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People use touchless input when interacting with virtual or augmented reality. During those interactions, they
may alternate between hands or use both hands simultaneously. How does handedness impact user performance
in touchless input? We hypothesized that touchless inputs, owing to a lower demand for feedback control, will
produce much less between-hands performance differences than traditional input devices like the mouse or
stylus. In our experiments, participants performed pointing and dragging with freehand and device-based
touchless inputs. Both types of touchless inputs produced significantly less degradation between hands than
the mouse or stylus. Furthermore, structural equation models elucidated the relation between handedness, input
type, and user performance. Our findings indicate that only input devices with relatively higher demand for

feedback control produce significant between-hands performance differences.

1. Introduction

Touchless is an input type or interaction modality. It allows people to
interact with computers using mid-air gestures—freehand (Chatto-
padhyay and Bolchini, 2014a), with specialized hand gloves (Sturman
and Zeltzer, 1994), or with in-air devices (Nancel et al., 2011).
Touchless inputs are location-independent and require neither a hard
flat surface, such as a desk, nor awkward equipment (Chattopadhyay
and Bolchini, 2014a). People can move freely with a head-mounted
display (HMD) (Plante et al., 2006) or interact with a very large
display from a distance (Nancel et al., 2011; O’Hara et al., 2014).

Touchless inputs have been widely explored in research; for playful
or ephemeral engagement with public displays (Walter et al., 2013;
2014), for interacting with smart home devices (Garzotto and Valoriani,
2012), or for bimanual interactions with the dominant hand using
another input device (Guimbretiere and Nguyen, 2012). More recently,
researchers are examining the possibilities of touchless interactions in
healthcare—for monitoring and assessments (Morrison et al., 2016),
hospital use (Cronin and Doherty, 2018), or browsing medical images in
sterile operating rooms (O’Hara et al., 2014). In current practice, how-
ever, touchless input is primarily used to interact with large
high-resolution displays, when examining large datasets, and HMDs, for
both work and play.

Regardless of the potential, individuals perform poorly with touch-
less inputs compared with the mouse, pen, or stylus (Habibi and Chat-
topadhyay, 2019; Jude et al., 2014; Nancel et al., 2011). Familiarity or
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practice alone can not explain these performance differences; studies
show that motor learning, induced by distributed practice, does not
improve touchless performance to become as good as mouse or touch
input (Jude et al.,, 2014). Most theories attribute the inferiority of
touchless performance to a lack of passive haptic feedback and gorilla-
—arm fatigue (Boring et al., 2009; Nancel et al., 2015). We expected, that
due to this lack of haptic feedback, handedness will impact touchless
inputs differently than other traditional inputs. Note that by passive
haptic feedback we mean stimulating a sense of touch to provide a
manner of guidance in movement control (Nancel et al., 2011; Oakley
et al., 2000), neither force feedback nor tactile feedback (Oakley et al.,
2000).

Handedness in lateralized individuals signifies a specialization of
motor function (Goble et al., 2006; Todor and Doane, 1978).
Right-handed people prefer the use of their right hand, which is
considered their dominant or preferred hand. Cognitive science and
neuroscience studies indicate that performance differences between
dominant and nondominant hands in lateralized individuals are due to
cerebral hemispheric specialization (Durnford and Kimura, 1971;
Shenton et al., 2004; Sober and Sabes, 2003) (Fig. 1). In humans, brain
hemispheres exhibit a specialization of function: the left hemisphere is
dominant for serial or sequential information processing and the right for
parallel information processing (Annett et al., 1979; Flowers, 1975;
Kimura and Vanderwolf, 1970; Todor and Doane, 1978). Owing to the
anatomical nature of the sensory and motor pathways to and from the
hands, the right hand is typically better at sequential motor tasks—those
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Fig. 1. The two hands of a lateralized person have complementary and
specialized roles, owing to a hemispheric asymmetry. In a right-handed person,
the right hand specializes in feedback control and the left in preprogramming.

requiring (sensory) feedback control, and the left hand better at parallel
processing or open-loop behavior (Durnford and Kimura, 1971; Guiard
et al, 1983). This notion of hemispheric asymmetry and motor
complementarity in lateralized persons is largely accepted in the liter-
ature (Todor and Doane, 1978).

These motor control concepts are not foreign to human-computer
interaction (HCI) research; they have been extensively used in study-
ing rapid aimed movements and input performances (Casiez et al., 2008;
Kabbash et al., 1993), e.g., ballistic and corrective movements. How-
ever, only a few studies have looked into the performance of nondom-
inant hands across different input devices (Jude et al., 2014; Kabbash
et al., 1993). Between-hands performance differences in mouse almost
disappeared for larger targets and larger distances, i.e., when the rela-
tive demand for ballistic movement (little or no feedback control) was
more than corrective movement (Kabbash et al., 1993). Between mouse,
trackball, and stylus, trackball had the least degradation across hands in
Fitts’s one-dimensional (1D) pointing and dragging tasks (Kabbash
et al., 1993). Any unique performance characteristic of touchless inputs
due to handedness is yet to be determined.

Although the etiology of handedness remains an open issue (De
Kovel and Francks, 2019; Perelle et al., 1981), it is generally accepted
that hand preference initiates during prenatal phases, and is further
established in early infancy (Hepper et al., 2005; Parma et al., 2017). But
with prolonged daily practice, even strongly lateralized individuals can
learn to perform a fine motor task with the nondominant hand as good as
with the dominant hand—which is a hallmark of skilled occupations,
like surgery, music, or sports (Perelle et al., 1981; Provins, 1958; 1967).
For the sake of this paper, we assume that people do not require sub-
stantial motor training to use touchless input. Outside exergames, cur-
rent applications are designed to call for touchless inputs
occasionally—because of the associated fatigue and limited accuracy. So
it is unlikely that in the future, people might be using touchless inputs as
frequently, and as pervasively, as they would use the mouse, keyboard,
or touch input. If that happens—and individuals attain highly developed
skills in touchless input, through substantial prior training or experi-
ence, any performance differences between the dominant and
nondominant hand or across input devices may disappear.

Nevertheless, touchless inputs lack haptic feedback and exclusively
depend on visual and proprioceptive information (Nancel et al., 2011).
So the demand for feedback control in touchless inputs should be less
than other inputs like the mouse or stylus, while the demand for pre-
programming (or open-loop control) should be more. If touchless
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requires more preprogramming than feedback control, how would that
affect the dominant hand’s performance compared with the nondomi-
nant hand? Our findings can offer guidance in designing future bimanual
and multimodal interaction techniques involving the touchless input.
We also contribute toward understanding how handedness impacts user
performance of different input devices that differ in their relative de-
mands for feedback control.

2. Background

In our experiments, participants performed Fitts’s one-dimensional
(1D) and two-dimensional (2D) pointing and dragging tasks. However,
the extensive literature on Fitts’s law and its latest developments is only
tangentially relevant here (Fitts and Peterson, 1964; Fitts and Radford,
1966; International Organization for Standardization, 2000; Kabbash
et al., 1993; MacKenzie and Buxton, 1992; Soukoreff and MacKenzie,
2004). Instead, we will review the types of movement control and the
relative demand for feedback control in touchless input.

2.1. Types of movement control

Broadly speaking there are two types of movement control in skilled
motor performance (Flowers, 1975; Goble et al., 2006; Keele, 1968):

e Frepack ConTroL: motor actions where feedback is processed to make
corrective alterations on the way; also known as online control,
closed-loop, and sequential or serial processing

PREPROGRAMMING: motor actions where a set of muscle commands are
structured before a movement sequence begins, allowing the entire
sequence to be carried out uninfluenced by peripheral feedback; also
known as programmed control, open-loop, and parallel processing

Typically, any rapid aimed movement requires some amount of
feedback control (corrective movement) and some amount of pre-
programming (ballistic movement) (Elliott et al., 2010; 2001; Wood-
worth, 1899). Right and left hands show a performance advantage in
tasks that favor the processing mode of the hand’s contralateral hemi-
sphere (Fig. 1) (Goble et al., 2006; Todor and Doane, 1978). This
advantage has been studied extensively in motor science and neurosci-
ence, by systematically varying the relative demand for preprogram-
ming and feedback control in rapid aimed movements. The
between-hands performance difference is attributed to the feedfor-
ward advantages when planning a motor response (open-loop and
memory-guided) and the advantages of feedback in the utilization of
sensory information to correct ongoing movements (Goble et al., 2006).

So far only a few HCI studies have attempted to systematically un-
derstand how this relative demand for preprogramming vs. feedback
control influences the performance of nondominant hands (Jude et al.,
2014; Kabbash et al., 1993). Many more HCI studies have either drawn
from or observed the two types of movement control when studying the
performance of the dominant hand across different tasks (Casiez et al.,
2008; Chattopadhyay and Bolchini, 2015). For example, in
crossing-based tasks (Accot and Zhai, 2002), larger distances produced
significantly smaller angular error in touchless input with the dominant
hand, suggesting that in those task conditions, the relative demand for
preprogramming was sufficiently more than feedback control to produce
a medium effect (r ~ .5) (Chattopadhyay and Bolchini, 2015; Sullivan
and Feinn, 2012).

The relative demand for feedback control depends on the amount of
feedback or sensory information available during an interaction (Sigrist
et al., 2013). When interacting with computers, techniques offer
different types of feedback—typically some combination of visual,
haptic, and proprioceptive information. Touchless input lacks a critical
type of sensory feedback—haptic—which has been deliberated exten-
sively since its rise to (in)fame(y) (Nancel et al., 2015; Norman, 2010).
However, there is a significant gap in the HCI literature about how this
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lack of feedback (or guidance) in touchless input impacts between-hands
performance.

2.2. Feedback in touchless input

Touchless input is either freehand, performed with mid-air gestures
(Chattopadhyay and Bolchini, 2014a), or device-based, performed with
wearables or in-air devices (Nancel et al., 2011; Sturman and Zeltzer,
1994). In the lack of haptic feedback, that is available with a mouse or
stylus, touchless interactions largely draw on proprioceptive and visual
feedback.

2.2.1. Proprioceptive feedback

The input device used in mid-air offers some sort of haptic feedback
in device-based touchless input. But freehand touchless input only offers
proprioceptive feedback (Nancel et al., 2011). Proprioception is namely
an individual’s “sense of the relative position of neighboring limbs of the
body” (Lopes et al., 2015). While proprioceptive feedback is often taken
for granted in HCI techniques—it plays important roles during move-
ment, such as controlling muscle interaction torques (Sainburg et al.,
1995), timing limb segments (Cordo et al., 1994), and aiding in skilled
movement acquisition (Kawato, 1999). However, when visual feedback
is available, feedback utilization may be biased toward visual rather
than proprioceptive information (Goble et al., 1995). Studies report that
in the absence of visual guidance, right-handed individuals show a
left-hand advantage in processing position-related proprioceptive
information—which suggests a preference of the nondominant hand in
maintaining static postures (Goble et al., 1995).

2.2.2. Visual feedback

Some interaction techniques, like imaginary interfaces, do not offer
any visual feedback to touchless input (Gustafson et al., 2010). But most
touchless interaction techniques offer some type of visual feedback to
users (Chattopadhyay and Bolchini, 2014b; Mayer et al., 2018). In HCI,
we are accustomed to thinking that the more the feedback the better
(Norman, 2010); although exceptions exist to facilitate speed in experts
(Kurtenbach and Buxton, 1994). But in motor control, visual feedback
can deter learning (Saunders and Knill, 2004) and decrease efficiency
(Mayer et al., 2018). After proprioception estimates the initial body
posture and selects a motor command, hand movements are continually
corrected by the visual feedback—i.e., the visual information about
one’s hands and the output visible on the interface (Heath, 2005; Lopes
et al., 2015; Saunders and Knill, 2004; Scheidt et al., 2005). Terminal
visual feedback, in terms of withdrawing vision of the target during
movement execution, can facilitate learning simple tasks, such as aiming
movements; but to effectively learn complex tasks, such as inter-limb
coordination skills, continuous visual feedback is recommended (Sig-
rist et al., 2013; Siilzenbriick, 2012).

2.2.3. Feedback control in touchless input

The design of visual feedback in touchless interactions may signifi-
cantly influence the relative demand for preprogramming vs. feedback
control. But we do not systematically investigate visual feedback in this
paper, as our study is a first step toward understanding the effects of
handedness on touchless performance. In our experiments, visual feed-
back is kept the same across all conditions, so as not to confound other
effects. But it is important to note that just the availability of visual
feedback adds to the demand for feedback control.

It would be incorrect to assume that because touchless input lacks
haptic feedback, it demands much more motor preprogramming than
feedback control, and hence, will most definitely produce a
nondominant-hand advantage in goal-directed aiming movements. Even
without the haptic feedback, touchless interactions offer visual and
proprioceptive sensory information that needs processing. While the
nondominant hand is more adept at processing proprioceptive infor-
mation, humans are biased toward the utilization of visual feedback
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(Goble et al., 1995). We cannot, thus, simply deduce the impact of
handedness on touchless performance based on prior studies on motor
behavior or other computer inputs. Our work addresses this knowledge
gap in the HCI literature.

In this paper, we demonstrate how and why handedness impacts
different input types differently. After introducing our general method
(Section 3), we examine the impact of handedness on user performance
in freehand touchless input (Section 4). Freehand touchless input pro-
duced smaller performance differences between hands than a mouse in
pointing and dragging tasks. Based on this result, we set out to test
whether, owing to more haptic feedback, device-based touchless input
would produce larger performance differences between hands than
freehand touchless input, but smaller than mouse or stylus (Section 5).
Results indicate handedness impacts device-based and freehand touch-
less inputs similarly, but mouse and stylus differently. Finally, we
construct structural equation models to elucidate the role of handedness
in user performance of different input devices (Section 6). A path
analysis rejected the hypothesis that accuracy (or lack thereof) causes
the performance differences between hands across different input types.

3. General method
3.1. Design

This study adopted a within-group design for its two experiments. In
each experiment, unique participants performed pointing and dragging
tasks using their dominant and nondominant hands with different input
devices.

3.2. Participants

Participants were recruited via university mailing lists and word of
mouth. The study was approved by the University of Illinois at Chicago
(UIC) Office for the Protection of Research Subjects. A total of 40 par-
ticipants were recruited. Participants were paid volunteers.

In the first experiment, 20 participants (7 females, Myg = 28.8, SE =
1.87) performed one-dimensional (1D) pointing and dragging tasks with
freehand touchless input; in the second experiment, another 20 partic-
ipants (10 females, Mg = 25.5, SE = 1.07) performed two-dimensional
(2D) pointing and dragging with freehand and device-based touchless
inputs. Participants were right-handed and regular computer users.
None of them were color blind. 75% had prior experience with touchless
inputs.

3.3. Apparatus

3.3.1. Input devices

Five types of input devices were used (Table 1). In experiment 1,
participants used mouse, stylus, and freehand touchless input with
passive infra-red markers (TouchlessWmarker, Fig. 2); in experiment 2,
participants used mouse, stylus, markerless freehand touchless input
(TouchlessWOmarker), and device-based touchless input (Tou-
chlessWdevice). Table 1 lists the apparatus details and input device res-
olutions. VICON is a sub-millimeter accurate motion tracking system
that is more reliable than off-the-shelf markerless motion tracking
apparatus like Kinect or Leap Motion. Our system consisted of 14 Bonita
10 cameras in a circular arrangement (3.7 mt diameter). Each camera
tracked motion at 250 FPS and 1 MP resolution. We chose a marker-
based method to increase the internal validity of our experiments—-
while trading off some ecological validity.

3.3.2. Setting

During the experiments, participants were seated in a chair about 2
meters away from a high-resolution, tiled large display. The display
constituted of 12 tiles and each tile’s resolution was 1366 x 768 pixels
(Fig. 2). Participants could rest their elbows on a table in front of them,
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Table 1
Detail specifications of the five input devices used in this study.
Input device Details Resolution Exp
(s)
Mouse wireless; Logitech M185 25.4 pm 1&

@ (1000 PPI) 2

Stylus Wacom tablet; Intuos Pro 2.5 um 1&
2 Medium, PTH-651 (10160 PPI) 2
S
|
TouchlessWmarker in-air pinch gesture; gesture 200 um 1
recognition algorithm was
) \ developed in-house, and
\ implemented using marker-based
\ motion tracking with passive
infra-red markers and a VICON
motion capture system
TouchlessWdevice a PlayStation (PS) 3 Move Motion 200 um 2
Controller was fitted with passive
‘%) infra-red markers and tracked by
the VICON motion capture system
TouchlessWOmarker Microsoft HoloLens 1 2.5k radiants 2

?ﬁ\%\\

but were not constrained to do so at all times. In TouchlessWdevice, target
selection was accomplished by pressing the ‘X’ button of the PS3
controller. In TouchlessWOmarker, target selection was accomplished by
using HoloLens’s Air Tap gesture. When using HoloLens, dragging re-
quires a delay between target selection and post-selection movement.
This exact delay is currently unavailable in hardware specifications.
Thus, an estimate of 1.2 s, which was empirically determined, was
subtracted from the logged task completion times.

3.3.3. Pointer acceleration and control-display (CD) gain

Pointer acceleration was set to zero for all five inputs. How pointer
acceleration impacts handedness in touchless input is left for future
work.

Mouse and stylus inputs were directly mapped to the display
(Saunders, 2015) while accounting for the hand’s resolution (0.35 de-
grees; Cavallari et al., 2016). Table 2 lists the CDp;, and CDpax of
touchless inputs; they were computed following prior work in this area
(Casiez et al., 2008; Cavallari et al., 2016; Nancel et al., 2015). Across all
conditions, CDp,;, was less than CDy,.x. Within this range, the constant
CD gains for touchless inputs were heuristically determined in a pilot
study. The following heuristics were used: (1) avoid cross-lateral inhi-
bition (Chattopadhyay and Bolchini, 2015; Schofield, 1976) and
contralateral performance differences (Carson et al., 1992; Elliott and
Chua, 1996) by deterring participants from crossing the body midline
during aiming movements, (2) allow precise goal-directed manual
aiming without producing clutching issues (Nancel et al., 2015), and (3)
ensure that all trials can be comfortably performed while resting the
elbow on a flat surface should participants so desire (Jude et al., 2014).

Our five input types vary widely in terms of capabilities, operating
range, and manual dexterity (Table 1). Owing to that, it was not feasible
to have the same CD gain across all input types. Neither would the re-
sults then have any external validity, because in any practical applica-
tion, the CD of an input device is set to realize the best achievable user
performance.

3.4. Tasks and procedure

Both experiments used a within-subject design with two primary
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Fig. 2. The apparatus used in Experiments 1 and 2.

factors: Hanp and Ineut. The potential effects of target width and
movement amplitude were controlled by introducing Awmpritupe-WiDTH
combinations as a secondary within-subjects factor. We systematically
varied these factors in the context of (1) pointing and (2) dragging tasks.
Participants performed Fitts’s one-dimensional (1D) reciprocal pointing
and dragging tasks in Experiment 1 and two-dimensional (2D) pointing
and dragging tasks in Experiment 2 (Fig. 2).

Experiments were conducted on two days, at least one day apart,
with each participant using one hand a day. Upon consent, participants
provided demographics and practiced for about 10 min. Data were
logged by an in-house software and sessions were video recorded. A
block constituted of nine or ten trials; after each block, participants were
required to take at least a 10-second break, but they could rest for as long
as they wanted. In case of an error, a trial was restarted. Participants had
to successfully complete all trials to move on to the next block. Each of
the two separate experimental sessions lasted for about 30 to 40 min.

3.5. Independent variables

The independent variables for this study were Hanp € {Right, Left}
and Ineut. Both experiments used 16 Ampritupe-WintH (A-W) combina-
tions in the two tasks. The order of Inrut, HanD, and A-W combinations
were randomized; pointing and dragging tasks were counterbalanced
using a Latin Square. Table 3 lists the levels of the independent variables

Table 2

CD gains for the touchless inputs. Their operating range (OR) was assumed to be
60 deg (Nancel et al., 2015) and hand resolution 0.35 deg (Cavallari et al.,
2016).

Input device CDrin CDinax CD
TouchlessWmarker 1 3.65 3.5
TouchlessWdevice 1 11.89 4
TouchlessWOmarker 1 4 4
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Table 3

The independent variables and research design for this study.

Experiment 1

Experiment 2

Design 2x 3 2x 4
Tasks 1-dimensional (1D) pointing and ~ 2-dimensional (2D) pointing and
dragging dragging

Input TouchlessWmarker, Mouse, Stylus TouchlessWdevice,
TouchlessWOmarker, Mouse, Stylus

Amplitude 14.34, 28.69, 43.03, 57.37 cm 32, 34, 36, 38 cm for
TouchlessWOmarker
60, 70, 80, 90 cm for all other
inputs

Width 3.59, 7.17,10.76, 14.34 cm 4, 6, 8,10 cm for
TouchlessWOmarker
12, 15, 17, 20 cm for all other
inputs

Total 20 participants x 10 repetitions 20 participants x 9 repetitions x

trials

x 16 A-W combinations x 3
inputs x 2 hands x 2 tasks

= 38,400

16 A-W combinations x 4 inputs
x 2 hands x 2 tasks

= 46,080

used in Experiments 1 and 2. The A-W combinations for the Tou-
chlesswOmarker condition had to be set differently because the HoloLens
has a limited field of view.

Across both experiments, the index of difficulty (ID) ranged from 1 to
4. The range is smaller compared with studies that examine traditional
input devices, such as the mouse, pen, or stylus. However, a smaller
range of ID values is typical in studies exploring freehand touchless
input (Brown et al., 2014; Guinness et al., 2015)—because smaller target
widths could often be missed out by participants and not allow for a
good measurement of the achievable performance.

3.6. Dependent variables

We measured user performance. The primary dependent variable
was efficiency or movement time (MT). The secondary measures were
accuracy or error rate (ER), variable error (VE), constant error (CE),
throughput (TP), effective target width (W.), Fitts’s regression co-
efficients a and b, and hand-paths. TP was computed as TP = ID. /MT,
where ID. = log,(A /W, + 1). For 1D pointing and dragging, W. was
computed as W, = 4.133 x SDy; for 2D tasks, following (Wobbrock
et al., 2011), W, was computed as 4.133 xSD, ,, where:

2
zL( (5~ + O fyf)
SD,, = — (1)

Error rate captured the percentage of misses in the total number of
trials. Variable error measured the standard deviation of movement
endpoints along the horizontal axis for 1D tasks and horizontal and
vertical axes for 2D tasks (Wobbrock et al., 2011). Constant error, the
systematic bias to overshoot or undershoot targets, was measured as the
mean deviation from the target center.

4. Handedness impacts mouse and stylus, but not freehand
touchless input

4.1. Hypotheses

As discussed earlier, performance differences between hands stem
from their specialized roles. In a right-handed person, the right hand
specializes in feedback control and the left in preprogramming. Thus,
when tasks require more feedback control than preprogramming, the
left hand performs poorly than the right hand (Guiard et al., 1983; Todor
and Doane, 1978).

Freehand touchless input lacks passive haptic feedback, but still uses
visual and proprioceptive information (Chattopadhyay and Bolchini,
2014a; 2015; Nancel et al., 2011). Nevertheless, compared with other
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traditional inputs like the mouse, pen, or stylus, touchless offers less
feedback, and in turn, less demand for feedback control and more use of
preprogrammed motor plans. As a result, we expected that the dominant
hand will have much less advantage over the nondominant hand in
touchless than a mouse or stylus—i.e., between-hands performance
differences in freehand touchless input will be smaller than inputs of-
fering haptic feedback. In prior work, between-hands differences in
movement time were more obvious than the differences in accuracy, and
accuracy occasionally improved with practice (Annett et al., 1979;
Flowers, 1975; Peters and Durding, 1979; Todor and Doane, 1978).
Therefore, we chose the more reliable metric movement time (MT) as
our primary dependent variable.

The most fundamental, low-level operations in direct manipulation
interfaces are the actions of pointing (target selection) and dragging
(target manipulation). Dragging is a variation of pointing and the user
performance for both these tasks can be modeled similarly (MacKenzie
et al., 1991). But different input types impact pointing and dragging
performances differently (Cockburn et al., 2012; Kabbash et al., 1993;
MacKenzie et al., 1991). In Experiment 1, we tested the following
hypotheses:

H1. Freehand touchless input will produce smaller between-hands
performance differences than (a) mouse and (b) stylus in pointing.

H2. Freehand touchless input will produce smaller between-hands
performance differences than (a) mouse and (b) stylus in dragging.

4.2. Data analysis preliminaries

Prior to data analysis, individual performance differences across
participants were checked; for all participants, movement time (MT) and
error rate (ER) were correlated with the overall performance measures.
MT was positively skewed and log-transformed; thus, replications of
unique experimental conditions were represented by their median. A
GLMM with standard repeated measures REML technique was used that
handled participants as a random factor. For GLMM, the R 1me4 package
was used (Bates et al., 2014). We report F-statistic using type IIl ANOVA
with Satterthwaite approximation, and pairwise comparisons (using
pooled variance) with Bonferroni correction. Initial level of significance
(a) was set to .05.

We found a significant learning effect across blocks. Holm-Sidak tests
on the block averages at each Input x HanD revealed that the first block
differed significantly from the rest of the nine blocks, but the rest did not
differ among themselves. Data from the first block were discarded. We
then conducted a multivariate outlier analysis; trials were eliminated if
the values were more than four times the Cook’s distance from the mean
(Cook, 1979). Following similar studies (Rabbitt, 1966), trials immedi-
ately following the deviate trials were also eliminated. Overall, 3% of
the data were eliminated from the analysis.

Similar to prior studies, participants would occasionally make a se-
lection gesture considerably outside the general area where targets were
displayed (Zhai et al., 2004). These were not motor errors, but occurred
due to cognitive lapses (e.g., forgetting the target destination amidst a
trial and repeatedly moving in the opposite direction) or instrument
error (e.g., a movement endpoint was recorded, but the distance be-
tween the endpoint and the target center was eight times the target size).
Such errors were not counted when computing error rates, following
prior work (Zhai et al., 2004).

4.3. Results

In Experiment 1, the independent variables were Hanp € {Right, Left}
and Ineut € {TouchlessWmarker, Mouse, Stylus}. We report here the pri-
mary dependent variable movement time (MT). The secondary depen-
dent variables, error rates (ER), throughput (TP), and Fitts’s regression
coefficients, a and b, can be found in the Supplementary Section S1.
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4.3.1. Pointing

A linear mixed effect model (LMM) found a significant main effect of
Invut, F(2,95)=63.38,p < 0.0001, and Hanp, F(1,95)=48.53,p <
0.0001 on MT. Significant interaction effects were also found for Input x
Hanp, F(2,95) = 21.98,p < 0.0001. The overall effect size of the fitted
model was large, Q2 = 0.78. Pairwise comparisons found that freehand
touchless input produced significantly smaller between-hands perfor-
mance differences than both mouse and stylus (Table 4). H1(a) and H1(b)
were supported.

4.3.2. Dragging

Similar to pointing, an LMM found a significant main effect of Input,
F(2,95) = 154.28,p < 0.0001, and Hanp, F(1,95) = 6.30,p = 0.0138
on MT. Significant interaction effects were found for Input x Hanp, F(2,
95) = 5.15,p = 0.0075. The overall effect size of the fitted model was
large, Q2 = 0.79. Pairwise comparisons found that freehand touchless
input produced significantly smaller between-hands differences than
mouse—but not stylus (Table 4). H2(a) was supported, but not H2(b).

Mean MTs are reported in Table 5. For both pointing and dragging,
LMMs found only a significant main effect of Inrur on ER; participants
made significantly more errors with touchless input than mouse or
stylus. But within an input type (except stylus-dragging), participants
performed at comparable error rates; there were no significant differ-
ences between Hanps. Mean ER by hands for mouse, stylus, and freehand
touchless input can be found in the Supplementary Section S1.1.

4.4. Summary

Overall, freehand touchless input produced significantly smaller
between-hands performance differences than mouse and stylus. How-
ever, stylus-dragging did not produce a greater degradation between
hands than freehand touchless input (Table 4); neither did the dominant
right hand show a marked advantage over the left (Fig. 3).

Following these results, two primary questions arose. Are these
findings specific to 1D tasks? Are they specific to a particular type of
touchless input? Would handedness impact user performance of device-
based touchless input differently? We examined these research ques-
tions in the following section.

5. Handedness neither impacts freehand, nor device-based
touchless input

5.1. Hypotheses

Touchless inputs can be freehand, based on motion tracking (Wang
et al., 2018), such as HoloLens, or device-based, where users hold an
input device in mid-air (Nancel et al., 2011), such as the HTC Vive
controllers. Device-based touchless inputs provide some sort of passive
haptic feedback, thereby offering more guidance than freehand touch-
less inputs (Nancel et al., 2011). Nevertheless, the feedback offered is
much less than most other inputs, like the mouse or stylus.

Thus, we expected that the dominant hand will have much more
advantage over the nondominant hand in device-based than freehand
touchless input—i.e., freehand touchless input will produce smaller

Table 4
Pairwise comparisons of between-hands differences in MT.
Pairwise comparisons t p d
PointiNGg
TouchlessWmarker, Mouse 9.90 < 0.0001% 2.21
TouchlessWmarker, Stylus 6.30 < 0.0001x 1.41
DRAGGING
TouchlessWmarker, Mouse 3.47 0.003* 0.78
TouchlessWmarker, Stylus 1.61 0.12 0.36
*Significant.
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Table 5

MT (ms) for mouse, stylus, and freehand touchless input.
Input device Right hand Left hand
Pointing
Mouse M = 836, SD =177 M = 1230, SD = 271
Stylus M = 904, SD = 209 M =1202, SD = 311
TouchlessWmarker M = 1490, SD = 305 M = 1406, SD = 307
DRAGGING
Mouse M = 1131, SD = 257 M = 1452, SD = 343
Stylus M =997, SD = 187 M =1102, SD = 235
TouchlessWmarker M = 2464, SD = 795 M = 2334, SD = 706

between-hands performance differences than device-based touchless
input. Furthermore, similar to freehand touchless input, device-based
touchless input will produce smaller differences between hands than a
mouse or stylus. In Experiment 2, we tested the following hypotheses.
H3. Freehand touchless input will produce smaller between-hands
performance differences than device-based touchless input in pointing.
H4. Freehand touchless input will produce smaller between-hands
performance differences than device-based touchless input in dragging.
H5. Device-based touchless input will produce smaller between-
hands performance differences than (a) mouse and (b) stylus in
pointing.
H6. Device-based touchless input will produce smaller between-
hands performance differences than (a) mouse and (b) stylus in
dragging.

5.2. Data analysis preliminaries

Data pre-processing was similar to Section 4.2. Individual perfor-
mance differences across participants were correlated with the overall
performance measures. Holm-Sidak tests on the block averages at each
Ineut x Hanp revealed that the first two blocks differed significantly from
the rest of the seven blocks, but the rest did not differ among themselves.
Data from the first two blocks were discarded. Following outlier anal-
ysis, 4% of the data were eliminated.

5.3. Results

In Experiment 2, the independent variables were Hanp € {Right, Left}
and Ineut € {TouchlessWdevice, TouchlessWwOmarker, Mouse, Stylus}. We
report here the primary dependent variable movement time (MT) and
the following secondary dependent variables: error rates (ER), variable
error (VE), constant error (CE), and hand-paths. Throughput (TP) and
Fitts’s regression coefficients can be found in the Supplementary Section
S2.

5.3.1. Testing H3

An LMM found a significant main effect of Invur, F(3,133) = 10.86,
p < 0.0001, and Hanp, F(1,1333) = 52.26,p < 0.0001 on MT. Signifi-
cant interaction effects were also found for IneuT x Hanp, F(1,133) =
8.26,p < 0.0001. The overall effect size of the fitted model was large,
Q2 = 0.65. Pairwise comparisons revealed non-significant differences
between the between-hands performance differences (MT) of freehand
touchless input (TouchlessWOmarker) and device-based touchless input
(TouchlessWdevice, Table 6; Fig. 4). H3 was not supported.

5.3.2. Testing H4

Similar to pointing, an LMM found a significant main effect of Inpur,
F(3,133) = 64.30,p < 0.0001, and Hanp, F(1,133) = 23.29,p < 0.0001
on MT. Significant interaction effects were also found for Ineut x Hanp,
F(1,133) = 6.32,p < 0.0005. The overall effect size of the fitted model
was large, Q2 = 0.71. Pairwise comparisons revealed non-significant
differences between the between-hands performance differences (MT)
of freehand touchless input (TouchlessWOmarker) and device-based
touchless input (TouchlessWdevice, Table 6). H4 was not supported.



P. Habibi and D. Chattopadhyay

International Journal of Human - Computer Studies 149 (2021) 102600

Handedness in Touchless Input

POINTING DRAGGING

25—+

151 p <.0001* p <.0001*

d=2.62 d=1.37
2.0+
p <.0001*
MT (s) d=1.06
1.5+
R

1.0+ {
1.0+

0.7 0.7 -

TouchlessWmarker ~ Mouse Stylus TouchlessWmarker ~ Mouse Stylus

Fig. 3. Between-hands performance differences for mouse, stylus, and freehand touchless input. Error bars = 95% CI.

5.3.3. Testing H5 and H6

Pairwise comparisons found that device-based touchless input pro-
duced significantly smaller between-hands differences than both the
mouse and stylus in pointing and dragging (Table 6). H5 and H6 were
supported. Mean MTs are reported in Table 7.

5.3.4. MT vs. ID

Fig. 5 shows how MT for pointing varies with ID and AmpLiTubE-WIDTH
combinations. Note that the right-hand advantage in mouse disappears
for device-based and freehand touchless input. Results were similar for
stylus-pointing and dragging tasks.

5.3.5. Error rates

For pointing, we found a significant main effect of Ineur on ER,
F(3,133) = 10.45,p < 0.0001, Q2 = 0.44, but not Haxp or INput x HAND.
For dragging, there was only a significant interaction effect of Inrutr x
Hanp, F(3,133) = 4.16,p = 0.008, Qg = 0.24. Table 8 lists the mean
error rates for all input types and hands.

Handedness in Touchless Input

Table 6
Pairwise comparisons of between-hands differences in MT.
Pairwise comparisons t P d
PointiNGg
TouchlessWOmarker, TouchlessWdevice 0.88 0.39 0.20
TouchlessWdevice, Mouse 7.43 < 0.0001% 1.66
TouchlessWdevice, Stylus 5.14 < 0.0001* 1.15
TouchlessWOmarker, Mouse 4.50 0.0002x% 1.01
TouchlessWOmarker, Stylus 2.70 0.01% 0.60
DRAGGING
TouchlessWwOmarker, TouchlessWdevice 0.30 0.77 0.07
TouchlessWdevice, Mouse 4.54 0.0002* 1.01
TouchlessWdevice, Stylus 3.33 0.004* 0.74
TouchlessWwOmarker, Mouse 3.38 0.003* 0.75
TouchlessWOmarker, Stylus 2.68 0.01* 0.60
*Significant.
POINTING
p <.0001* p <.0001*
d=2.05 d=1.53
1.5 —+
MT (s)
R
1.0 +
0.7 -
TouchlessWdevice TouchlessWOmarker Mouse Stylus

DRAGGING

25—+

p <.0001*

d=15
2.0+
15—+ ‘
1.0+
0.7 —

TouchlessWdevice TouchlessWOmarker Mouse Stylus

Fig. 4. Between-hands performance differences for mouse, stylus, and touchless inputs. Error bars = 95% CI.



P. Habibi and D. Chattopadhyay International Journal of Human - Computer Studies 149 (2021) 102600

Table 8
Table 7 Mean error rates (%) for input types.
MT (ms) for mouse, stylus, and touchless inputs. N DRAGoNG
I i ight h Left h; - -
nput device Right hand eft hand Right Left Right Left
PointiNGg
Mouse M =1022, SD = 133 M = 1477, SD = 220 g/h’;‘se ‘1"12? . :;142 . 122 :?2
Stylus M = 1070, SD = 168 M = 1352, SD = 269 fyus : : ’ :
TouchlessWOmarker 6.59 7.58 2.93 2.84
TouchlessWOmarker M = 1420, SD = 427 M = 1585, SD = 579 TouchlessWdevi 11.07 915 171 .42
TouchlessWdevice M = 1297, SD = 240 M =1351, SD = 262 ouchiessWdevice : : : i
DRAGGING
Mouse M = 1384, SD = 281 M = 1845, SD = 254
Table 9
Stylus M = 1032, SD = 307 M = 1584, SD = 258 .
TouchlessWOmarker M = 2386, SD = 707 M = 2446, SD = 699 Constant errors (in cm).
TouchlessWdevice M = 1536, SD = 407 M = 1523, SD = 246 POINTING DRAGGING
Right Left Right Left
5.3.6. Constant and variable error Mouse 0.65 0.02 0.34 0.23
For both pointing and dragging, Ineut type had a significant effect on Stylus —-1.03 - 14 0.11 - 0.09
CE, but Hanp did not. When pointing, between-hands differences in CE TouchlessWOmarker 0.02 - 0.01 -0.1 - 0.03
were significantly less for TouchlesswWOmarker compared with Mouse, TouchlessWdevice —-222 —-213 —-0.88 - 0.46
t(19) = 3.16, p =0.005, d = 0.71. Results were similar for Tou-
chlessWdevice, t(19) = 3.28,p = 0.004,d = 0.73. Both hands exhibited a
tendency to undershoot the target center for touchless inputs, except Table 10
TouchlessWOmarker-Pointing (Table 9). Mean effective target width (W,) in cm.
VE was measured as W,. We found a significant effect of Hanp on W,
. o . PointiNGg DRAGGING
for mouse and stylus in pointing and dragging, but not for any types of _— _—_—
touchless input (Table 10). Right Left Right Left
TouchlessWOmarker
5.3.7. Hand-paths Wos 081 276 o3 731
Although not directly pertinent to any of our hypotheses, we provide W38 10.87 1079 713 8o
three (randomly chosen) examples of hand-paths for touchless and non- W =10 10.97 11.31 8.1 8.59
touchless inputs (Fig. 6 and Supplementary S2.3). A visual assessment of VYW 10.21 10.25 6.84 7.64
these paths indicates that for the left hand, the trajectories for touchless TouchlessWdevice
inputs are smoother than the mouse or stylus. This smoothness of tra- W=12 13.56 14.42 10.32 10.89
jectories may be explained by the fact that non-touchless inputs utilize W=15 16.26 15.36 11.57 12.67
feedback (i inf tion t X . ts) W=17 17.44 17.74 12.55 13.75
more feedback (i.e., sensory information to correct ongoing movements W= 20 10.8 20 13.96 14.52

than touchless inputs. More experiments are needed to further investi- YW 16.77 16.78 12.12 12.95
gate this relation.

W Left hand Right hand

Mouse TouchlessWdevice TouchlessWOmarker

2.0

1.0

MT (S) 10-
05-] %5
00 0.0 0.0

A 60 70 60 60 80 70 90 70 80 60 90 80 70 90 80 90 A 60 70 60 60 80 70 90 70 80 60 90 80 70 90 80 90 A 32 34 36 38 32 34 36 38 32 34 36 38 32 34 36 38
W 20 20 17 15 20 17 20 15 17 12 17 15 12 15 12 12 W 20 20 17 15 20 17 20 15 17 12 17 15 12 15 12 12 W 10101010 8 8 8 8 6 6 6 6 4 4 4 4

D 2 22 24 25 27 28 29 3.1 D 2 22 24 25 27 28 29 31 ID 21 23 25 27 29 3.2 3.4

Fig. 5. When pointing, the right-hand advantage in mouse disappears for device-based and freehand touchless input.
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Mouse

Stylus
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TouchlessWdevice TouchlessWOmarker

Fig. 6. Hand-paths of a pointing trial for four different amplitudes. Note that the left-hand-paths are more straight for touchless inputs.

5.4. Summary

We expected that owing to more haptic feedback, device-based
touchless input will produce larger between-hands performance differ-
ences than freehand touchless input. But it did not. In terms of time,
handedness neither impacted freehand, nor device-based touchless
input.

However, like freehand touchless input, the between-hands differ-
ences in device-based touchless input was much smaller than the mouse
or stylus. These results support our premise—that the lack of feedback,
and in turn, relatively less demand for feedback control in touchless
inputs lessens the (dominant) right hand’s performance advantage in
visually guided goal-directed aiming movements.

Our data, however, can be interpreted from two other perspectives.
First, it could be that both hands are equally inefficient in using
touchless inputs, and with practice the between-hands performance
differences would become larger, and similar to mouse or stylus.
Although, it should be noted that manual asymmetries are not due to
practice differences between hands (Helsen et al., 1998). Second, it
could be that the difference in error rates between input devices
(Table 8) caused the time differences between hands across different
input devices. Next, we test out this claim. How practice influences the
impact of handedness on touchless performance is left for future work.

6. Why handedness impacts different inputs differently

Based on the theory of hemispheric asymmetry and functional motor
complementarity in lateralized persons (see Sections 1 and 2), we pro-
posed that between-hands performance differences will be much less in
inputs that offer little feedback, like touchless, than mouse or stylus. But
the results of our empirical studies could be interpreted differently—that
the accuracy differences between input devices cause the between-hands
differences in efficiency (movement time). We test this causal hypothesis
using structural equation modeling or path analysis, which can disprove
a model that postulates causal relations among variables (Kline, 2015).
Our objective was to either retain or reject this model based on its
correspondence to the data (Gunzler et al., 2013).

Input type had a significant main effect on accuracy in pointing, but
not dragging (see Section 5.3.5). Thus, we used pointing data (n =
1280). Accuracy was measured as median error rates (ER) and efficiency

as movement time (MT). Ineur was a multicategorical independent
variable (4 levels; hence, 3 contrasts) in the mediation analysis (Hayes
and Preacher, 2014).

Fig. 7 presents M1, reporting the (significant) standardized path
coefficients of a mediation analysis. The model depicts a causal relation
from input types to differences in movement times between hands,
mediated by accuracy. We tested the significance of these relative in-
direct effects using bootstrapping procedures. The R mediation
package was used (Tingley et al., 2014). The bootstrapped unstan-
dardized relative indirect effects were not statistically significant (ps >
0.8). M1 was rejected. Treating InpuT as a continuous variable, ordered
by the demand for feedback control (mouse > stylus > device-based
touchless > freehand touchless input), produced the same result.

As the structural equation model shows (Fig. 7), the effect of Inrut 0n
time differences between hands could not be accounted for by error
rates. Thus, we can eliminate this alternative explanation of our
findings.

7. Discussion

As virtual reality (VR) and augmented reality (AR) technologies
mature and high-resolution, large displays become affordable, the use of
touchless input in interaction techniques, whether via a device in mid-
air, like a smartphone, or device-less, is expected to rise. So now is a
crucial time to better understand the fundamental mechanics of touch-
less performance. One such aspect is the impact of handedness on user
performance in touchless input.

Our results indicate that the dominant hand shows no performance
advantage in touchless inputs whether an input device is involved
(Table 4; Fig. 3) or not (Table 6; Fig. 4). Touchless inputs are different
from non-touchless inputs, like the mouse or stylus, in many ways.
Nevertheless, we show that a possible explanation for why handedness
impacts these inputs differently is how they vary in their relative de-
mands for feedback control. Both device-based and freehand touchless
inputs produced significantly less time differences between hands than
inputs offering more feedback, like the mouse or stylus—regardless of
the touchless apparatus (marker-based vs. markerless in Experiments 1
and 2, respectively; Table 1). The dominant and nondominant hands
performed similarly with touchless inputs, whereas with the mouse and
stylus the dominant right hand showed a marked advantage over the left
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TouchlessWOmarker
vs. Mouse

D2

TouchlessWdevice
vs. Mouse
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590 (455'41) MT Differences
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223.62 (220.59)** |

Fig. 7. The effect of input type on time differences between hands was not mediated via error rates. ***p < 0.0001.

(Figs. 3 and 4).

However, a noticeable exception was stylus-dragging; like touchless
inputs, there was no significant right-hand advantage (Tables 5 and 7),
which indicates two things. First, the task mechanics and input device
together formulate the relative demand for feedback control. Second,
the right hand probably lost its advantage over the left hand because
stylus-dragging was only constrained by endpoints, not the path, like
steering. Then, strictly speaking, stylus-dragging should demand more
feedback control than touchless-dragging, because the stylus needs to
touch the tablet surface at all times during dragging, while in touchless
the hand can move freely in mid air. Indeed, the between-hands per-
formance difference in stylus-dragging was significantly more than
touchless-dragging (Table 6). However, that was not the case for drag-
ging in 1D (Table 4)—which reaffirms our earlier conclusion that in
strongly lateralized individuals, the impact of handedness on user per-
formance depends on the HCI task and input device.

Thus, what we found about the impact of handedness on touchless
performance is limited to the type of tasks we explored—pointing and
dragging. The dominant hand may exhibit a marked advantage in some
other tasks, like steering (Accot and Zhai, 1997), or not show any
advantage in others, like panning-and-zooming (Nancel et al., 2011),
pose-triggered selection (Bailly et al., 2011), and crossing-based selec-
tion (Accot and Zhai, 2002; Luo and Vogel, 2014).

Nevertheless, across different tasks, touchless input is more fatiguing
than other inputs, such as the mouse, pen, or touch. To combat those
fatigue effects, each block of trials was followed by a mandatory, open-
ended break, and participants were encouraged to rest their elbow on a
flat surface—following prior work (Guimbretiere and Nguyen, 2012;
Jude et al., 2014). Study videos revealed that when using touchless
input, participants alternated between resting their elbow on the table
and keeping it suspended in mid-air. But this was unlikely to confound
our results as prior work reports no effect of elbow placement type on
touchless performance (Brown et al., 2014).

In realistic scenarios, however, touchless input is rarely used while
resting arms on a table, but mostly while moving around freely. Thus,
our study settings somewhat threatened the ecological validity of our
findings. We acknowledge this limitation. But note that in realistic
scenarios, people would not continuously interact with touchless input
and carry on thousands of trials—which was needed in our study to draw
statistical inferences. A touchless interaction in realistic scenarios would
be sporadic and momentary, thereby less fatiguing. By allowing par-
ticipants to rest their elbows on a table at any time, we made a trade-off
between internal and ecological validity.

Another trade-off between internal and external validity was to use
VICON, a sophisticated motion tracking system, instead of an off-the-
shelf system, like the Leap Motion. Because touchless input hardware
is rapidly improving, and we cautiously anticipated a small effect of
handedness on touchless performance, all study design choices were
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made to ensure a high internal validity.

However, our effect sizes were medium-to-large (Tables 4 and 6).
Still, more studies are needed to understand how handedness impacts
touchless performance in noisy environments and more constrained,
realistic tasks. As we discussed earlier in the paper, some additional
variables that could influence touchless performance in more realistic
scenarios are the amount of prior practice with touchless input, the type
of visual feedback available, and pointer acceleration.

Finally, time (MT) was our primary performance metric (Tables 4-7),
because of its universal use in the handedness literature (Annett et al.,
1979; Flowers, 1975; Peters and Durding, 1979; Todor and Doane,
1978). The impact of handedness on touchless throughput (TP) was
similar to time (see Supplementary). Although aware of the different
formulations for computing throughput (Zhai, 2004), we opted for the
one most commonly reported in the HCI literature (TP = ID,/MT)—to
aid in future comparisons. For the same reason, we refrained from using
other esoteric performance metrics (e.g., Jude et al., 2014). Neverthe-
less, we report all descriptive statistics for any such computations.

Since movement time was our primary metric, it is imperative to
consider any possible impacts of a speed-accuracy trade-off (Peternel
et al.,, 2017; Plamondon and Alimi, 1997; Zhai et al., 2004). A
well-established trade-off in goal-directed aiming movements is that, the
faster a movement, the less accurate it is, and thus the higher the
probability to miss the goal (Peternel et al., 2017; Woodworth, 1899).
Could it be that the between-hands time differences between input de-
vices (Tables 4 and 6) were simply an artifact of the different error rates
(Table 8)?

We tested this alternate explanation of our data and rejected it (see
Sections 5.3.5 and 6). First, there was no significant main effect of Input
on accuracy in dragging (Table 8). Second, there was a significant main
effect of InpuT on accuracy in pointing, but that did not mediate the
between-hands time differences across input devices (Fig. 7). Third,
there was always a significant Ineut x Hanp interaction effect on time (see
Sections 4.3.1, 4.3.2, 5.3.1, and 5.3.2). Thus, the impact of handedness
on touchless performance cannot be explained by just a speed-accuracy
trade-off; rather, our results support the theory of hemispheric asym-
metry and functional motor complementarity.

8. Conclusion

The last decade has seen an exponential growth of touchless tech-
nologies, and consequently, interaction techniques. The use of touchless
input is only expected to soar with the maturation of virtual reality (VR)
and augmented reality (AR) technologies. But in spite of its potential,
touchless input is limited by the lack of haptic feedback and gorilla-arm
fatigue. In this paper, we examined whether this lack of feedback plays a
role in how touchless performance differs between the two hands.
Controlled experiments, grounded in the theories of motor behavior and
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prior empirical studies of computer inputs, found that touchless per-
formance barely degrades between hands, compared with either mouse
or stylus. Furthermore, the between-hands performance differences in
freehand and device-based touchless inputs were equally slim. These
findings can inform future bimanual and multimodal interaction tech-
niques involving the touchless input.
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