental condition. These are consistent
vertical, consistent horizontal, inconsistent vertical and inconsistent
horizontal. The conditions with the same axis have been joined by lines.
All error bars are 95% CIs

4.2.1 Interaction between factors for perceived usability

Studying the four conditions separately, we can see that con-
dition A (vertical consistent) yielded higher scores than all
the others while condition C (horizontal inconsistent) pro-
duced the lowest scores (see Fig. 7). We could not find a
significant interaction effect between consistency an axis:
the result of the ANOVA was F(1, 30) = 2.494, p =
0.125. Neither could we measure any interaction between
the platform and the within-subject factors. We computed
F(1, 30) = 0.084, p = 0.775 for the interaction between
the consistency and the platform, and F(1, 30) = 0.203, p =
0.655 for the interaction between the axis and the platform.

4.3 Perceived workload

We measured workload through the Raw TLX question-
naires, as detailed in Sect. 3.4.

Both consistency and axis have a significant effect on
workload perceived by the participants. For consistent con-
ditions, participants reported an average workload of 37+6.2

−5.6

points (note that less points is better), but 45+6.7
−5.9. for inconsis-

tent ones—an estimated difference of 8.10+8.5
−4.5. The ANOVA

also supports an effect of consistency since F(1, 30) =
13.61, p = 0.001. As for the axis orientation, the average
workload score for the trials with vertical fixed axis was
38+5.5

−6.1, and a larger 45
+6.1
−5.1 for the horizontal ones. The esti-

mated differencewas 7.31+3.77
−3.78 Consistent with those results,

the ANOVA outcome is F(1, 30) = 15.63, p < 0.001.
These results seem indicate that fixing the vertical axis, rather
than the horizontal, has a positive effect on the workload per-
ceived by the participants. Once again we did not find an
effect of the platform—mouse or touchscreen.
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Fig. 9 Fatigue reported by
participants divided into the two
groups: those who used the
mouse and those who used the
touchscreen. (a) overall results
by platform. (b) results
separated by platform and body
part. All error bars are 95% CIs,
and n= 16

4.3.1 Interaction between factors in workload perception

Figure 8 shows the detailed results when all the experimental
conditions are analysed separately. In case A (consistent-
vertical), the average RTLX score is relatively different than
those in the other cases, but the confidence intervals are sim-
ilar for all four conditions. For Case A (consistent-vertical),
we measured the lowest RTLX score, while the other condi-
tions yielded scores that suggest a similar effect. However,
we could not measure a significant interaction effect between
these factors—consistency and axis. The ANOVA resulted in
F(1, 30) = 2.343, p = 0.136.

We were not able to find a significant interaction between
the platform and the within-subjects factors. The ANOVA
resulted in F(1, 30) = 0.366, p = 0.55 for the interaction
between the consistency and the platform and F(1, 30) =
0.122, p = 0.73 for the interaction between the axis and the
platform.

4.4 Fatigue results

The level of fatigue reported was in general very low (always
less or around 1 on a scale from 0 to 10). We could not detect
any significant difference between both platforms: 0.38+0.23

−0.32,
and a T-test result of t(30) = 0.963, p = 0.343.

Figure 9a shows the results of the fatigue questionnaires
for both platforms. These are averaged results for different
parts of the body. If we look at the results for the differ-
ent parts of the body separately Fig. 9b. The hands and the
wrists are the ones that most contribute to mouse fatigue,
while, for the touchscreen, the neck is the most relevant.
These results do fit in with the participants’ behaviour when
using the tablet. Since we did not impose any restrictions,
most of them decided to leave the tablet horizontal on the
table without holding it. It seems plausible that this causes
more fatigue in the neck due to its angled posture when look-
ing down than it would cause in the hands, wrist or shoulders.

5 Discussion and conclusion

5.1 Discussion of results

5.1.1 On the importance of consistency between rotation
axis fixed in the interaction and intrinsic axis of an
inspected object

We have found evidence that the consistency between the
axis fixed by the interaction technique and the inspected
object’s intrinsic rotation axis positively influences usabil-
ity in terms of the task performance, perceived usability, and
mental workload. In consistent situations, participants took
on average less time to perform the tasks, rated the system as
more usable, and indicated lower workloads. All this would
support our hypothesis. As we mentioned before, a previ-
ous study by Buda [8] compared both the TAV with fixed
Up-vector and that with fixed Right-vector, obtaining that
the first outperformed the second. However, his experiments
were performed using objects with an intrinsic vertical axis,
like a head. This is actually in accordance with our results
since those objects are consistent only with the TAV with
fixed Up-vector.

Considering our study in the framework of the schema
theory proposed by Schmidt [35], the proposed inspection
task requires a combination of different discrete tasks, like
a finger slide on the touchscreen. When the user wants to
rotate the object in a specific direction, an action is per-
formed, which produces a feedback that is compared with
the expected behaviour of the system. This allows the user
to correct the programmed action. If the rotation produced
by the user’s action is similar to the one expected, less cor-
rections take place and the interaction is more efficient. We
interpret our findings in this framework. Consistent condi-
tions produce more expected feedback and, therefore, higher
performance, better perceived usability and a lower mental
workload. In other words, when the fixed axis is consistent
with the intrinsic rotation axis of the object, the technique bet-
ter fits the user’s mental model, and interaction is more fluid.
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However, this represents only a small portion of the whole
interaction and, hence, the differences in the task completion
times are relatively small, but enough to reveal the effect.
Nevertheless, these differences are large in absolute terms for
usability and the workload perceived by participants, which
supports our interpretation.

This problem is also similar to the classical Stimulus-
Response Compatibility effect [31] and the more general
theory of event coding [21]. These theories are proposed
to explain the response time for a stimulus, depending on
whether certain characteristics of the stimulus are compati-
ble or not with the response. These theories assume that both
the stimulus and response share a common representational
structure in the cognitive system, thus explaining how action
may influence the perception of the stimulus. Although our
task has a different structure, similar principles can be used
here to explain our results. In this sense, some authors have
studied spatial compatibility effects, which are different from
the relationship between the stimulus location and response
location, such as when manipulating tools. For instance,
Kunde et al. [24] studied task performance when handmove-
ments are transformed into direct or inverse movements of
a tool, showing that responding was delayed when the hand
and the tool moved in non-corresponding rather than corre-
sponding directions. The theory tells us that users execute a
movement by activating the anticipatory codes of the move-
ment’s sensory effects [28]. Our results can be explained
in the framework of these models. When the object has an
intrinsic rotation axis, and the interaction technique fixes that
axis, the action codes activated to navigate around the object
and the perception of that object share a common cognitive
representation, which is consistent. Therefore, performance
and user experience is improved.

5.1.2 On the difference between fixing the vertical and
fixing the horizontal axis

Regarding the orientation axis factor, we have observed
that the vertical axis has also a positive effect on usability.
We have found an effect on all three measured parameters,
although in different ways. We measured a greater effect
in the subjective parameters, the SUS and RTLX question-
naires, than in the task completion time where we have not
been able to measure a clear difference. We conjecture that
participants find the vertical axis more comfortable, either
because they are more used to it, or because it is more natu-
ral to them. Indeed, navigation systems with a fixed vertical
axis already exist and are widely used in 3Dmodelling appli-
cations or other applications offering a 3D view of objects
or scenes. The use of a fixed horizontal axis, following the
intrinsic axis of the object, is a novel idea.

When the two factors are analysed together, we observed
that consistency has a greater effect on the three measured

parameters than the orientation axis. The consistent condition
with the vertical axis obtained the best results, followed by
those consistent with a horizontal axis (see Figs. 5a, 7 and 8).
Thiswould be also explained in the light of the schema theory
since the motor program taken in action would benefit from
previous experience and would therefore be more adjusted
to the desired behaviour and require fewer corrections.

5.1.3 On the independence of results with respect to the
interaction platform

Westudied the differences between the two platforms (mouse
and touchscreen), finding no clear differences between them.
The results obtained donot show relevant differences in terms
of performance, usability or workload for our task. More
importantly, the ANOVA did not signal any interaction effect
between the platform and the other two factors for any of the
three parameters evaluated. When studying the fatigue per-
ceived by the participants, we could not find any difference
between the platforms either. We did find differences in how
different parts of the body contribute to perceived overall
fatigue, but we did not find any important differences in the
overall fatigue. For the touchscreen—a tablet device, the con-
tribution to the overall fatigue of body parts differs from that
of previous studies [3]. This might be justified by how par-
ticipants have used this platform since they were not given
specific instructions on how to hold the device.

This analysis allows us to assume that, in the context of
this experiment, both paradigms, mouse and touchscreen, are
equivalent in terms of 3D interaction. Consistently with this
result, Martinez et al. [27] show that, when interaction tech-
niques are well adapted, the particular presentation device
will have a very small effect in usability. In contrast, previ-
ous work has reported small differences in the time needed to
perform simpler tasks, such as selection or 2D docking [15].
Since our inspection task could be regarded as a type of 3D
docking, it involves predicting the 3D rotationmovement that
takes place in the sphere with respect to the movement of the
device. We hypothesize that this task involves higher level
cognitive skills that seem to be shared by both paradigms
and that the low level motor task of controlling a mouse and
interacting with the touch screen with one finger are less
important. For this reason, we have integrated the results of
the two platforms to test our hypotheses.

5.1.4 On the learning effects along the experiment

We carried out analysis of the possible learning effects on
our results. Participants reported that they found it to be a
little difficult each time they started a new condition, and
that they gradually became more comfortable with it. This
happened even though they had been told that they could
stay in the training phase for as long as they needed until
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they had mastered the rotation technique. Using a linear
regression model, we have found that there is indeed a small
learning effect throughout each of the conditions (see Fig.
10). Observing Fig. 5b, two aspects of this learning effect
can be highlighted. The first is that learning is more impor-
tant in consistent situations. Secondly, it seems that there
is a small interaction, although it is not significant in the
ANOVA, between the technique axis and consistency when
the participants are inexperienced in the first half of each
block. Nevertheless, this clearly disappears in the second
half since experience is gained. It seems that at the begin-
ning of the block, only the condition with consistency and a
vertical fixed axis is significantly better, while at the end of
the block, performance improves in all conditions but one:
inconsistent with a horizontal fixed axis. It could be hypothe-
sized that, at first, participants might have a previous schema
based on their experience with computers and 3D, which is
based on a fixed vertical axis but requires feedback consis-
tent with the expected movement of the object. However, as
soon as they gain some experience, theymanage to build new
schemata improving performance in all conditions but in the
horizontal-inconsistent, which has neither the advantage of
action-feedback consistency nor any already built schema
based on experience. The subjective evaluation through the
SUS andRTLXquestionnaires seems to validate these results
since the questionnaires reveal that the consistent conditions
were perceived by the participants as the ones that had more
learning capacity and as those that generate the least frustra-
tion.

5.2 Conclusions and recommendations: still room
for improvement in traditional 3D interaction

We aimed to understand whether the right selection of a fixed
axis when designing an interaction technique can improve
inspection tasks by making navigation more natural. To this
aim, we carried out a study on two different platforms, a
mouse and a touch screen. Their limited number of DoF
make 3D interaction challenging. Three different variables
have been analysed to assess the usability of the techniques:
performance—in terms of time to complete the tasks—and
the SUS and RTLX questionnaire scales. The fatigue caused
by each of the platforms was also investigated.

We found evidence that confirms our hypothesis. When
the fixed axis is consistent with the intrinsic axis of an object
being inspected, the interaction is more usable, more effi-
cient, easier to learn, produces a lower mental workload and
generates less frustration. These results reflect the impor-
tance of the fixed axis in a TAV technique and how this axis
should be fixed according to the object and the mental model
that the user has of it. Specifically, when the object appears
to be on a surface, like the ground or the floor, the verti-
cal axis is an intrinsic axis that should be kept fixed since

gravity is always vertical. However, in those cases where
the object is suspended in an empty space and there is an
intrinsic axis, as with a rotating axis of a wheel or a tur-
bine rotor, it is worthwhile to adapt the interaction technique
that has that intrinsic axis fixed. This is not considered in
currently used 3D viewers and would improve usability in
those cases. Likewise, current 3d model authoring tools do
not allow the annotation of a model with an intrinsic rota-
tion axis’ attribute, which could be automatically read by
3D viewers, allowing application of our findings to improve
the usability of the interaction. Another option to implement
consistency is via interactive mechanisms such as visualiza-
tion widgets. Visualization widgets are virtual objects (e.g.
cutting planes, lenses or particle emitters) that help users to
interactivelymanipulate 3D spatial objects and data. A recent
survey on 3D Interaction techniques for visualization [4] sug-
gests that this is a clear area for future work. This might me
a useful mechanism to interactively fix an axis, in inspection
of 3D objects of which the shape is not known in advance, or
to allow applications to adapt navigation to mental models
which can vary across different contexts or users.

In summary, we found significant differences between
consistency and inconsistency across performance time, per-
ceived usability, and perceived fatigue. Still, a reader of this
paper, perhaps involved in developing a 3D authoring or visu-
alization tool, might wonder if the effort of implementing
this consistency is worth the time. This question is not for
the authors of this paper to answer, as it depends on a large
number of factors. Perhaps it would not beworth for a general
purpose 3D viewer in a 3D object online shop. But for spe-
cialised applications, which operators use for long periods
of time to carefully and systematically inspect or annotate
complex objects, in domains where not making mistakes due
to fatigue is important, we firmly believe that implementing
such mechanisms would increase the value of the software.
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Appendix: Illustration of the TAV with fixed
Up- and fixed right-vectors

The software usedbyparticipants in the experiment described
in this paper implements two variants of a 3D interaction
technique: TheTwo-AxisValuator (TAV)wit fixedUp-vector
and the TAVwith fixed Right-vector. Both techniques can be
explained using the concept of a virtual sphere that com-
pletely encases the 3D scene or object being inspected. The
displacements on each of the axes on the screen are mapped
onto rotations in the 3D world. For example, in Fig. 10 a
gesture from a point on the screen p1 to another p2 pro-

duces a rotation of the virtual sphere, that would take a point
on its surface A1 to a new position A2. The gesture on the
screen plane from p1 to p2 is the sum of two orthogonal dis-
placements: Δy (in blue color in Fig. 10), along the vertical,
y-axis on the screen; and Δx along the horizontal, x-axis on
the screen (in green in Fig. 10).

The TAV with fixed Up-vector maps Δy to rotations Δφ

(in blue) around a global X-axis, andΔx to rotationsΔΘ (in
green) around the object’s local Y-axis. This implies that the
local Y-axis of the object is not generally vertical in world
co-ordinates. This is illustrated in Fig. 10a.

The TAV with fixed Right-vector maps the vertical com-
ponent Δy of the screen gesture onto rotations around the
object’s local X-axis (Δφ in blue), while the horizontal com-
ponentΔx will cause a rotation around theworldY-axis (ΔΘ

in green). This is illustrated in Fig. 10b.
The paper advances in the direction of a generalization of

the vector to fix, by way of investigating the importance of
selecting which axis to fix depending on the intrinsic char-
acteristics of the inspected object.

Fig. 10 Both techniques
illustrated side to side. A gesture
on the screen plane of the device
(left) is transformed by the
interaction techniques into a 3D
rotation in the virtual world. (a)
is the TAV with fixed Up-vector,
where rotations are around a
global X axis but a local Y axis;
(b) is the TAV with fixed
Right-vector, where rotations
are around a local X axis, but a
global Y axis
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