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Abstract—
This paper presents the extended work on LazyNav, a head-free, eyes-free and hands-free mid-air ground navigation control model
presented at the IEEE 3D User Interfaces (3DUI) 2015, in particular with a new application to the head-mounted display (HMD). Our
mid-air interaction metaphor makes use of only a single pair of the remaining tracked body elements to tailor the navigation. Therefore,
the user can navigate in the scene while still being able to perform other interactions with her hands and head, e.g., carrying a bag,
grasping a cup of coffee, or observing the content by moving her eyes and locally rotating her head. We design several body motions for
navigation by considering the use of non-critical body parts and develop assumptions about ground navigation techniques. Through the
user studies, we investigate the motions that are easy to discover, easy to control, socially acceptable, accurate and not tiring. Finally,
we evaluate the desired ground navigation features with a prototype application in both a large display (LD) and a HMD navigation
scenarios. We highlight several recommendations for designing a particular mid-air ground navigation technique for a LD and a HMD.
Index Terms—3D User Interface, Spatial Interaction, Virtual Reality, Navigation
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I NTRODUCTION

I

MMERSIVE applications benefit directly from the expansion of
3D content, interaction devices and modern displays. With 3D
scanners democratization (e.g., Kinect, Leap Motion, or Tango)
and online 3D databases, the number of available 3D scenes and
applications is growing exponentially. With so much new 3D
content, mid-air interaction techniques are becoming more and
more popular as they provide a new tridimensional way to interact
with the virtual content [1], in contrast to classical 2D mapping.
Mid-air techniques are useful in public spaces to interact with
immersive 3D contents. For instance, in the context of largeformat public displays, users do not have to connect, touch or
wear any specific devices and can instantaneously interact with
the system from a distance. Furthermore, the recent advances in
head mounted displays (HMDs) allow users to experience high
quality immersive experiences with lightweight head sets that are
easily wearable in public spaces. Therefore, practitioners envision
new public applications where the user navigates inside 3D scenes
using simple gestures to visit an historical monument or find her
way in a mall for instance.
While 2D devices have their own standards for groundnavigation (e.g., flying and orbiting using the keyboard and the
mouse), mid-air techniques, particularly those used in public
spaces, still lack natural metaphors for traveling in a scene.
Moreover, in many public applications, ground navigation is not
the primary action a user has to perform. Thus, the system should

keep the user hands, eyes or local head orientation completely
free and available for other physical (i.e., holding a mag cup or
carrying a backpack) or social (i.e., showing content to others)
interactions while playing.
We observe that ground navigation requires only two degrees
of freedom: one for walking (forward or backward) and the other
for turning the view (rotating to the left or right). Thus we
propose LazyNav, a ground navigation control mechanism, which
balances general requirements (i.e., intuitive, fast, and accurate
navigation) with a “lazy” concept that, we believe, is crucial for
public space applications. In this paper, a lazy interface is designed
to meet the following requirements: (1) comfortable to use, (2)
secondary action doable, and (3) socially acceptable. To achieve
this goal, we apply non-tiring motions with non-critical body
parts. Consequently, LazyNav enables users to casually explore
3D scenes with publicly available large-format displays (LDs) or
HMDs. They can walk through the scenes immediately after they
either come up to LDs or wear HMDs, while continuing other
secondary actions.
To summarize, we make the following contributions:
•
•

•
•
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•

we propose and validate several assumptions mandatory for
developing mid-air ground navigation techniques,
through the user studies in both LD and HMD navigation
settings, we investigate the possible body motions that lets
critical body parts free to perform other tasks and that can be
used to control the navigation,
we propose motion pairs, and report a list of recommendations for designing a particular application scenario with LD
and HMD navigation settings.
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Fig. 1. We performed a user study to evaluate several ground navigation metaphors. (a) A top view of the virtual environment includes the path use
in a formal user study, participants have to follow the path as accurate as possible. (b) A field of view inside a HMD based user study. (c) At the
beginning of the session, the available motions are displayed to the participant. (d-e), A user is traveling in the scene with the LD and HMD settings
while holding a cup in his hand or carring a bag in his back.

2

R ELATED W ORK

Navigating in virtual environments (VEs) is a common scenario
and therefore has led to numerous interactions metaphors [2].
The most popular one in desktop configurations is the first-person
view (FPV) paradigm found in many video games where the
keyboard and mouse are used concurrently to navigate. As ground
navigation using 2D input is outside the scope of this paper (see
[3] and [4] for references), we focus on related works which use
3D user motions to navigate and we classify them in different
groups.
2.1

Walking-In-Place (WIP) Techniques

The most straightforward solution for ground navigation might
be to have a one-to-one mapping between the user gestures and
the virtual motions, i.e., ask the user to actually perform the
motions in the real world. However, this solution is restricted
by a limited walking space and long or unlimited walks are
impossible. WIP techniques have been developed to solve this
issue [5]. For instance, Frissen et al. [6] present an omnidirectional
treadmill which allows users to walk in a VE as they do in a
real world. Cyberith Virtualizer [7] propose a low-friction base
platform where the user can walk, run and jump in place but also
turn or squat down. Their goal is to reach as immersive as possible
gaming experiences, with user gestures accurately reproduced in
the virtual world. Ikeda et al. [8] present an immersive telepresence system to navigate in photorealistic scenes by walking
on a treadmill. The aim of this system is to give an immersive
sense of walking in a remote site. One-to-one immersive mapping
requires non-trivial equipments to ensure the player safety (lowfriction base platform, belt system) and capture her motions (high
precision sensors).
On the contrary to our work, WIP techniques try to mimic as
much as possible the user locomotion. This certainly gives a better
immersive feeling, however, it also results in more tiring and subefficient interactions. We rather focus on full-body interactions

that are as natural as possible, but also effective and which allow
the user to perform a secondary action while navigating.
2.2

Desktop Configurations

For desktop configurations, where users explore VE while seating at their desks, other general body motions are applied. A
number of desktop methods exploit hand gestures to navigate
in VEs. Using a leap motion sensor, Adhikarla et al. [9] mimic
well-known touchscreen gestures (i.e., rotate, pan and zoom),
whereas Nabiyouni et al. [10] evaluate several traveling metaphors
including air plane and camera-in-hand, and multiple ways to
control the speed (i.e., discrete and continuous). These interaction
techniques inevitably require the user to fully focus on the primary
interactions (i.e., exploring in VEs), and consequently, do not
allow secondary actions.
Simeone et al. [11] have a different approach, more related
to our work. Their key concept is to use only the lower body
part of the user for ground navigation. They work in a desktop
environment where the user is seated in front of a computer
and use her foot to control the navigation. We address different
scenarios. We target public environments where the user explores
a VE displayed either on a LD or a HMD while standing rather
than seating at a desk.
2.3

General Body Motions

Several techniques use general body motions to navigate in a VE
while standing. Daiber et al. [12], [13] developed a system mixing
multi-touch and feet gestures. On the contrary to WIP techniques
that preserve the user proprioception, Pettré et al. [14] propose to
preserve the user equilibrioception by performing leaning motions
to navigate. They use a simple articulated platform on which the
user is standing to help her leaning in the desired direction. Although freehand interactions could be achieved by this immersive
device, the user cannot perform a secondary action while traveling
in the virtual scene.
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Fig. 2. Designed user motions: (a) step (the user just puts one foot
forward or backward), (b) bend knees, (c) bend bust, (d) rotate hips,
(e) bend hips, (f) rotate shoulders and (g) lean bust.

Ren et al. [15] use a freehand (i.e., no hands-on devices)
gestural technique, with a broom metaphor to travel in a 3D scene.
The method use hands to control the walk and the shoulders
control the view rotation. In one of their experiments they give
a real broomstick to help users understanding and performing
gestures. In the work of Roupé et al. [16], users lean the bust
forward/backward to walk, rotate the shoulders to turn, and raise
one arm to stop the motions. Terziman et al. track the user head
movements to control the virtual camera motion [17]. In these
approaches, leaning the bust, rotating the shoulders, or moving the
head seem to be natural interaction choices, however no common
interaction is defined for the ground navigation.
We believe that the set of motions used for ground navigation
can be deeper analyzed. Therefore, we evaluate several body
motions to understand why some of them are easier to perform
and comfortable. For 3D selection tasks, it was found that users
achieved significantly higher performances in a comfortable pose
[18]. In this paper, we investigate how comfortable interaction can
be achieved for a ground navigation task. Keeping the user hands
and head orientation free is our key design element as it preserves
the ability to perform other interactions.

3

L AZY N AV D ESIGN

According to the “lazy” concept, we design our LazyNav motions
as non-tiring, comfortable, socially acceptable, and enabling secondary actions. In addition, these motions need to meet general
requirements for navigation interfaces, they should be intuitive,
fast and accurate.

3.1

Coronal plane
Sagittal plane

(a)

(b)

Fig. 3. Motion measurement: (a) plane metaphor and (b) tracked points
on a user.

3.2

Computation

We compute all our motions by measuring angles between different user positions. To do so, we capture a set of tracked body
points (Fig. 3b) at each time-step using an RGB-D sensor located
either under a public display for a LD setup or below a head
tracking camera for a HMD setup. More precisely, we measure
the angles made by the body components at the current position
w.r.t. a reference pose captured once by the RGB-D sensor at
the beginning of the session. This makes our system adaptive to
the initial pose and robust to the user morphology (e.g., height).
Moreover, we couple the motion amplitude and the virtual velocity
to ensure a proper speed control. In practice, we use a set of
vectors defined over the tracked body key points (see Fig. 3b) to
compute our angles.
For the [rotate shoulder] (resp. [rotate hips]), the vector spans
the two shoulders (resp. hips) positions LS and RS (resp. LH and
RH). For the [lean bust] motion, the neck N and waist position W
are used instead. For the [bend bust] motion, the vector goes from
the user position P to the user head H, and we compute the angle
in the z axis. For the [bend hips], the angle from the user position
P to the left hip LH is compared with the one from the user
position P to the right hip RH in the x axis. For the [bend knee]
motion, we use a vector that goes from the left knee LK to the
right knee RK. Finally, to compute the [step] motion, we use the
same angle than for the [bend knee] motion and we also compare
the sum of the knee positions between the rest and current poses in
the z-axis to determine if the user goes forward or backward. We
choose knees over feet because they are more likely to be inside
the sensor frustum.

Motions

We start by defining as many body motions as possible that follow
two principal criteria. First, the user should not need her critical
body parts such as hand, eyes nor head rotation to navigate.
Second, the motions should be easy to perform, to understand
and not tiring. We end up with seven different motions, illustrated
in Fig. 2 and classified into two groups: the motions that behave in
the sagittal plane (Fig. 3a), i.e. perform a step forward/backward,
bend the knees, and bend the bust (respectively, Fig. 2a, b, c), and
the ones that behave in the coronal plane or around the vertical
body axis (Fig. 3a), i.e., bend the hips, rotate the hips/shoulders,
and lean the bust (respectively Fig. 2e, f, d, g). We note that the
step motion (Fig. 2a) is part of both groups as it behaves in the
coronal plane and makes a distinction between right and left.

3.3

Assumptions

To select the aforementioned motions, we define several assumptions ground navigation shall verify to be easy to use:
1. Uncorrelated body parts: some body parts are easier to move
in an uncorrelated way than others. For instance, it is difficult
to dissociate the shoulders rotation from the hips one. Thus,
the two distinct actions of the ground navigation (walking
and rotating the view) should use dissociated motions and
body parts.
2. Correlation between Virtual/and Real motions: having a
good correlation between the motions performed in the
real world and their effects in the virtual world helps the
user to understand, remember and perform the interaction.

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. XX, NO. X, SEPTEMBER 201X

4

LD

HMD

backpack
RGB-D sensor

ters
2 me

2 meters

RGB-D
sensor

mug cup

(a)

(b)

Fig. 4. Practical evaluation setup, (a) for a LD setting, and (b) for a HMD setting. The participants are either grasping a cup of coffee, or carrying a
bag.

Therefore, we consider that motions in the sagittal plane are
better suited to walk, whereas motions in the coronal plane
or around the vertical body axis are better suited to rotate the
view.
3. Secondary action: ground navigation is a basic interaction,
but a fully operational system may require the user to do
other things and we aim at preserving the ability to perform
“secondary actions” while navigating. Such actions can be
either “virtual”, having impact in the virtual environment
(e.g., selecting, grabbing or moving 3D objects) or “real”,
having an effect in the real world (e.g., pointing something to
someone or carrying a real object).
4. Lazy navigation: we link the motion amplitude to the virtual
speed in order to have an accurate and lazy interaction.
We believe the user needs a comfortable rest pose where
no interactions are happening, and at the same time “lazy”
motions to navigate in the scene. Thus a good trade-off has
to be found between motions amplitude, virtual speed and
rest pose.
3.4

System Architecture

We provide a flexible design of our system by dividing our
implementation into three main blocks: motion receptor, transfer
function and actuator (Fig. 5). This allows to easily try, plug,
configure, or disconnect user motions from the virtual camera. We
also expose several parameters that are easy to understand and
maximum speeds

motions ranges

Motion
Receptor

Transfer
Function

Actuators

1
motion
angle
rest
pose

current
pose

(a)

0

1

(b)

move in the virtual world

(c)

Fig. 5. System architecture consists of three main blocks: (a) motion
receptor to normalize a captured coordinate, (b) transfer function to
determine an initial virtual speed, and (c) actuator to determine a
maximum virtual speed.

adjust, all of them being readily edited in a specific configuration
file.
3.4.1 Motion receptor
The motion receptor block captures the motions made by the user.
Using the 3D points captured by the RGB-D sensor, we compute
our angles between the reference and current poses (Sec 3.2)
before normalizing them using a specific range. For each motion,
motion ranges provided by the configuration file define the largest
possible angles. Finally, we output a value between 0 and 1.
3.4.2 Transfer function
Based on the motion receptor angle value x, we apply a transfer
function f to connect the user interaction with the virtual camera
motion. This intermediate remapping procedure allows to easily
plug different user movements while keeping a uniform camera
motion. The output of this block is a value between 0 and 1,
computed as follow:

0
if x ∈ [0, α[
f (x) =
x−α β
)
if x ∈ [α, 1]
( 1−α
where α controls the beginning of the motion effect (i.e., negligible values are ignored) and β controls the slope of the function
(Fig. 5b). The parameter α has a great impact on the rest pose
position and allows trading-off a comfortable rest pose for small
enough motions to control the navigation.
3.4.3 Actuator
Given the resulting normalized modulated value, we use it to
control the walk (resp. rotation) speed in the virtual scene.
This value is multiplied with the application-dependent maximum
speed (resp. maximum rotation speed) parameter and directly used
in the 3D engine camera primitives (Move() and Rotate()
functionalities).

4

P ILOT S TUDY

With our architecture in hand, we analyze the resulting navigation
to validate or discard our assumptions (see 3.3) and to find out
what are the best sets of motions for ground navigation. In Sec.
3, we designed seven motions both for viewing (i.e., turning left
and right) and walking (i.e., forward and backward). Because it is
difficult to assess all the 49 combinations within a limited time
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Fig. 6. The motion sets to find out the possible motion pairs (a), and the result of participants rating the preference motions on a 5-point-Likert scale
from 1: dislike to 5: like (b).

budget, we conduct a pilot user study at first to validate our
assumption and to narrow the set of possible motions for both
viewing and walking.
4.1

System Setting

We perform the pilot study using an immersive widescreen display
(4.0 × 1.15 m2 ) made of 8 high-resolution screens (7680 × 2160
pixels) as shown in Fig. 4a. We use Microsoft Kinect as the
RGB-D sensor and the Zigfu SDK1 to capture and process the
tracked user body points. Our test scenario was generated using
the Unity3D game engine. In this experiment, we let participants
navigate in a realistic 3D scene representing a virtual city (Fig. 1a).
The participants initially stand far from the display (about 2−3
meters) to have a better field of view and enable the sensor to
track accurately. A graphical menu allows selecting the motions
inside the application at runtime. During the initialization stage,
we display the two motions currently available to the participants
(Fig. 1c) while the system is capturing her rest pose; i.e., she just
stands in front of the sensor and no T-pose calibration is required.
4.2

Method

We denote a pair of interactions as [V: rotate shoulders - W: bend
knee] where [V] stands for rotating the view and [W] for walk.
We have 7 available motions that can be used either for rotating
the view or walking, as described in Sec. 3. As the same motion
cannot be used for two distinct actions, we end up with 42 sets of
motions (see Fig. 6a). In addition, based on a preliminary test, we
discard 6 sets of motions that were judged too much correlated to
be doable: [V: rotate hips - W: bend hips], [V: lean bust - W:
bend bust], [V: bend knee - W: step] and their inverses i.e.: [V:
bend hips - W: rotate hips], [V: bend bust - W: lean bust], [V:
steps - W: bend knee].
We conducted a qualitative evaluation with 30 participants (20
males and 10 females, from 23 to 51-year old). Only 5 participants
had already used mid-air devices to navigate in a virtual environment before. All the participants had or corrected to normal
vision. We had 6 groups of participants where all participants
inside one group performed the 6 same motions. Each participant
1. http://www.zigfu.com/en/

performed 6 sets of interactions, i.e., 3 pairs of interactions and
their opposites (e.g., [V: rotate shoulders - W: bend knee] and
opposite set [V: bend knee - W: rotate shoulders]).
We designed two different tasks: first, each participant discovers the motions and their effects, and she can freely navigate in
the virtual city. Then, when the participant feels comfortable with
the set of motions, we ask her to follow a virtual path (see Fig. 1a)
displayed in the scene. As long as she is close enough, the path
is green; if she goes too far, it becomes red. We repeat these two
tasks for the 6 different pair of motions. We ask the participant to
think-aloud, and allow her to skip the second task if she does not
feel comfortable enough with the current motion pair. Finally the
participant has to fill a questionnaire to give us general feedbacks
on the motion pairs tried. To understand the social acceptance
of each motion, we allow other participants as well as guests to
observe during the experiment.
4.3 Result
Fig. 6a shows the ability of participants to complete the tasks for
each motion pair. First, we found that using correlated body parts
to perform different actions is clearly difficult for our participants.
In particular, they did not manage to finish the path when the walk
and view motions used too correlated body parts (e.g., [V: rotate
shoulders - W: rotate hips], and [V: bend hips - W: lean bust]).
Moreover, participants were usually able to better synchronize
their actions (i.e., turning the view while walking) when the two
motions were only thinly correlated. Therefore, the two distinct
actions of the ground navigation should use dissociated motions
and body parts.
Second, we found that having a similar correlation between
real and virtual movements appeared easier. The set of motions
with opposite correlation (i.e. a motion in the sagittal plane to
rotate the view, and a motion in the coronal plane to walk)
were more difficult to perform: some participants reported being
“confused”, and feel “unnatural”, while other participants talked
about “a coordination game” where it is tough to remember the
interaction, and they tend to forget the virtual impact of the
interaction quickly. On the contrary, participants generally need
less time to understand and remember motion pairs having a good
coordination, they report them as “natural” and “easy to remember”. Having a good correlation between the motions performed in
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Fig. 7. Average and standard deviation of movement distance of each
motion pair: LD setting (left) and HMD setting (right).

the real world and their effects in the virtual world helps the user
to understand, remember and perform the interaction. Therefore,
motions in the sagittal plane are better suited to walk, whereas
those in the coronal plane or around the vertical body axis are
better suited to rotate the view.
4.3.1 Social Acceptance
As described above, we allow other participants and guests to
observe the study. Therefore, we ask participants to tell if each
motion is socially acceptable (Would you feel comfortable performing this action in public?) with a 5-point-Likert rating scale
from 1: disagree to 5: agree.
As a result, the averaged scores are 4.0 ([bend bust]), 3.9
([lean bust]), 4.5 ([rotate shoulders]), 4.0 ([rotate hips]), 3.5
([bend hips]), 4.4 ([bend knees]), and 4.8 ([step]), respectively. We
apply the Kruskal-Wallis one-way analysis of variance (ANOVA)
to the results, and find out that there is no significant difference
between the results of all the participant groups (χ 2 = 6.04, p =
0.08). Wilcoxon signed-rank test is applied for pairwise comparison between motions. We find that there is no significant difference
between any pairs of the seven motions.
4.3.2 Preference
Each participant ranked each performed motion on a 5-pointLikert scale from 1: dislike to 5: like. As shown in Fig. 6b,
the averaged scores for turning the view are 1.2 ([bend bust]),
2.3 ([lean bust]), 3.4 ([rotate shoulders]), 2.5 ([rotate hips]), 1.7
([bend hips]), 2.1 ([bend knees]), and 2.0 ([step]), respectively.
Those for walking are 3.0 ([bend bust]), 2.0 ([lean bust]), 2.1
([rotate shoulders]), 1.8 ([rotate hips]), 2.0 ([bend hips]), 3.0
([bend knees]), and 3.4 ([step]), respectively.
We compute the Kruskal-Wallis one-way ANOVA test on the
obtained results and find out that there is no significant difference
between the results of all the participant groups for all the motions
(χ 2 = 8.33, p = 0.06), except for walking with shoulder rotation.
The preference for this motion is significantly different among
participant groups (p = 0.02). Wilcoxon signed-rank test is applied
for pairwise comparison between motions. For turning the view,
we find significant differences between each of the following three
motions ([rotate shoulders], [rotate hips], and [lean bust]) and
each of the others. For walking, we find significant differences
between each of the following three motions ([bend bust], [bend
knees], and [step]) and each of the others. In addition, we find the
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Fig. 9. Percentage of error distance of in-the-scene user position (i.e.,
tracked position) in the path following task.

motion sets that do not possible motion pairs ([V: bend bust - W:
rotate hips], [V: lean bust - W: bend hips], [V: rotate shoulders
- W: rotate hips], [V: rotate hips - W: rotate shoulders], and [V:
bend hips - W: lean bust]) because participants could not finish
the tasks. We indicate the possible motion sets as green boxes in
Fig. 6a.
4.4

Best Sets of Motions

From the above results we select the best motions for turning the
view and walking. As all the motions are socially acceptable, we
use the preference results only to select the three favorite motions
to turn the view ([rotate shoulders], [rotate hips], and [lean bust])
and the three favorite motions to walk ([bend bust], [bend knee],
and [step]) These best sets of motions are further investigated in
our formal user study (Sec. 5).

5

U SER S TUDY

Through a formal user study, we outline general advices for
ground navigation using lazy mid-air 3D interactions. We perform
a formal study to investigate the selected motions (Sec. 4) both in
LD and HMD navigation settings. The LD navigation setting uses
the same hardwares as the pilot study, while the HMD navigation
setting uses a consumer-grade HMD (Oculus Rift Development
Kit 2) as a display device (Fig. 4). The HMD displays the scene
with stereoscopic rendering based on the user’s viewpoint which
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is measured by a head-tracking sensor. For both settings, the
participants navigate in the same virtual city scene used in the
pilot study.
Note that we omit the signs showing statistical significant
differences in the figures (i.e, Figs. 7, 8, 9, and 12) for better
visibility of the results. For more details, see supplementary
material in which all the statistical analysis results are included.
5.1

Method

Twenty unpaid participants (13 males and 7 females, age 22 to
36) were newly recruited from local universities. All participants
were naı̈ve to ground-navigation using mid-air devices. We equally
separated them into two groups. That is to say, 10 participants
performed the navigation task in the LD setting, and the others
did the same task in the HMD setting. Each participant was asked
to navigate using the following nine motion pairs in a random
order:
a) [V: rotate shoulders - W: bend bust]
b) [V: rotate shoulders - W: bend knees]
c) [V: rotate shoulders - W: step]
d) [V: rotate hips - W: bend bust]
e) [V: rotate hips - W: bend knees]
f) [V: rotate hips - W: step]
g) [V: lean bust - W: bend bust]
h) [V: lean bust - W: bend knees]
i) [V: lean bust - W: step]
They are the combinations of the selected view and walk motions.
We asked each participant to first get used to a current motion
pair by following a short path. During this preliminary task, the
user had only to move forward, backward and to turn on the left or
on the right. After this training phase, the second task, we asked
her to follow a path in the virtual city as accurate, fast, and lazy as
possible. Again, the path remained green as long as the participant
was close enough, red otherwise. For both tasks, the participant
was doing a secondary action while navigating in the scene, by
either holding a coffee mug in her hand (in case of the LD setting),
carrying a grocery bag, or a backpack. After each motion pair, we
asked the participant to rate it between 1: very poor to 7: very good
for the following eight properties: understandable, comfortable,
easy to use, not tiring, accurate, secondary action doable, easy to
synchronize between walking and turning, and error-prone. Fig. 11
shows examples of participants navigating in a virtual city with the
LD and HMD settings.
5.2

7

Result

We first show and summarize the experimental results regarding
quantitative evaluation. Then, qualitative evaluation results are

5.2.1 Quantitative Evaluation
Movement distance
The quantity of body motions is one of the key property to be
investigated to realize our “lazy” concept. A given motion pair is
less tiring if a user only performs small movements; on the other
hand, she gets tired with an increase in body movement distance.
Therefore, less amount of required movement is more suitable for
a lazy navigation interface.
During the experiment, the 3D positions of the tracked
body points (Sec. 3.2) were recorded. Our application runs at
30 frames per second, which means we have 30 values of
all the participant tracked points per second. We compute the
movement distance mi, j,k made by each tracked point i (i ∈
[H, N,W, LS, RS, LH, RH, LK, RK, P]) for each participant j and
each motion pair k, as the sum of the differences between its
positions p at runtime t and t + 1 for the all participant sequences:
T j,k −1
(pi, j,k (t + 1) − pi, j,k (t))2 where T j,k is the number
mi, j,k = ∑t=0
of frames required to complete each trial. Then, we compute a
distance m j,k that represents the sum of the movement distances
of all the body parts as m j,k = ∑i mi, j,k . For a fair comparison, we
evaluate frame-average movement distances m̄ j,k = T1 m j,k .
j,k
In the previous paper [19], we applied a Kruskal-Wallis test
to the results, and did not find any significant differences between
the interactions (F8,809 = 3.67, p = 0.48). Consequently, in this
non-parametric statistical analysis, we could not conclude that
some motions require globally more movement than others. On the
other hand, in this paper, we analyze the results with parametric
statistical methods to analyze the results of both the LD and HMD
navigation settings more reliably described as follows. Fig. 7(left)
shows the average and standard deviation of the frame-average
movement distance for each motion pair with the LD setting. A
one-way ANOVA showed that there were significant differences
of all the motion pairs (F8,809 = 2.91, p < 0.01). Post-hoc analysis
was then performed using Bonferroni test for pairwise comparison.
It showed that participants moved their bodies significantly less in
the motion pairs of d, e, f, and i than in those of b, c, and g
(p < 0.01 for all the combinations). Fig. 7(right) shows the average
and standard deviation of the frame-average movement distance of
each motion pair with HMD setting. A one-way ANOVA showed
that there were significant differences of all the motion pairs
(F8,809 = 9.98, p < 0.01). Post-hoc analysis was then performed
using Bonferroni test for pairwise comparison. It showed that
participants moved their bodies significantly less in the motion
pairs of a, b, d, and h than in those of c, f, g, and i (p < 0.05 for
all the combinations).
Task completion time
Fast navigation is a general requirement for navigation interfaces.
To evaluate how fast a participant can navigate, we measured the
task completion time in each trial.
In the previous paper [19], to analyze the difference among
the interactions, we applied the one-way ANOVA Kruskal-Wallis
test, and did not detect any significant difference (F8,711 = 3.47,
p = 0.16). On the other hand, in this paper, we analyze the
results with parametric statistical methods to analyze the results
of both the LD and HMD navigation settings more reliably.
Fig. 8(left) shows the average and standard deviation of task
completion time of each motion pair with the LD setting. A oneway ANOVA showed that there were significant differences of all
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LD
HMD
Fig. 11. An example of participants navigate a scene with a LD (top) and a HMD (bottom) navigation setting, while doing the secondary actions,
i.e., hold a cup of coffee or carrying a backpack.
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Fig. 12. Subjective preference for each interaction criterion. (see supplementary material for details)

the motion pairs (F8,180 = 2.88, p < 0.01). Post-hoc analysis was
then performed using Bonferroni test for pairwise comparison. It
showed that participants performed navigation with a significantly
smaller task completion time for the motion pairs of b, and i
than in those of a, d, and e (p < 0.01 for all the combinations).
Fig. 8(right) shows the average and standard deviation of task
completion time of each motion pair with the HMD setting. A
one-way ANOVA showed that there was no significant difference
among all the motion pairs (F8,180 = 9.47, p = 0.37).

combinations). Fig. 9(right) shows the percentage of error distance
in the path following task of each motion pair with the HMD
setting. A one-way ANOVA showed that there were significant
differences of all the motion pairs (F8,180 = 11.84, p < 0.05). Posthoc analysis was then performed using Bonferroni test for pairwise
comparison. It showed that participants perform the path following
task with significantly smaller error distance in the motion pairs
of f, h, and i than those of a, b, d, e, and g (p < 0.01 for all the
combinations).

Accuracy
Accurate navigation is a general requirement for navigation interfaces. A given motion pair is highly accurate if a user only
performs small error distance in the path following task; on the
other hand, a large error distance indicates a loss of control.
Fig. 9(left) shows the percentage of error distance in the path
following task of each motion pair with the LD setting. A oneway ANOVA showed that there were significant differences of all
the motion pairs (F8,180 = 19.75, p < 0.01). Post-hoc analysis was
then performed using Bonferroni test for pairwise comparison.
It showed that participants perform the path following task with
significantly smaller error distance in the motion pairs of c, d,
f, h, and i than those of a, b, e, and g (p < 0.05 for all the

Summary of quantitative evaluation
As a summary, we visualize the quantitative evaluation results as
colored tables as shown in Fig. 10, where green, yellow, and red
respectively indicate “suitable”, “normal”, and “less suitable” for
lazy navigation interface. The suitability is judged based on the
statistical analysis, such that motion pairs which are significantly
better than others are judged as “suitable”, those which are
significantly worse than others are judged as “less suitable”, and
the others are judged as “normal”. Based on the number of “less
suitable” judgement, we regard the motion pairs of f, h, and i as
suitable for lazy navigation interface in the LD setting. Similarly,
we regard the motion pairs of b, d, and h as suitable for lazy
navigation interface in the HMD setting.
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Fig. 13. User ranking for the criteria with significant differences among
interaction from our previous result.

In addition, we compared the results between LD and HMD
settings using a paired t-test. As a result, participants performed
navigation with significantly smaller movement distance (p <
0.01) and less task completion time (p < 0.01) with the LD setting
than that with the HMD setting.
5.2.2

9

The 2-nd row shows that the motion pairs of a, d, and g get
relatively low scores in both the LD and HMD settings (except
g in LD), which indicates that [bend bust] is not a comfortable
walking motion. In addition, for the HMD setting, the motion
pairs of a, b, and c also get low scores, which indicates that [rotate
shoulders] is not a comfortable turning motion. Rotating shoulders
while wearing a HMD may degrade the comfort of a user.

Ease-of-use
From the 3-rd row, we found that [bend knee] is not easy to use for
walking because relatively low scores are provided to the motion
pairs of b, e, and h in both the LD and HMD settings (except h
in HMD). Participants may be less familiar with the [bend knee]
motion than the other walking motions, which is not a common
motion in their daily life. In addition, for the HMD setting, [rotate
shoulders] and [rotate hips] are not easy to use for turning,
because relatively low scores are provided to the motion pairs
of a, b, c, d, e and f. It may be difficult to rotate shoulders/hips
while fixing the face direction when wearing a HMD.

Qualitative Evaluation

Fig. 12 shows the subjective score obtained for each motion pairs
and each criteria with the LD and HMD settings. In the previous
study [19], we analyzed the subjective scores of the LD setting
using the non-parametric Friedman-Test, and found the significant
difference between each motion pairs for the following criteria:
comfortable (p = 0.019), accurate (p = 0.034), motion synchronization (p = 0.046), and error prone (p = 0.043). Furthermore,
we directly evaluated the subjective scores of the LD navigation
setting. As shown in Fig. 13a, the motion pairs of b, c, e, and f
give similar results. This supports the assumption that users have a
tendency to do the same gesture to rotate the hips and the shoulders
i.e., in all cases they rotate the whole bust. However, the angles
we capture are different, especially the motion range for the rotate
hips motions, which is smaller than the motion range for the rotate
shoulders motions. This may explain why users rate the motion
pair with rotate hips slightly higher than the ones with rotate
shoulders for the not tiring and secondary action doable criteria.
Fig. 13b shows a comparison of the other motions. We found that
the motion pairs of d, and i are overall better ranked than others,
whereas the motion pair of a receive overall bad scores.
In addition, in this paper, we take a more in-depth look at the
subjective scores of both the LD and HMD navigation settings.
We categorize each result into three groups based on the average
score. When the average score of a question item for a motion
pair is below 4 (the middle of the 7-point scale), we regard the
motion pair as “not acceptable” in terms of the question item.
Similarly, when it is between 4 and 5, we regard the motion pair
as “acceptable”. A motion pair is regarded as “preferable”, when
the score is larger than 5. We summarize the categories in Fig. 14
to make the results more comprehensible.

Understandable/secondary action doable
As shown in the 1-st and 6-th rows of Fig. 14, participants judge
all the motion pairs as very understandable and secondary action
doable both in the LD and HMD settings.

Not tiring
In the LD setting, the motion pairs of a, b, and c get relatively
low scores, which indicates that [rotate shoulders] is a tiring
turning motion. In addition, the motion pairs of b, e, and h get
relatively low scores, which indicates that [bend knees] is a tiring
walking motion. In the HMD setting, the motion pairs of a, d,
f, g, and i get relatively low scores, which indicates that [bend
bust] and [step] are tiring walking motions. There are several “not
acceptable” judgments in the HMD setting. Wearing a HMD may
make participants fatigued.

Accurate
From the 5-th row, we found that [bend knee] is not an accurate
walking motion because relatively low scores are provided to the
motion pairs of b, e, and h in both the LD and HMD settings.
In addition, in the HMD setting, the motion pairs of d and g are
judged as the least accurate motions, which indicates that [bend
bust] is not an accurate walking motion, too.

Ease of synchronization between walking and turning
From the 7-th row, we found that [rotate shoulders] is a turning
motion that is difficult to synchronize with any walking motions,
because relatively low scores are provided to the motion pairs of
a, b, and c. In particular, the least score is provided to the motion
pair of a in the HMD setting, which indicates that [V: rotate
shoulders - W: bend bust] is very difficult to synchronize for a
participants wearing a HMD. In addition, in the HMD setting, the
motion pairs of g and i are also judged as difficult to synchronize,
which indicates that [lean bust] is a turning motion that is difficult
to synchronize any walking motions. For the HMD setting, the
HMD may make upper body motions be difficult to synchronize
with other motions.
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Fig. 14. Summarize of the motion pairs which preferable/not acceptable for each qualitative properties:(a) LD, and (b) HMD settings.

Error prone
From the last row, we found that [rotate shoulders] is a error
prone turning motion, because relatively low scores are provided
to the motion pairs of a, b, and c. In addition, in the HMD setting,
the motion pairs of g and i are also judged as error prone, which
indicates that [lean bust] is a error prone turning motion, too. For
the HMD setting, the HMD may make upper body motions be
error prone.
Summary of qualitative evaluation
Based on the number of “preferable” judgments in Fig. 12, we
regard the motion pairs of d, f, and i as suitable lazy navigation
interface for the LD setting. On the other hand, for the HMD
setting, we regard the motion pairs of c, e, and h as suitable lazy
navigation interface, because there are fewer of ”not acceptable”
judgments.
When comparing the LD (Fig. 14a) and HMD (Fig. 14b), we
can clearly see that the LD setting provided better lazy navigation
interfaces. In particular, very low scores are provided to the HMD
setting in the question items of “not tiring” and “error prone”.
Wearing a HMD may have a bad effect on these issues.
5.2.3 Best Motion Pairs
Based on the results from the quantitative and qualitative evaluations, we select the best motion pairs as those which are regarded
as suitable for lazy navigation interfaces in both evaluations. For
the LD setting, we select the motion pairs of f [V: rotate hips W: step] and i [V: lean bust - W: step]. Therefore, [step] is the
most suitable walking motion. Comparing these two motion pairs,
we found in Fig. 12 that [rotate hips] appears a bit more difficult
to synchronize with the [step] motion than [lean bust]. This is
probably due to that [rotate hips] and [step] are more correlated
motions. For the HMD setting, we found that the motion pair of h
[V: lean bust - W: bend knees] is the best.

6

D ISCUSSION

Based on our experiments, we now highlight several rules which
appear to be required to develop good mid-air interactions for
ground navigation. Starting from a set of 7 general motions that
obey to our initial conditions (no need for arm gestures or head/eye
rotation), our pilot user study allowed us to restrict our approach

to only 3 motions to rotate the view and 3 motions to walk. It also
validates our assumptions. First, motions for distinct interactions
(eg. walking and turning) should use uncorrelated body parts
(Assumption 1). Second, to be more natural, the motions in the
virtual and real worlds should be performed in correlated human
body planes (Assumption 2). In addition, all the motions we kept
are socially acceptable.
In the second study, we acquired a deeper understanding on the
9 best sets of motions, by measuring accuracy, time and amount
of movements performed by the participants. We also performed
a quantitative analysis by asking the users to rate the motions on
several properties. As shown in Fig. 12, participants felt secondary
actions were properly doable in all the motion pairs of the LD
and HMD settings. This result supports our third assumption (Assumption 3). However, we observed that these secondary actions
could have some drawbacks. First, when the user is carrying a
grocery bag in her hand, the bag can interfere with the tracked
body points (i.e., it moves in front of the knees and it is wrongly
detected as a body point by the RGB-D sensor). This phenomenon
appears more specifically when the user is rotating the shoulders
or hips. And it especially has a negative impact when the rotation
is coupled with the bend knees motion. Second, when the user
is carrying a backpack she sometimes rotates her shoulders too
much, the backpack then becomes visible by the RGB-D sensor
and is wrongly understood as one of the shoulders. As conclusion,
bust rotations should be avoided or have a smaller range in order
to avoid interferences between the navigation and some secondary
actions.
From the qualitative evaluation, we could identify which
motion pairs are preferable regarding accuracy and error prone
behavior that are notions which are directly related to the ground
navigation performance. First of all, we found that, in general,
better scores were given with the LD setting than with the HMD
setting. There are, we believe, two main reasons for this; one is
due to technological limitations and the other is due to human
mistakes. About the former, skeletal measurement using a RGB-D
sensor becomes inaccurate when a user wears a HMD. About the
latter, the HMD covers the whole user perspective and makes the
user unable to stand correctly towards the RGB-D sensor, which
is crucial for accurate skeletal measurement. Second, we found
that the walking motions have more impact on the questionnaire
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result of “accurate than viewing motions. In both the LD and
HMD settings, relatively lower scores were given for the walking
motion of bend knees, probably because this motion is sometimes
too small to be accurately measured by the RGB-D sensor. In
addition, bend bust was also regarded as not accurate in the HMD
setting. Because it is hard for a user to look at the moving direction
of the navigation while bending her/his bust, the walking speed
control might become difficult for the user. Third, we found that
the viewing motions have more impact on the questionnaire result
of “error prone” than walking motions. This is due to the fact
that even a slight error in the rotational angle control causes a
positional error from the target path. Rotate shoulder was regarded
as an error prone viewing motion in both the LD and HMD
settings, and lean bust was also regarded as error prone in the
HMD setting. The reason for this result is probably that it is
difficult to look at the moving direction of the animation while
rotating the shoulders.
We found the best motion pairs that globally stand out from
the others in the LD and HMD settings, respectively (see 5.2.3).
The participants could perform navigations with significantly less
body movements, shorter task completion time, and less errors
with these best motion pairs. In addition, the participants did
not provide any “not acceptable” responses to these motion pairs,
which are qualitatively more acceptable/preferable than the other
motion pairs. Therefore, we confirm that these best motion pairs
can balance the trade-off between motion amplitude, virtual speed
and rest pose (Assumption 4).
By comparing the experimental results of the LD and HMD
settings, we found that our lazy navigation interfaces are generally
less suitable for the HMD setting. This may be mainly due to the
fact that the HMD is heavy and annoying for participants, which
clearly requires more effort from the participants. As described in
Sec. 5, the HMD setting currently supports stereoscopic rendering
and head-tracking, while the LD setting does not support them.
The stereoscopic rendering causes vergence-accommodation conflicts which might reduce the scores of “comfortable” and “not
tiring” in the HMD setting. Further investigation on this issue is
one of our main future works. The best motion pair [V: lean bust
- W: bend knees] however achieved a suitable lazy navigation
interface similar to those in the LD setting. This indicates that it
is possible for an interaction designer to properly provide a lazy
interface for a HMD-based system by carefully designing motions,
for which we recommend our best motion pair.

to deeper analyze the effect of our parameters on the navigation.
In particular, the motion range is user-dependent and we plan to
make it user-adaptive, at the potential cost of a longer initialization
step which may limit applicability to public spaces.
We rely only on the user questionnaire to evaluate the laziness
of a motion. However, a deeper understanding of the interaction
fatigue could be reached by building upon the work of HincapiéRamos et al. [20].
Last, as we tested a specific map to navigate in the experiments, another direction for future work would be to design a
data-driven system, learning from the user motions to adjust the
interactions while she is navigating the scene. In this case, the
interaction could be expressed as a weighting sum of canonical
motions, optimizing the weights depending on the performed
movements.
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