To appear in IEEE Transactions on Visualization and Computer Graphics

On Motor Performance in Virtual 3D Object Manipulation

Alexander Kulik* André Kunert* Bernd Froehlich*
Virtual Reality and Visualization Research, Bauhaus-Universitat Weimar

3 DoF Rotation,
MT=1.47+0.17 ID
@ 3 DoF Translation,
MT=1.13+0.251D
O 6 DoF Docking,
MT=1.71+0.13 ID

MTins

- - - 3 DoF Translation,
Ware and Balakrishnan 1994
3 DoF Translation,
L ‘ Grossman et al. 2004
7 - 2 DoF Docking,
o R Stoelen and Akin 2010
S T Disc transfer task,
P Fitts 1954*

1 2 3 4 5 6 7 8 9 10
ID =log) (D/W +1)

Fig. 1: Linear regression with Fitts’s model of motor performance in three different aimed movement tasks: 3D Rotation, 3D
Translation, and 3D Docking with six degrees of freedom. Indices of difficulty were derived from effective target widths and
distances, hence, varying for each user and subtask (error bars show standard deviations on both axes). For comparison, we also
plotted the linear regressions from prior studies [12,20,57,69] in the range of the respectively tested IDs.

“Fitts’s original data from the disc transfer task recomputed by MacKenzie [39] using the Shannon formulation

Abstract—Fitts’s law facilitates approximate comparisons of target acquisition performance across a variety of settings. Conceptually,
also the index of difficulty of 3D object manipulation with six degrees of freedom can be computed, which allows the comparison of
results from different studies. Prior experiments, however, often revealed much worse performance than one would reasonably expect
on this basis. We argue that this discrepancy stems from confounding variables and show how Fitts’s law and related research methods
can be applied to isolate and identify relevant factors of motor performance in 3D manipulation tasks. The results of a formal user study
(n=21) demonstrate competitive performance in compliance with Fitts’s model and provide empirical evidence that simultaneous 3D
rotation and translation can be beneficial.

Index Terms—Fitts’s law, throughput, motor performance, aimed movements, 3D user interfaces
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INTRODUCTION

3D user interfaces and interaction techniques are often evaluated in
terms of user performance in object docking tasks with six degrees of
freedom (DoF). The involved motor actions are aimed movements that
require users to find an optimal tradeoff between rapidity and accuracy.
Compliance with Fitts’s law can thus be expected which would facilitate
comparisons of motor performance across different studies and even
across different types of aimed movement tasks. To our knowledge,
however, Fitts’s model had not yet been used to establish reference
performance measures for virtual 3D object manipulation.

We reviewed literature on various aimed movement studies to iden-
tify benchmark performance measures for canonical 2D and 3D se-
lection and object manipulation tasks. The latter are typically not
modeled by Fitts’s law, but estimates of the tested indices of difficulty
can be derived from the given task parameters (Sec. Sect. 2.4). User per-
formance often appeared to be comparably low in this case. Accuracy
limits of human motor control and fatigue are possible reasons since
physical support and tactile feedback are lacking in mid air interactions,
but other possible explanations include cognitive load and particular
interaction overheads of the respective task and apparatus.

To minimize the effects of such confouding variables, we devised a
novel experimental approach for research on 3D object manipulation
and applied it in a formal user study (n = 21). The results may serve
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as reference performance measures for virtual 3D object manipulation
with six DoF (Sec. Sect. 3.6). Our main goal was to enable comparisons
of motor performance in virtual 3D object manipulation with other
aimed movements, e.g. 2D pointing. We believe that this approach
can lead to a better understanding of the benefits and drawbacks of
direct 3D manipulation in comparison to more constrained interaction
techniques.

We were motivated by the fact that Fitts’s law had already been vali-
dated for various types of movement (Sec. Sect. 2). Its application to
studies on virtual 3D object manipulation may thus facilitate the desired
comparability with prior research, e.g., to validate the implementation
quality of established interaction techniques (often used for compari-
sons) and to substantiate the results of user studies with typically only
a few participants. The main contributions of our work are:

* anovel approach to study motor performance in 3D object mani-
pulation with reciprocal target acquisition tasks,

* empirical support that motor performance in 3D object manipula-
tion tasks can be modeled by Fitts’s law, and

* empirical evidence for benefits of combining translation and rota-
tion input.

We also provide a literature review on benchmark performance in
different aimed movement studies and the results of our study offer
conservative reference measures for virtual 3D object manipulation.



Our experimental paradigm allowed participants to find their indivi-
dually preferred balance between rapidity and accuracy. This reduced
potential effects of individual movement precision but it also led to a
comparably long closed-loop phase during which users evaluated and
confirmed the achieved accuracy. As a side effect, the obtained measu-
res of accuracy may also serve as indicators of practically achievable
placement accuracy.

2 RELATED WORK

Graphical workstations are commonly operated with 2D input devices,
even for the specification of 3D transformations, e.g. in computer aided
design applications (CAD). It was argued that 3D input techniques are
generally not competitive to more constrained methods like their 2D
counterpart [4,43,58]) Other researchers found the contrary [55] or de-
monstrated more specifically, that integral 3D motion input is faster but
less accurate than its decomposition into 2D input operations [63]) The
potential benefits of integral 3D translations and integral 3D rotations
are, quite obviously, related to the shorter diagonal motion path across
all three dimensions, but they may be outweighed by other factors.
More consecutive research is necessary to gain a better understanding.

There is even less agreement over potential beneficial of simultane-
ous rotation and translation [16,41,42,66]. In fact, the results of most
studies on object docking with six degrees of freedom in virtual envi-
ronments reveal surprisingly long task completion times [9, 64, 67,74],
while similar actions in real-world settings seem to be competitive to
user performance known from pointing studies [65,66]. The source of
such differences is unknown.

Chapoulie et al., for example, compared user performance in ai-
med movement tasks with different degrees of freedom (DoF) between
real world settings and virtual reality [9]. They included rotation and
translation tasks (1D and 3D respectively) as well as their combination.
Special-purpose hardware devices were built to enable fair compari-
sons between real and virtual settings. The results confirmed benefits
of tangible interaction with physical objects as known from prior stu-
dies [19,47]. Unfortunately, the implementation of the different tasks
with varying degrees of freedom, did not follow the same paradigm
to specify the requested target region. Thus, their difficulties cannot
be directly compared, but it is surprising that average task completion
times of 20 to 33 seconds were recorded for placing objects within
reach. It seems plausible that these results are much stronger related to
differences of the provided visual feedback than to motor performance.

We argue that Fitts’s law offers a viable model for all these types of
aimed movements and its consistent application would facilitate more
reliable comparisons between different experimental tasks and indepen-
dent studies. Fitts developed his model with 3D assembly processes
in mind and it has been successfully applied to real and virtual object
manipulation (e.g. [24,31]). His experimental paradigm, using recipro-
cal movements between two target locations, nicely isolates the motor
effort from cognitive processes of motion planning. However, it has not
been considered so far for studies on virtual 3D object manipulation
with six degrees of freedom.

2.1 Performance Measures of Rapid Aimed Movement

The operation of direct manipulation interfaces can be broken down
into sequences of target acquisitions in space. Such aimed movements,
in turn, can be modelled with Fitts’s law! [12]: a linear regression
model with the intercept a and the slope coefficient b that relates the
required movement time (MT) to the task’s index of difficulty (ID).
The latter is defined as the binary logarithm of the ratio between the
amplitude and the accuracy of the movement (equation 1).

The logarithmic relation reflects that movements towards a known
target involve a ballistic phase for coarse approximation. Further away
targets are approached with a higher velocity, and thus the movement
time does not increase linearly with the target distance. The smaller the
target, the earlier this open-loop process must give way for closed-loop
control with higher motion accuracy?.

Isee [40] and [73] for extensive introductions to Fitts’s law in HCI
Zgee [35] and [47] for a detailed analysis of movement phases

The formulation of Fitts’s index of difficulty (ID) is disputed in the
community [11]. Its original form reflects that the acquisition tolerance
is only half the target width: ID = log,(2D/W) [12]. However, the
Shannon formulation, suggested by MacKenzie [40] is more popular.
IDs computed with the latter are about 1 bit lower than those computed
with the original formula (/og,(2) = 1). We used the Shannon formula-
tion for all computations of ID in this paper to facilitate comparisons
across different studies:

ID = log>(D/W +1) 1)

The robustness of this model has been demonstrated for transla-
tional [8, 20, 28, 37, 45, 54], rotational [9, 44, 57] and even scaling
movements [61]. Stoelen suggested that also combinations of rotation
and translation can be modeled using the sum of the indices of difficulty
of both submovements (equation 2 [57]). This approach reflects that
rotation and translation are independent spatial transformations.

MT :a+b(IDrot+IDtrans) (2)

Fitts’s model facilitates the comparison of various interfaces, if addi-
tional factors of user performance are otherwise controlled. The skills
of test users or distractions, for example, are not expressed in Fitts’s
law parameters. The performance in aimed movements also depends
on strategy. More than 30 % shorter task completion times have been
observed if rapidity was favored over accuracy [37]. The side effect
of such rapidity are larger deviations from the actual motion endpoint.
MacKenzie suggested to compute the effective target width and dis-
tance from this actual distribution of hits which results in comparable
throughput measures that are independent of user strategies [37,39].

Two different approaches have been suggested for computing an
overall performance measure. The index of performance or throughput
(TP) is generally defined as the ratio of ID and MT [12]. It is thus
affected by both, the intercept a and the slope coefficient b of the
regression model. Zhai clarified that throughput comparisons on this
basis are biased. The intercept a has a stronger effect for small IDs
than for large ones [73]. More reliable comparisons across various IDs
may thus be possible if only the reciprocal of the slope coefficient b
is considered. This approach, however, obscures constant interaction
overheads, e.g., systematic activation latency of the input sensor.

If the necessary data is provided, throughput measures enable the
coarse comparison of experimental results with those of related studies.
The interpretation must take several additional factors into account,
e.g., the mentioned interaction between the intercept a and different
IDs. Further sources of error include varying impact of target width
and distance. In a study of Graham and MacKenzie, for example, target
width had a slightly larger impact than distance [19]. Formally, such
observations indicate a violation of Fitts’s law. They may be an effect of
the formula used for the computation of ID (see above) or, more likely,
they stem from accuracy limitations of the human perception-action
loop in combination with the respective experimental apparatus.

In order to test for the predicted scaling invariance, Guiard suggested
to vary form (ID) and scale of experimental tasks in Fitts’s law research
instead of target distance and width [21]. However, he also noted
that only few combinations of target distance and width, that can be
comfortably reached by humans, yield the same IDs and concluded that
varying only target distance while fixing target width at a comfortable
level can be considered an alternative for practical applications.

Our motor skills also vary with the direction of movement. Upward
movements, for example, seem to be more demanding than those do-
wnwards or to the side [8,45], while even better performance can be
achieved in forward movements [8]. Interestingly, such movements in
depth seem to be more difficult with 3D computer interfaces [3,20, 69].
This may be an effect of missing tactile feedback and/or impaired depth
perception on a 3D display.

Several adaptations of Fitts’s law were suggested to account for the
observed effects [8,19,20,45]. These extended models yield a better fit,
but complicate comparisons between different settings. Fitts’s law is an
approximate model that ignores many factors of real-world interaction.
The results of independent studies thus cannot be compared formally,
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but, they indicate a reasonable range of performance in fundamental
target acquisition tasks. Results from various studies can be critically
reviewed with respect to such ballpark figures.

Rough comparisons seem to be possible, even if the actual range
of tested IDs is not reported. The logarithmic term makes extreme
IDs unlikely if reasonable target sizes and distances are applied. For
example, reaching a 2 centimeter wide target area at 6 centimeter dis-
tance, corresponds to an ID of 2, while the ID of aiming over 1 meter
distance at a target of 2 millimeter width is slightly below 10. Fitts’s
law does not hold for extremely small targets [10] and extremely large
distances. The latter can be more accurately modeled as a sequence
of target acquisition tasks [7] or a combination with scaling [22,23].
Researchers generally avoid such extreme cases, if they are not deli-
berately interested in their effects, hence IDs beyond 10 are not to be
expected. Commonly used IDs are in the range of 3-9 [23].

Observations and insights from over half a century of research on the
topic, demonstrate the broad applicability of Fitts’s logarithmic model
to various types of aimed movements. Stoelen and Akin [57] even
suggested to model combinations of movement types like rotation and
translation as the sum of their indices of difficulty. However, the rich
available data had not been considered so far for coarse comparison of
the achievable motor performance in these different settings.

2.2 Performance in Pointing and Object Translation Tasks

Fitts’s original studies examined 1D pointing performance with styluses
of different weight as well as 3D object transfer (pins and washers). He
computed throughputs for the different conditions in the range of 10 to
11 with outliers for very small IDs. Effects of object weight could be
observed. MacKenzie later recomputed these results using the Shannon
formulation and the effective index of difficulty [39], which yielded
slightly lower throughputs (8 to 9) for the stylus conditions, where
participants could miss the accurate target location.

Fitts’s original experiment involved repetitive acquisitions of the
same two targets. A later study with random target locations revealed
an increase of reaction time, which was necessary for motion plan-
ning [13]. The pure movement times in this study were 30-50 % shorter
for comparable IDs, but if we take into account the almost constant
reaction time of about 300 ms, the throughput in these discrete target
acquisition tasks dropped to approximately 8. 2D pointing studies with
computer interfaces like mice, touchscreens, or digitizing pens often
resulted in lower throughputs of 4 to 6 [14,37,38,54,71,72], hence
it took about twice as long to perform comparable tasks. Graham and
MacKenzie directly compared virtual and real pointing. They recorded
throughput rates of about 9 for the real condition and 8.5 for the virtual
condition [19]. Apparently, pointing performance can be comparable
in both cases, but it is typically lower with computer interfaces.

For 3D pointing in real-world settings, Murata and Iwase reported an
average throughput of about 4.7 [45]. From the data provided by Cha
and Myung we computed an average of about 5. Studies on 3D pointing
in virtual environments revealed throughput rates in the range of 2 to
2.5[1,20,36,59] or lower [69]. A notable exception is a recent study by
Batmaz et al., where mean throughput levels above 4 could be achieved
in lateral target acquisition tasks using VR and AR headsets [3]. The
performance of 3D pointing at virtual targets seems to suffer primarily
from latency [69], a lack of tactile feedback [35,47,59], and impaired
depth perception [3,36], which negatively affect accuracy.

The mentioned results from studies on pointing and pure translation
tasks, indicate, that performance with computer interfaces is typically
lower than it is in real world settings, but at least with well designed
2D user interfaces, the differences can become neglectable. 3D target
acquisition performance, on the other hand, appears to be significantly
more difficult than its 2D counterpart. A difference that can outweigh
the benefits of simultanous error reduction. Movement accuracy seems
to be the limiting factor here, rather than rapidity. It remains an open
research question, if better performance can be achieved in settings
with reduced accuracy requirements.

2.3 Performance in Rotation Tasks

3D object rotation can be very difficult. In principle, the optimal
transition between any two orientations is a single turn that never
exceeds 180 °. However, the axis of rotation is not intuitively clear
if it does not correspond to any of the principal axes of the object or
the environment. Parsons showed that in this case people have a hard
time to tell whether two objects in different orientations are of the same
shape or to describe the shortest motion path between both postures in
terms of rotation angle and axis [49]. If the target orientation cannot be
identified before the motion onset, the applied rotation is not an aimed
movement, but rather a search process. Note that this is a rare case in
the handling of everyday objects.

Active object manipulation alleviates the difficulty of mental rota-
tions. By trying we can rapidly align two objects and compare their
morphological similarity. Zhai and Milgram showed that any 3D ro-
tation task can be successfully solved in interactive settings, although
with lower efficiency in case of oblique rotation axes [74]. User per-
formance in rotation tasks seems to depend strongly on the geometric
complexity of the rotation object and the orientation of the rotation
axis. When comparing rotation performance across different tasks and
settings we must expect a large variance. Nevertheless, best-case results
from the literature may serve as benchmarks.

Fitts’s law has been shown to apply in cases where the angle and
axis of the rotation is obvious and constrained. Meyer et al. [44], for
example, used a mechanical handle with one DoF that required wrist
rotation similar to turning a key. They also suggested a square root
function for ID instead of Fitts’s logarithmic model, to express a slig-
htly different conceptual model for rapid movements>, but noted that it
makes only a marginal numerical difference for their test conditions.
Average movement times for rotations with angular target distances
between 10 and 40 ° and target widths in the range of 1.6-6.3 ° were no
longer than 0.3-0.6 s. Their participants tended to be less accurate than
required for small targets and more accurate for large targets, hence,
they computed subjective target widths in the range of 2.0-5.7 °. We re-
computed the tested indices of difficulty using the Shannon formulation
and derived throughput rates in the range of 5.5-6.8. Similar results
were obtained in a follow-up study without visual feedback.

In another study by Stoelen and Akin [57], only the visual stimulus
on a screen was constrained to one rotational DoF, while the input
device, a wired electromagnetic 3D tracker, could also be translated du-
ring its operation on a tabletop. They obtained average movement times
of 0.7 s to 1.75 s for rotation tasks with indices of diffculty between 1.5
and 5.0, which corresponds to throughput rates of 2.1 to 2.9.

Kopper et al. [32] argued that distant pointing at large screens, can
be more accurately modeled as rotations of the input device rather
than with linear target distances and widths on the screen. They also
observed that accuracy is often more demanding than rapidity in this
case and thus incorporated two exponential weighting factors to their
model of ID. This adaptation contradicts the assumption of scaling
invariance in Fitts’s original model, but it offered a better model fit to
their data. However, it also impedes rough performance comparison
with the results of other studies.

Ware and Rose compared 3D rotations of real and virtual objects [70].
Their results demonstrated that rotating real objects about 125 ° on
average with a tolerance of 4-5° can be achieved in less than two
seconds [70]. This corresponds to a throughput of roughly 2.6. In
a blindfolded condition it took the participants about 17 % longer to
reach the target rotation with an average error of about 9.21 °. If the
same task was performed with the same physical handles as input,
but also with visual feedback from computer graphics, participants
could achieve a similar accuracy as in the real-world condition, but
it took them 25 % longer. Ware and Rose suggested that the reason
for the slightly lower performance was the system latency of about 75
milliseconds. Other studies on 3D rotation of virtual objects generally
observed worse performance (e.g. [27,34,51,68,75]).

3Their stochastic optimized-submovement model assumes more variability
for the endpoint and duration of each submovement than the earlier suggested
deterministic iterative-corrections model.



Rotational aimed movements were studied much less than their
translational counterpart, but compliance with Fitts’s law has been
demonstrated multiple times—at least, if challenging mental rotations
can be avoided. The available data from prior work, indicates lower
motor performance in rotational than translational movements. Further
experiments under comparable conditions are needed to better under-
stand how both movement types compare with each other. A related
question is, if and to what extend, oblique object orientations affect
user performance in reciprocal 3D rotation tasks. The cognitive effort
can be expected to vanish after a few repetitions in this case.

2.4 Performance in Object Manipulation Tasks

So far we have considered user performance in purely translational and
purely rotational tasks. Moving objects in space involves simultaneous
3D rotation and translation with six DoF. Docking tasks that require
the 3D alignment of two equally shaped objects are typically applied
for corresponding performance studies (e.g. [33,43,64,74]). Itis an
open debate, whether the simultaneous control of rotation and transla-
tion is efficient, but it is the commonly observed behavior during the
manipulation of real and virtual objects [33,57,66,67].

Masliah and Milgram showed that this simultaneity is not necessarily
more efficient than separate operations [42]. The index of difficulty in
6-DoF manipulation tasks might thus be adequately defined as the sum
of two aimed movements that describe both submovements separately.
Stoelen and Akin found a good fit for this simple model, although the
participants of their study operated rotation and translation simultane-
ously (all but one of 13) [57]. We follow their example and use this
combined index of difficulty to compare the performance of aimed
movements with more DoF. It is a conservative estimate which neglects
potential benefits from simultaneous rotation and translation.

The results of Stoelen and Akin on user performance in a reciprocal
target acquisition task that combined rotation and translation (each only
1D) may serve as a reference for simple object docking in computer
applications. For combined IDs in the range of 5 to 12, they obtained
task completion times between 2 and 3.5 seconds which corresponds
to a throughput between 2.5 and 3.5. Wang et al. earlier studied a
similar task with a wooden cube on a physical table [65,66]. Based
on the reported data, an effective index of difficulty of about 6 can be
computed. The obtained task completion times of 776 milliseconds on
average thus correspond to an effective throughput of roughly 7.6. This
performance is almost two times better than that obtained by Stoelen
and Akin for virtual object manipulation but it compares quite well to
the pointing performance obtained in Fitts’s original experiments.

Experiments on docking virtual objects with more degrees of free-
dom often revealed worse performance. Ware reported 14.05 seconds
for a 6-DoF docking task with isotonic position control [67]. We can
estimate a combined ID of about 8 (using the average error for target
width), hence the throughput would be in the range of 0.6. Zhai and
Milgram showed that users can strongly improve 3D docking perfor-
mance with training and reduce the task completion times from almost
20 seconds to less than 7 seconds. Their descriptions of tasks and the
results does not support the computation of an index of difficulty, but
under consideration of their experimental apparatus we do not assume
higher IDs than those studied by Ware [74]. In more recent studies the
recorded task completion times were in the range of 15-20 seconds [64]
or higher [9,43], but again, the reported data does not allow the com-
putation of task difficulties. We note, that the target locations in both
cases were within arms reach, hence, very high IDs are unlikely.

Prior experiments on 3D object manipulation often resulted in sur-
prisingly long task completion times, that do not compare well to those
obtained in aimed movement studies with only translational or rota-
tional DoF. Stoelen and Akin’s suggestion to model the combination
of both as the sum of their IDs offers a basis for more meaningful
comparisons, but even from this perspective, the results are not con-
vincing. If the reasons for overall low motor performance are unclear,
it seems impossible to identify the decisive factors in comparative
evaluations of novel user interfaces and interaction techniques. This
observation calls for a novel experimental paradigm to isolate motor
performance from confounding variables in studies on 3D object mani-

pulation. Stoelen and Akin’s reciprocal target acquisition task seems
to be a good candidate, but it was constrained to only one degree of
freedom per movement type. Further research is necessary to establish
generic experimental methods for tasks with varying DoF and to derive
robust reference measures for rough comparisons between the results
of independent studies.

25

Research on interfaces for rotation and translation was often informed
by the concept of perceptually integral or separable task attributes. Ja-
cob et al. suggested that the control structure of input devices should
reflect the corresponding perceptual structure [30]. Wang et al. argued
that “..., object transportation and orientation could be integrable be-
cause the spatial attributes are generally considered integral” [66]. Mar-
tinet et al. shared this intuition [41]. Research on cognitive information
processing, instead, indicates that position, orientation and distance are
perceived and processed separately [17, p.134] [29], while variations in
vertical and horizontal position are processed integrally [18]. However,
the concept of perceptual integrality and separability is not a dichotomy
that would support unambiguous classifications [17]. Instead, it has
been shown that the perceptual structure of object attributes depends on
external factors like the context and the focus of attention [18,50, 56].
The perceptual structure of object attributes does not even imply
whether the concurrent manipulation of these attributes is efficient
or not. The human locomotor system applies other constraints than
the perceived geometry of external objects and environments. More
specifically, our motor control seems to use varying reference systems
to simplify motion planning, many of which are related to skeletal joints
and external forces like gravity [5]. For accurate placement, however,
we must consider external reference systems. Consequently, a tendency
for concurrent or integral manipulation of many degrees of freedom
can be observed during the ballistic phase of movements [26,46,66,67].
Towards the end of an aimed movement, when accuracy becomes key,
advantages of DOF separation have been observed instead [2,48, 62].
Rosenbaum et al. proposed internal representations of posture as a
basic building block of human motor planning, because these allow
simpler internal representations than trajectories [53, p.178]. Postures
can be specified in terms of equilibrium points for the muscles, i.e., “a
set of muscle lengths for which muscle tensions balance out”. They
argue, that “when an equilibrium point is specified and the starting point
is known, the trajectory to the equilibrium point comes for free, making
detailed planning of the trajectory unnecessary.” They also refer to
the “end-state comfort effect” which describes a behavioral tendency
to grasp objects in an uncomfortable posture in order to achieve a
comfortable posture at the end of the manipulation process (Fig. 2).
Simultaneous rotation and translation of objects may be inefficient in
terms of motion trajectories in world coordinates, but it may be the
result of efficient limb coarticulation (see also [52, p.22]).
Simultaneous object rotation and translation can be observed in
quotidian activities, although both types of movement are clearly not
perceptually integral attributes of object manipulation tasks. Instead,
this motor behavior seems to be rooted in the structure of the human

Integrality and Separability of Rotation and Translation

Fig. 2: A bottle lying on the floor, will generally be picked up with an
underhand grip to facilitate a comfortable hand posture at the end of
the movement.



To appear in IEEE Transactions on Visualization and Computer Graphics

motor apparatus and it is not necessarily more efficient. Concrete per-
formance benefits have not been demonstrated so far. More constrained
object manipulation can be beneficial or even necessary to achieve hig-
her placement accuracy, but, this also leads to more indirect mappings.
If the task requires adjustments on multiple degrees of freedom, the
resulting segmentation into subtasks is an overhead, that seems unneces-
sary during coarse target approximation. Smart interaction techniques
like snap dragging [6], implicit constraints [60], and velocity-dependent
transfer functions [15] can support both, rapid target approximation
and placement accuracy. Simultaneous rotation and translation was not
always considered in the design of these techniques, but at least, they
can be extended in this sense. However, the design, application and
parametrization of such techniques is not trivial. More research data
on feasible placement accuracy with unconstrained 3D manipulation
techniques, could help to better understand, when switching to more
constrained interaction modes will be most useful.

3 A FORMAL STuDY ON 3D OBJECT MANIPULATION

The results of prior studies on user performance in 3D manipulation
tasks are inconclusive and partially even contradictory. Reference
performance models for 3D pointing tasks can be found, but they fail
to explain the long task completion times in earlier experiments on 3D
object rotation and placement. Reasonable performance benchmarks
for 3D object manipulation with six DoF could not be obtained from
related work. Consequently, we devised an experiment to establish
such reference measures and test the following hypotheses:

H1: Performance in 3D object manipulation tasks follows Fitts’s law.

If cognitive factors like mental rotation are controlled and the
limits of motor accuracy are avoided, user performance in 3D
object manipulation tasks should follow Fitts’s law, independent
of the type of involved movements (rotation, translation, or both).

H2: Simultaneous rotation and translation can be advantageous.

In real-world settings we typically perform both movements si-
multaneously. This does not necessarily reduce the movement
effort of each subtask, but it avoids overheads of task separation
that are related to spatial cognition and motor control.

H3: Oblique target orientations are harder to reach.

3D aimed movements are affected by constraints of our motor
apparatus. During reciprocal 3D rotations, people will assume a
comfortable hand posture for the more common object orientation,
which makes reaching the other one more challenging.

3.1 Experimental Task

We implemented a reciprocal target acquisition task corresponding to
Fitts’s original experiment from 1954. In this type of studies on motor
performance, target distance and target width are typically considered
as two independent variables, although Fitts’s model suggests that mo-
vement time depends on their ratio, not both parameters individually.
Guiard argued that, within the limitations of the human motor appara-
tus, performance in aimed movements should be independent of their
scale [21]. He thus suggested to vary only target width while fixing
distance at a comfortable level to specify a valid set of task difficulties.

Preliminary experiments with explicit visualizations of rotational and
translational target widths, similar to Stoelen and Akin [57], indicated
that these can be very confusing and distracting in a docking task
with six degrees of freedom. We also found that highlighting the
manipulated object or the target visualization when the former was
held inside given accuracy thresholds, affected the control strategy of
test users. Instead of aimed movements towards a predefined location
and orientation, we then observed a tendency to perform small erratic
object movements close to the target to trigger the expected highlight.
We also noted, that rotational and translational target widths in practical
object manipulation tasks are typically not visually specified. Not
least, the achievable motor accuracy in mid-air interaction is highly
user-dependent. Target distances, instead, are always clearly defined
requirements of any 3D manipulation task.

As a consequence, we decided to vary target distance with accuracy
set on a user-defined level. The participants of our study were instructed
to find their subjective optimum between accuracy and rapidity during
training and try to maintain a chosen level of accuracy during the
recorded trials. Our post-hoc data analysis revealed only minimal
deviations of translational accuracy. For angular accuracy, instead,
we observed mean differences of up to 50 % as an effect of target
orientation. Each participant’s individual deviations were incorporated
in the computation of effective target widths for rotation and translation
per user and subtask.

We did not vary the axes of translation and rotation in order to
keep the set of test conditions small. Prior research on 3D rotation and
translation found significant effects of movement directions. We believe
that these could be found in our settings too, but these differences were
typically small and not very relevant to answer our main research
questions. Therefore, the implemented translation distances required
only the reduction of a lateral offset on the x-axis. In case of all tasks
involving translation, two alternating target locations were located
equidistantly left and right of the screen center. All rotation angles were
applied around the vector v = (1,1,0), a 45 ° diagonal on the screen
plane (Fig. 3). During the separate rotation and translation tasks, the
manipulation object could only be rotated (3 DoF) or translated (3 DoF),
while it could be moved freely during the docking task (6 DoF).

3.2 Conditions

We specified sets of Rotation (R), Translation (T), and Docking (RT)
tasks. These consisted of subtasks with three rotation distances (R =
30°, 70°, 110°) and three translation distances (T = 10cm, 25 cm,
40 cm). This resulted in 3 Rotation, 3 Translation, and 9 Docking
tasks. Within each task set the order of difficulties was fixed from short
to long distances. For the Docking tasks translation distances were
increased before rotation distances. We also distinguished between
two target types in our reciprocal aimed movement tasks. In case of
tasks involving translation, the target could be located left or right. In
case of pure rotation tasks, the targets and the manipulation object
remained at the center of the screen, but we distinguish targer types
with regular or oblique orientation. In case of 3D docking tasks that
combined rotation and translation, the target location on the /left side
always maintained its regular orientation in alignment with the display
coordinate system, while the target orientation on the right side was
turned around a diagonal rotation axis on the screen, which resulted in
oblique orientations (Fig. 3 & Fig. 4).

3.3 Apparatus

Participants were standing centrally in front of a back projection screen
at a distance of about 120 cm. The projected image was 110 cm high
and 147 cm wide. Its lower edge was at 70 cm height. Between the
screen and the participant was a table of 130 cm width, 50 cm depth,
and 100 cm height. The table was standing 50 cm in front of the screen,
and thus did not occlude the projected image.

Rotation axis
v=(1,1,0) -

10/25/40 cm

(a) Translation distances along the x-axis and illustra- (b) Rotation angles
tion of the rotation axis. around v = (1,1,0)

Fig. 3: Axonometric visualization of the task conditions: a) view along
the depth axis (z), and b) view along the rotation axis v as illustrated
with the arrow A in subfigure (a).



(a) Regular target orientation on the
left side

(b) Oblique target orientation on the
right side

Fig. 4: The experimental task required participants to move a 3D object
back and forth between two target locations and orientations using a
passive 3D tracked prop. The photo was posed to show a monoscopic
view for the perspective of the camera. The callouts show a closeup of
the virtual object and the docking target with increased contrast.

Participants induced motion input with a passive 3D tracked input
device: a wooden block of 11-5-2cm, equipped with optical markers
at the front end such that it could be conveniently held and turned
between both target orientations with a single hand (Fig. 4). Its position
and orientation were captured at 150 Hz with an optical tracking system
(ARTRACK5*). A numpad was placed on the table for active confirmation
of target acquisitions with a keystroke from the second hand. During
breaks, the input device could also be laid down at the table.

Visual stimuli were presented with a passive stereo back projection
using a pair of CANON XEED WUX10 projectors with circular po-
larization filters, and lightweight, passive glasses. The glasses were
3D-tracked with the same optical tracking system mentioned above.
The projectors did not offer lens shift, hence we used only 89 % over-
lap between both images. The remaining resolution was 1720 px by
1200 px (~11 px/cm). The experimental task was implemented with a
custom 3D application framework. We measured an end-to-end latency
from user input to image update of about 100 ms>.

The manipulation object was represented in the virtual environment
with a light blue, bar-type 3D cellphone model. Its size and shape was
corresponding to the tangible input device. An antenna, the keypad,
and the display were modeled to clearly convey the orientation of the
model (Fig. 4). The object isomorphically followed the movements of
the input device, but at a fixed offset. We rendered the virtual cellphone
model 60 cm closer to the screen and 10 cm higher.

The targets were shown as a purple wireframe representations of the
same shape, but 0.25 mm larger in all directions to eliminate z-fighting
in case of optimal placement. We are aware that this design implies
a certain accuracy, which may have biased our results. Only one of
both alternating targets was visible at a time. All targets were displayed
with their center position on the screen plane to minimize perceptual
conflicts between accommodation and vergence cues. A structured
background eliminated the perception of remaining ghosting from the
polarization based stereo separation (Fig. 4).

3.4 Procedure

Initially, each participant signed an informed consent form and provi-
ded information on age, gender, and handedness. They were required
to switch off their cellphone to avoid distraction. Thereafter the ex-
perimental setup and the task were explained. A training set of 90
6 DoF-docking trials with nine combinations of 3 translation and 3 rota-
tion distances (slightly different to those of the recorded docking tasks)

4https://ar—'rracking.comlproducts/tracking—systems/arttrackS/

SWe used a motorized, rotating tracking target and toggled display brightness
at a specified orientation, which also triggered a magnetic switch. The visual
event was captured with a photodiode on the display.

allowed the participants to become familiar with the experimental task
and find their optimal speed-accuracy tradeoff.

After a break of five minutes, we recorded time and accuracy in
three task sets: Rotation (R), Translation (T), and Docking (RT). Their
order was counterbalanced between three groups according to a latin
square. Each task set consisted of three or nine subtasks with the above
described rotation and/or translation distances (see also Fig. 3). Each
subtask was repeated twenty times (ten in each direction). Between
each block of 20 repeated subtasks, participants took a break of one to
five minutes. The whole experiment lasted between 30 and 45 minutes.

3.5 Participants

We invited twenty-one students of our university via an online blackbo-
ard. All had normal or corrected-to-normal vision; ages ranged from
18 to 30 years (M = 22.8, SD = 2.3); five were female. One participant
claimed to be ambidextrous and performed the study with his left hand.
All others were right-handed. They received 5 Euro allowance for
participation and, to encourage optimal performance, we advertised a
restaurant voucher worth 50 Euro for the highest overall throughput.
The computation of this measure on the basis of Fitts’s law was explai-
ned in detail. They were also instructed, to maintain a chosen target
acquisition strategy during the recorded trials.

3.6 Results

In our experimental design, both accuracy and time were dependent
variables. From the 6300 recorded trials, five were excluded, due to an
angular error larger than 15 ° or a translational error larger than 5 cm.
The obtained data on rotational and translational inaccuracy as well as
task completion times was right skewed (lognormal distributions). We
therefore report geometric means. For statistical comparisons between
task conditions the data was log-transformed, collapsed, and entered
into an analysis of variance. In case of translation and rotation errors,
translation distance, rotation distance and target type were taken into
account as within-subject factors. Meaningless conditions, i.e. with
zero target distance in the relevant dimension, were ignored. For Mo-
vement times, instead, were compared the effects of 15 subtasks and 2
target types. Group was always tested as a between-subjects factor, but
reveled no effect in any of these three tests.

3.6.1

Rotation errors were affected by rotation distance (F, 35 = 9.86, p < .001,
n2=0.35) and target type (F, ;5) = 123.39, p < .001, 2 = 0.87). The geometric
means were ranging from 2.15 © for 30 ° target distance to 2.42 ° for
110 ° target distance. The effect of target type was much larger with
1.87° for regularly oriented targets and 2.86 ° for oblique oriented
targets. We also found significant interactions of rarget type with
translation distance (Fj 55 =9.71, p < .001, n2 =0.35) and rotation distance
(Fp36) = 10.66, p < .001, 12 =0.37). A closer look at the data revealed
that the effect of target type was slightly larger for longer rotational
and translational distances. Translational errors were only marginally
affected by target type (F 5 = 22.95, p <.001, n? = 0.56) with geometric
means of 3.87 mm for regularly oriented targets on the left side and
3.3 mm for oblique oriented targets on the right side.

Accuracy

3.6.2 Task Completion Times

We found a significant main effect of subrask on movement times
(Fla.907.8095) = 41.55, p < .001, n2 = 0.7). Mauchly’s test indicated a violation
of the sphericity assumption (72(2) = 191.15, p < .001), hence, degrees
of freedom were corrected using Greenhouse-Geisser estimates of
sphericity (¢ =0.36). The geometric means of movement times ranged
from 1.68 s for the easiest subtask (Dr = 10cm, Dz = 0°) to 2.58 s for the
most difficult subtask (D; = 40cm, Dg = 110°)

Movements times were also significantly affected by the target type
(F.18) =9.71, p < .001, n2 = 0.35) with geometrical means of 2.07 s for the
regular target orientations on the left side and 2.26 s for the oblique
target orientations on the right side. We also obtained a significant
interaction effect between subtask and target type (Fji5) =8.97, p <
001, n2 =0.33), which relates to slightly larger effects of target type in
conditions with longer rotation distances.
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3.6.3 Linear Regression Analysis

For each participant and subtask, we computed the effective target
width from absolute error distributions around the requested manipu-
lation target. This approach is conservative. It reflects the largest
absolute deviation in any direction. We also took the manipulation
goal of the task and not the mean of the actual placements as our
measurement reference, since in any practical application, this is the
location and/or orientation to be reached. Multiplying the root mean
square of absolute distances from the target by 4.133 yields an effective
target width around its actual center, that would have been reached in
96 % of all cases (see [39] for comparsison). From these and the given
target distances, we computed the corresponding IDs. The average
effective target widths were 19.9 mm (SD=6.9 mm) for translations
and 12.8 °(SD=3.7 °) for rotations.

The resulting data set consists of 315 combinations of ID and mo-
vement time (MT), which was averaged over all participants. (Fig. 1).
A regression analysis across the three different types of task yields a
high correlation (R? =0.95) with an intercept a = 1.47 (SE = 0.056)
and a slope coefficient of b = 0.17 (SE = 0.01). Computing the regres-
sion for each type of task individually, yields slightly different model
parameters as presented in Table 1 (see also Fig. 1).

a (SE) b (SE) R?
3D Rotation 1.48(0.02) 0.17(0.01) 0.99
3D Translation | 1.13(0.06) 0.25(0.01) 0.99
3D Docking 1.71(0.15)  0.13(0.02) 0.78
overall 147 (0.06) 0.17 (0.01) 0.95

Table 1: Linear regression parameters per task type. Note that the direct
comparison of regression coefficients is not very meaningful, since
both 3-DoF tasks were only represented by three subtask conditions,
while data of nine subtasks was available in case of 3D Docking

3.6.4 Throughput Comparison

Based on the effective index of difficulty, we computed the average
throughput (TP) per user and task [12]. The data was then collapsed
and entered into an analysis of variance with three manifestations of
task as within subjects factors and group as a between-subjects factor.
We found a large and significant main effect for task (Fa s = 111.45,
p <.001,12 =0.89).

Pairwise comparisons with Bonferroni adjustment of alpha revealed
significant differences between each of the three tasks (all p < 0.001).
The mean throughput in the 3D-Docking task condition was higher
(Mgt = 2.64, SD=0.66) than in the 3D-Translation task (M7 =1.89,
SD=0.45), which was again higher than the mean throughput in the
3D-Rotation task (Mg =1.43, SD=0.33) (see Fig. 5).

| %95

17 4

Target Type

[CJLeft/Regular
[@Right/Oblique

Throughput

T T
3D Translation 3D Docking

Task

T
3D Rotation

Fig. 5: Boxplots of non-collapsed throughput data per task and rarget
orientation

3.6.5 Movement Phases

We extracted ballistic movement phases from our log-files using the par-
sing procedure suggested by Nieuwenhuizen et al. [47]. The heuristic
builds on a threshold of 5 % peak velocity to separate movement phases
and accumulated distances for their classification. Movement phases
that account for at least 25 % of the overall distance are considered
ballistic. We found that phases of translational movements were clearly
discernible on this basis.The recorded rotational movements, instead,
were more erratic. With the suggested threshold of 5 % peak velocity
most of the overall movement was classified as ballistic, although, a
short moment of much faster rotation can be identified at the beginning
of each trial (Fig. 6). Therefore a threshold of 10 % peak velocity was
applied for rotations, but the resulting classification is vague.

In pure translation tasks, the ballistic phase made up 47.1 % of the
overall task duration on average (SD=9.7 %), which resembles the the
observations of Nieuwenhuizen et al. [47] in their virtual 3D selection
task. In the tasks involving only rotation we observed about 38.2 %
ballistic movement phase on average (SD=7.8 %). In both cases, target
distance had only a marginal effect on the relative phase duration (41-
2 %), hence the absolute duration of ballistic phases was longer for
higher target distances.

At the end of the identified ballistic phases, most of the target dis-
tance had been covered. On average the remaining distance in the
translation tasks was 14.1 mm (SD=9.3mm). As in the studies of
Nieuwenhuizen et al., we observed an effect of target distance. The
average remaining error at the end of the ballistic phase was 11.2 mm
for the 10 cm target (SD=7.5 mm) and 16.3 mm for the 40 cm targets
(SD=8.3 mm). At the end of the ballistic phase in the pure rotation
tasks, the remaining angular error was 8.2 ° on average (SD=2.4°). It
was also dependent on distance with 7.0 © for the 30 ° target (SD=1.9 °)
and 10.6 ° for 110 ° target (SD=2.3 °).

For the docking tasks, we analyzed rotation and translation phases
separately. For both movements we obtained a smaller ratio of ballis-
tic phases from the overall task duration than in both separate tasks
(Mg =32.9 %, SD=9.1 %; M1 =35.4 %, SD=8.5 %). The additional
effort of simultaneous rotation and translation seems to be more pro-
nounced during the closed-loop than the ballistic phase. It reflects the
earlier observed tendency to separate degrees of freedom towards the
end of an aimed movement (when accuracy becomes key) [2,48, 62].

On average, both ballistic phases were overlapping with about 75 %,
which indicates simultaneity of rotation and translation. In the experi-
ments of Wang et al. angular movements were enclosed in translational
ones [66]. Our observations are similar for task conditions with short
rotation and long translation distances. If it was the other way around,
we observed cases in which a short ballistic translation was enclosed
by the longer ballistic rotation, and others in which both phases had a
similar duration and were largely overlapping (Fig. 6).

3.7 Discussion

The results of our study support hypothesis H1. Average user perfor-
mance in 3D object manipulation tasks seems to comply with Fitts’s
law — independent of the type of involved movements. Apparently, 3D
object rotation, translation, and the combination of both can be modeled
by the same regression coefficients if they are performed under similar
conditions and by the same users. Stoelen and Akin’s suggestion to
simply add the indices of difficulty (ID) for rotation and translation is
also supported by our observations. However, our results do not prove
compliance with Fitts’s law. The predicted scale-independence [21]
needs to be tested with conditions that yield the same ID with varying
target distances. Moreover, the regression analysis per task revealed
slightly different parameters, which indicates subtle differences of ro-
tational and translational efforts if performed in combination. Further
research is needed to gain a better understanding of these factors.

Our results indicate, that motor performance in isomorphic 3D-
Docking tasks with six DoF can be estimated from performance data on
3D Translation or 3D Rotation using a similar experimental apparatus.
We thus believe, that the exceptionally long task completion times that
were often observed for 3D object manipulation [9,43,64,67,74] largely
stem from other factors than the achievable motor performance, e.g.,
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Fig. 6: Three exemplary sections of velocity-time diagrams visualizing movement phases in different subtask conditions. Brown curves show

rotation velocity, blue curves show translation velocity.

from cognitive load or excessive accuracy requirements. We suggest
to isolate the motor effort from such confounding variables for the
evaluation of direct manipulation interfaces. On the basis of our results,
diameters of about 20 mm and angular openings of 10-15 ° can be consi-
dered comfortable target widths during 3D object manipulation within
arm’s reach. This indicates rather low accuracy of mid air interactions
and highlights the demand for intelligent constraints, adaptive transfer
functions, and snapping techniques.

Compared to prior work, the linear regression models for our data
have rather shallow slopes ranging from b=0.13 for the 3D-Docking
task to b=0.25 for the 3D-Translation task. However, this is very
similar to the results from Fitts’s disc-transfer task (b=0.09 [39], see
Fig. 1). It means that increasing the task difficulty by one bit, e.g.
twice the distance or half the target width, results in approximately
100 ms longer task duration. Other studies on 3D aimed movements
(e.g. [20,69]) or combinations of rotation and translation [57] observed
a stronger influence of ID on movement time (Fig. 1). The shallow
slope indicates effective compensation for longer distances through
higher velocity. In our case, it may also be related to training, since
subtasks were presented with increasing difficulty.

We also obtained comparably high intercepts ranging from a=1.13
for the 3D-Docking task to a=1.71 for the 3D-Translation task. In
other studies on repetetive target acquisitions the computed intercepts
were much closer to zero (e.g. [12,20]). This difference may be partly
attributed to system latency [70], but we believe that it is more strongly
related to the user-defined placement accuracy in our study. Our parti-
cipants spent most of the time in the closed loop phase, in which only
small improvements could be achieved, but the placement accuracy was
visually controlled. The duration of this final verification phase could
probably be reduced with suitable system support and better feedback.

Although average performance with the three different movement
types in our study could be represented with the same linear regression
model, we obtained significantly higher throughput measures for the
3D-Docking task that combined rotation and translation (RT). Also the
throughput of rotation and translation tasks was found to be signifi-
cantly different. This may appear contradictory, but it simply reflects,
that aimed movements yield a higher throughput for higher IDs if the
intercept of the linear regression is positive (see [73]). In other words,
it is not the throughput of different movement types that differs, but
the throughput of different IDs. In practice, this means that performing
aimed movements with a high index of difficulty in one continuous
action minimizes the constant overhead of multiple separate ones. Con-
sequently, it was advantageous in our experimental setting to rotate
and translate objects simultaneously, which confirms hypothesis H2.
Performing both subtasks subsequently takes more time than doing so
simultaneously. The sum of average task completion times for separate
rotation and translation is about 40 % longer than that for the combined
docking task. Switching modes would take additional time.

Last but not least, we observed significantly higher rotation errors
and longer task completion times for the oblique oriented target on the
right side, especially in conditions with large angular target distances,
which confirms H3. Simultaneity of rotation and translation, on the
other hand, could be observed for both target orientations.

4 CONCLUSION AND FUTURE WORK

We searched for reference measures for the cross-validation of studies
on direct manipulation interfaces in the literature on aimed movement
studies. For 2D pointing, many references can be found with relatively
consistent reports of performance based on a throughput analysis using
Fitts’s law. In the realm of 3D user interfaces and in particular for 3D
docking tasks with six DoF, however, results of different studies are
highly varying and difficult to relate to each other since a Fitts’s law-
based analysis was not performed. We demonstrated that Fitts’s model
can also be applied to such combined tasks consisting of 3D rotation and
translation, even if no particular tolerance range is specified and even
for rotations with awkward target orientation. Therefore, the effective
index of difficulty of most direct manipulation task can be specified,
which facilitates the comparison of obtained results to references from
the literature.

Our results also offer reference performance measures for isomor-
phous 3D object manipulation with isotonic devices and minimized
cognitive load (reciprocal target acquisition). Apparently, the results
compare quite well to performance measures of earlier aimed movement
studies, although we observed a large static overhead (Figure Fig. 1). If
much lower performance is achieved in a 3D object manipulation task,
possible reasons need to be discussed. These may involve overheads
imposed by the task (e.g. mental rotation) or the operation of the inter-
face. Zhai showed, for example, that elastic rate control is less effective
for 3D docking tasks [74]. Perhaps, ballistic target approximation is
not well supported by this type of interface. Rate-controlled motion
requires a tight visual feedback loop while users of position control
interfaces can take advantage of proprioceptive feedback.

Further studies, with different interfaces and more varying condi-
tions, are necessary to extend our initial collection of reference per-
formance measures. We suggest to use the resulting benchmarks for
the cross-validation of results from evaluations of novel interfaces and
interaction techniques. This implies to compute effective indices of
difficulty for all task conditions in studies on 3D object manipulation
with six or less DoF, hence, to adopt this well established research
practice from the realm of 2D user interfaces. This will facilitate com-
parisons among the results of such studies and thereby help to gain a
better understanding of the factors that contribute to constant overheads
as expressed by the intercept a and varying effects of task difficulty as
expressed by the slope coefficient b in Fitts’s law.

We also discussed that the theory of integral and separable perceptual
attributes could be misleading for the design of direct manipulation in-
terfaces with multiple degrees of freedom. The corresponding research
on human information processing was not concerned with interactive
systems, but with the perception and processing of static stimuli [17].
Studies in the field indicate that orientation and position are separable
spatial attributes [29]. Human motor control, however, is governed by
further factors, in particular, the capabilities and constraints of our body
and the affordances of the operated devices [5,25,53]. Our study sup-
ports this view by clearly demonstrating that simultaneous 3D rotation
and translation can be advantageous, despite the perceptual separability
of the affected attributes.
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