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Abstract

One of the most effective strategies that can be adopted to make successful cultural heritage
expositions consists in attracting the visitors’ attention and improving their enjoyment/engagement.
A mid-air gesture-based Natural User Interface was designed, through the user-centric approach, for
the navigation of virtual tours in cultural heritage exhibitions. In detail, the proposed interface was
developed to “visit” Murgia, a karst zone lying within Puglia, very famous for its fortified farms,
dolines, sinkholes, and caves. Including an “immersive” gesture-based interface was demonstrated to
improve the user’s experience thus giving her/him the sensation of “exploring” in a seamless manner
the wonderful and rather adventurous sites of Murgia. User tests aimed at comparing the implemented
interface with a conventional mouse-controlled one confirmed the capability of the proposed interface

to enhance the user engagement/enjoyment and to make “more” natural/real, the virtual environment.

Keywords: Natural User Interface; Virtual Tour; User-centric Approach; Gesture Vocabulary Design.
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1. Introduction

The Cultural heritage of a country represents a priceless patrimony not only for its inhabitants,
to understand and explain the origin of customs and traditions but also for the touristic industry to
attract visitors from abroad. Promotion of cultural, artistic, and environmental goods represents a
crucial importance issue for a country as most of the touristic industry and hence, of the general
economy, depends on how the financial resources are allocated for this scope. The use of new
technologies, as well as novel interaction paradigms, were recognized to be one of the key-points to
approach the mass audience and hence to adequately promote and present cultural heritage [1].
Among the technologies recently utilized to this purpose, Virtual Reality (VR) plays a role of
predominant relevance [1-3]. By allowing the user to interact with the virtual world in an immersive
environment, VR represents one of the most appealing and effective ways to improve the users’
engagement and attract their attention on specific cultural heritage subjects.

It is a moral duty to share and spread the patrimony of a country among people and over time,
but it is also a moral duty to preserve sites of interest and artworks although their large scale
accessibility makes this task very difficult to accomplish. VR allows to replace the real visit with the
exploration of reconstructed historical places and virtual museums [4], by means of virtual tours (i.e.,
immersive 360-degree panoramas [5]) and the manipulation of digital artifacts. Consequently, VR
can provide both the preservation of these sites and the access of general public, and add all the
potentialities related to the multiple virtual experiences, in terms of interaction and immersion [6].

Natural User Interfaces (NUI) that are at the basis of VR-based exhibitions, - such as virtual
tours or virtual museums [7] -, are the object of the study of a large number of researchers throughout
the world. For instance, the usability of gesture interfaces in virtual reality environments was
investigated by Cabral et al. [8]. Navigation and selection techniques in virtual environments by
means of gestures were studied by Dam et al. [9]. Fanini et al. [10], developed an engaging and shared

gesture-based interface for visiting museums and exploring the treasures contained. Three principal
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approaches are followed in the design of interfaces: (i) user-centric, (ii) iterative and (iii) centrist
analytical. The first approach utilizes an elicitation procedure where the user is asked to propose
possible gestures to execute specific commands/referents. Interface inputs are then designed on the
basis of the gesture proposals. Iterative and centrist analytical approaches design interfaces by basing
upon technological constraints and/or the experience of experts in the specific application field.
However, the user-centric approach represents the standard methodology in NUIs design [11] [12] as
it allows pursuing two important objectives: (i) lowering the cognitive load and (ii) improving the
user experience.

Touristic/cultural events are no longer simply places devoted to the exhibition of products,
customs, and flyers of a specific country but a privileged place to make culture accessible to the
largest mass audience. In such exhibitions, VR technologies can be conveniently utilized to ‘immerse’
the user in virtual tours reproducing the typical environment of a country thus letting him feel as
physically present in ‘that’ place that can be thousands and thousands of miles away. In a previous
study [13], a multisensory system was proposed where a 20-foot container was utilized to host visitors
giving them visual, climatic and olfactory stimuli. In this study, we further developed this system by
designing and implementing a gesture-based interface for the navigation of virtual tours on a display
wall (the display was hypothesized to be fixed on one of four walls of the container) and investigating
the capability of such an interface to enhance the engagement/enjoyment of user’s experience. In
detail, this interface was developed to “visit” Murgia, a karst topographic plateau of rectangular shape
lying within Puglia, very famous for its fortified farms and for being the seat of transhumance practice
in animal husbandry. A number of studies utilized gesture-based interactions with display walls
[3,14,15], but their application scenario is quite different from the navigation of virtual tours. Indeed,
scenes in virtual tours almost consist of spherical panoramas that users can explore by using a
zooming function, changing gaze direction or selecting active items. Other studies [16,17], also
reported in the literature, utilize VR technologies to carry out virtual tours but do not implement

gesture-based interfaces.
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2. Research aim

From the review of the state of the art, it appears that no specific studies are reported in the
literature focused on the design, the implementation and the validation of gesture-based interfaces for
the navigation of virtual tours in cultural heritage exhibitions. In detail, no studies are available that
adopt the user-centric gesture-elicitation procedure for the definition of the vocabulary of gestures
capable of guaranteeing the users’ engagement/enjoyment. Our hypothesis is that including an
“immersive” gesture-based interface improves the user’s experience thus giving her/him the sensation
of “exploring” in a seamless manner the wonderful and rather adventurous sites of Murgia.
Therefore, the aims of this work are:

1. To describe the application of such an elicitation procedure to the design process of a mid-
air gesture-based NUI;
2. To test the developed NUI and evaluate its effectiveness in improving the engagement and

the enjoyment of users with respect to the classical mouse-controlled interface.

3. The gesture vocabulary design

The gesture vocabulary, i.e., the set of gestures utilized by the user to interact with the interface,
has to be straightforward and intuitive in such a way that the resulting NUI satisfies the general
requirements of the low cognitive load and the low physical fatigue [18]. The design process of the
vocabulary was structured into three principal phases:

o The Interface requirements definition phase. In this phase, the set of commands that are the
most suited to the specific scenario/application are defined. Three aspects must be considered
in this phase: (i) the specific tasks that have to be performed, (ii) the environment/context
where tasks must be accomplished, and (iii) the set of commands required to perform the

tasks.
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e The Gesture elicitation phase. Spontaneous gestures the users would intuitively use to trigger
the interface commands are proposed and collected. The agreement analysis then follows.

e The Vocabulary definition phase. The gesture proposals, collected in the previous phase, are
ranked according to their guessability. The Vocabulary of gestures will include, for each
command, the most intuitive gesture among those proposed for that command.

Hereafter, the following definitions will be utilized in the present article:

e Referents: interface commands, in this study five referents were hypothesized to be necessary
to conduct and control a virtual tour (see next Section 3.1);

e Gesture proposals: gestures proposed by the participants during the elicitation phase as
interacting metaphors to “execute” a given referent;

e Vocabulary: a combination of different gestures devoted, each, to “execute” a given referent.

3.1 Interface requirements definition

The following five interface commands were hypothesized to be strictly necessary to properly

conduct and control a virtual tour on a wall display:

e move the pointer on the screen;

e zoom-in;

e zoom-out;

e change gaze direction (i.e., the solid angle of the spherical pano visualized on the display);

e select items.
The context/environment where the virtual tour was hypothesized to take place is a container with an
average space of 8 m? available for users. Containers are “portable” installations that can be easily
transported to the location where cultural/touristic events are organized and properly equipped with
all the devices required for a virtual tour. Following the hypothesis that the container can host up to

4 visitors simultaneously, the proposed virtual exhibition system was designed to switch the control
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among users according to a defined policy. Users were hypothesized to be not familiar with gesture-

based interfaces which were, therefore, designed as intuitive as possible.

3.2 Gestures elicitation procedure

In order to conduct the gesture elicitation process, a population of 29 participants (average age
21.3 years, SD=3.11) was first recruited, including 18 males and 11 females, all right-handed. All of
them were students in Mechanical and Computer Engineering: five participants declared to use an
Xbox Kinect for recreational purposes regularly; nine utilized the device a few times; fifteen never
used it.

Before performing the elicitation, a preliminary investigation was carried out to evaluate the
users’ preferences on the two control modes that are available in the software suite krpano [19]
utilized to implement the virtual tour. In detail, this suite includes two main components: (i) a set of
tools to create and edit virtual-tours, and (ii) a viewer, embeddable into HTML pages, which allows
the navigation of virtual tours using a web browser. In the default configuration, the tour is only
sensitive to system events, such as those triggered by the keyboard and/or the mouse. Two control
modes are available to change the gaze direction. The first one, which we will call as “drag&drop”
mode, permits the user to grab the scene by keeping the left mouse-button pressed, and to change the
gaze direction by moving it together with the mouse pointer. In the second control mode, which we
will call as “move-to” mode, while the left mouse-button is kept pressed and the mouse is moved, a
vector is defined, the direction and the amplitude of which allow controlling the changes of gaze
direction and the speed of its movement, respectively. After explaining to all the participants the two
control modes, they were asked to test both of them using the standard mouse-controlled interface.
The test had a duration of about 4 minutes at the end of which participants were asked to express their
preference. 27 participants (i.e., 93.1 % of the recruited population) preferred the drag&drop mode

which led us to elicit gestures just for this control mode.
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The elicitation procedure adopted a user-centric conscious bottom-up approach [11] where
referents are first explained to the participants, then the gesture proposals for each referent are
collected. The Wizard of Oz study-setup [20] was followed to carry out the elicitation procedure.
The experimenter asked the participants to think of the possible mid-air hand-gesture she/he would
use to trigger each of the five referents. Then, staying in front of the display wall (a professional UHD
85 inches Samsung QMS85D monitor), - at the distance of 2 meters- showing a scene of the virtual
tour, each participant was asked to execute the gesture previously thought for each referent.
According to the Wizard of Oz study-setup, a hidden experimenter triggered the corresponding
commands via the mouse thus giving the participant the impression of activating her(him)self the
command via the executed gestures. All the gestures executed during this phase were recorded and
analyzed. To this purpose, a desktop PC with a CPU Intel Core 17 6700 (3.4 GHz) 16GB RAM and a
GeForce GTX 970 graphic adapter were utilized.

Fig. 1 shows and briefly describes all the gestures proposed for the execution of the five
referents while a more detailed description of them is given in the Appendix A (see Supplementary
Material). Acronyms were utilized to make more compact the notation. Fig. 2(a) shows the
distribution of the gesture proposals, i.e., the number of times a given gesture was utilized to execute
a specific referent. For each referent, the Agreement Rate (AR) was finally computed which is a
measure of the cognitive load and, in detail, of the agreement that exists between the gestures
proposed for each referent. AR ranges in the interval [0, 1]; for a given referent r«, the value AR(rk) =
0 means that all the proposals collected for the referent rx are different from each other, on the
contrary, the value 1, indicates that all the proposals (gathered for rx) are the same. Generally
speaking, a low value of AR imply a high cognitive load and hence the necessity of re-designing the
set of referents. The values of AR computed in this study were large enough, which led us to conclude
that the five hypothesized referents do not require a high cognitive load. Further details on the
computation of the Agreement Rate values are given in the Appendix B (see Supplementary

Material).
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Fig. 1. Gesture proposals collected for each of the five hypothesized referents. The acronyms utilized to
identify each gesture proposal are reported on the top of each picture.
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It is worthy to note that 3 out of the 13 proposed gestures (Fig. 1) are almost the same: One
Hand Pointing (OHPo), One Hand Pointing and Moving (OHPM) and Moving Hand with Index

finger Pointing (MHIP).

3.3 Vocabularies definition

To select the best gesture for each referent, the gesture guessability G [21-23] was computed,
which is a factor that ‘measures’ the intuitiveness of each gesture with respect to the corresponding

referent. The gesture guessability G is given by:

k

P
Gf =——; Ge]0,1] (1)
TOT

where P/ is the number of times the i gesture was proposed for the k" referent and P¥roris the
total number of the proposals collected for the k” referent. It is worthy to note that while the
Agreement Rate AR is a measure of the cognitive load required to execute a given gesture in response
to a referent, the gesture guessability G, instead, is an indicator of the intuitiveness related to a gesture
with respect to the corresponding referent. Ranking each gesture according to the guessability (Fig.

2(b)) led us to define the best vocabulary of gestures utilized to carry out the virtual tour (Fig. 3).

4. The NUI implementation

The hardware setup used for the NUI was the same as that described for the elicitation procedure
with the addition of the Kinect v2 RGB-D camera that was utilized as a tracking sensor. This device
was successfully employed in different domains of applicability that go from gaming [24] to
ergonomics assessment [25] to the navigation of virtual environments [9] and complex 3D
archaeological scenes [26].

The designed interface is based on a software developed using the C# language, the Windows
Presentation Foundation libraries (.NET framework), and the Microsoft Kinect for Windows SDK

2.0. One of the essential and critical requirements of the proposed interface was to develop a gesture

9
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Fig. 2. (a) Percentage of gesture proposals collected for each referent. The acronyms utilized are specified in
Figure 1. (b) Values of guessability computed for each gesture proposal. The histograms highlighted in red
refer to the gestures with the highest guessability that were finally utilized in the best gesture vocabulary.
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Fig. 3. Best vocabulary of gestures utilized to carry out the virtual tour.
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recognition system reliable and capable of adapting to people differently shaped and sized (e.g., tall
and short people, adults and children, left and right-handed users).
A control flow (Fig. 4) supervised the users’ navigation, where the user’s activity is considered
as a state machine. The clock of this state machine is event-based and triggered by the arrival of a
new frame from the depth sensor. The sequence of the main actions controlled for each new-frame is
the following:
1. Definition of the user that is enabled to lead the navigation of the virtual tour, hereafter we will
call her/him as the user-leader.
2. Definition of the user state. For each frame, the system has to detect if the user wants to execute
a gesture, and if so, which action she/he intends to trigger on the interface.

3. Triggering of the detected actions.

4.1 User-leader definition.

Following the hypothesis that users will wander through the virtual tour in a standing position
and based on the studies of the optimal position an user should occupy to maximize the accuracy and
the reliability of the Skeleton Tracking algorithm for Kinect v2 [27], a “virtual area” was defined as
the space located in front of the display wall, starting and terminating at 120 cm and 450 cm,
respectively, from it (Fig.5). Amongst the visitors occupying the “virtual area,” the user-leader is

defined as the one that is the nearest to the sensor.

4.2 User’s state definition.

The state machine that detects the state of the user-leader works through 5 states: unengaged,
zoom, move the pointer on the screen, change gaze direction and select items (Fig. 6(a)).
These states are detected by evaluating, during the navigation, the state and the position of each hand
of the user-leader. The Kinect v2 skeleton-tracking algorithm allows four states for each tracked hand

to be identified: unknown, open, closed, and lasso (Fig. 6(b)). Based on the state of each hand and
10
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Fig. 4. Sequence of the main actions controlled for each new-frame detected by the sensor.
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Fig. 5. Schematic of the working areas defined (with their limit dimensions) to control the user’s interaction.
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Fig. 6. (a) The state machine that controls the user’s behavior. (b) The hand states detected by the Kinect skeleton
tracking algorithm for the tracked hands: b1) Unknown; b2) Open; b3) Closed; b4) Lasso. (c) Pointer icons shown
on the screen and utilized as a feedback to make aware users about their current state: ¢1) Move the pointer on the
screen; c2) Zoom; c¢3) Change gaze direction; c4) Select items; ¢5) Hotspots pointer on-over event.
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the combination of the states of both hands, following a specific policy described below, the state
machine is identified.

To define the rules for the identification of the state machine, the following working areas were
defined.

Interacting area. Fixed an ideal horizontal plane (highlighted in green, Fig. 5) at the height of
the user’s pelvis, the interacting area is defined as the space above the plane. If both the hands of the
user are below the plane, no interactions with the system are triggered. The contrary occurs once one
or both the hands are in the interacting area. The height of the plane delimiting the interacting area
was fixed at the level of the pelvis which is a good compromise between two opposite requirements.
A too “high” interacting area has the disadvantage to increase the fatigue related to the arm
movements, the so-called gorilla arm effect [28]. With a too “low” interacting area, instead, the risk
of unwanted interactions due to natural movements of the hands, can be run.

Zooming area. Fixed an ideal cylindrical surface around the user with a diameter equal to the
distance between the user’s shoulders, the zooming area is defined as the space outside the cylinder
(Fig. 5). It is worthy to note that the designed interface allows the control from the right to the left
hand and vice-versa to be switched in real time. To this purpose, the control-hand was defined as the
hand that is kept at the largest distance with respect the floor. During the interaction, if the control-
hand is kept lower than the other for more than 1 second, the control switches to the other hand. With
this strategy, the user can change the control-hand in a natural manner and hence rest the tired arm,
but also the system is suitable for both, left- and right-handed users.

The state machine that controls the user’s behavior starts from the Unengaged state (Fig. 6(a)).
In this state, the user-leader is not actively interacting with the interface. To start the interaction,
she/he has to raise one of her/his hands until reaching the interacting area (i.e., the space above the
ideal horizontal plane passing through the user’s pelvis). When the user is engaged, her/his state

changes on the basis of the state of the control-hand and according to the following rules:

11
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o If the state of the control-hand is open, the user’s state turns to Move the pointer on the

screen;

e [f the state of the control-hand is closed and the state of other hand is open or it is outside

the zooming area, the user’s state turns to Change gaze direction;

o If the state of the control-hand is lasso, the user’s state changes to Select items;

e If hands are inside the zooming area and their state is closed, the user’s state changes to

Zoom.

In order to improve the reliability of the system, thus avoiding any sudden and unwanted changes of
the state (between the right and the incorrect one) of the hands, the strategic approach of the most
voted policy was adopted. In detail, the state and the position of each hand in each frame were stored
in four queue-like buffers (i.e., two queues for the state and two queues for the position). As soon as
new frames are detected by the sensor, all the buffers are updated by removing the frame on the
bottom and inserting the new one on the top. Then, the hand state is identified as the most frequent
state in the buffer.

In order to make aware users about their interaction with the system, graphical cues were
utilized as a feedback. The pointer icon (Fig. 6(c)) changed on the screen according to the actual state
of the user. In addition to the pointers referring to the user’s states: Move the pointer on the screen,
Zoom, Change gaze direction, and Select items, a specific pointer for Hotspots on-over event (Fig.

6(c5)) was included.

5. User’s actions triggering

The Move the pointer on the screen action allows the user to control the pointer position on the
scene in front of her/him and can be triggered by executing the MHO (Moving Hand with Open palm)
gesture (Fig. 1). To interact with the krpano viewer, a software simulation of the move-cursor event

was utilized to trigger the actual action on the virtual tour. The pointer location is controlled by a ray

12
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casting method, where the position of the head detected by the Kinect skeleton-tracking algorithm is
utilized as the projection center while the pointer position on the scene is determined by projecting
(on the screen) the ray that connects the head and the control-hand (Fig. 7).

Proper filtering methods were applied to minimize the jittering effects from which the Kinect
skeleton-tracking algorithm suffers. Regarding the location of the hands, a median filtering approach
was adopted, while regarding the head position, an accumulation method. This method stores, frame
by frame, in a queue-like buffer the position occupied by the head and assumes as the actual position
of the head the one computed as the mean value of all the positions stored in the buffer. As new
frames are acquired, if the computed mean values change more than a fixed threshold, then, the
position of the head is updated; if, conversely, the new computed mean value differ less than a fixed
threshold, then, the position of the head is hypothesized not to change. Although this approach allows
a perfect alignment between the cursor position on the scene and the target of the user’s gaze, presents
two main limitations. The first is related to fatigue required to the user that, to control the pointer
position, has to keep her/his hands raised for a long time without rest. The second is related to the
interposition, between the user’s eyes and the scene, of the user’s control-hand. To overcome these
limitations (albeit in a partial way) the projection center was moved at a lower level (A=600 mm, see
Fig. 7) and towards the display wall (L=500 mm, Fig. 7). Adopting this solution, the user can control
the position of the pointer with smaller and at a lower level movements thus reducing the fatigue
required to execute them.

The Zoom actions allow the user to zoom-out and zoom-in on the scene and are triggered with
the execution of the BTTHC (Bringing Together Two Hands with Clenched fists, Fig. 1) and the
DTHC (Distancing Two Hands with Clenched fists, Fig. 1) gestures, respectively. The user acts as
she/he is at the center of a sphere on whose internal surface the scene is stuck. Therefore, to zoom-
out, she/he grabs the scene with her/his hands and reduces its dimensions by decreasing the distance
between hands. Conversely, to zoom-in, she/he grabs the scene with the hands and increases the

distance between them as if she/he is stretching the sphere. A software simulation of a mouse-wheel-
13



Fig. 7. Schematic of the ray casting method adopted to control the pointer location. The area (delimited by the magenta rectangle, in the case of projection center
located in correspondence of the user’s head) that the user’s hand must sweep to roam the displayed scene becomes smaller (area delimited by the blue rectangle),
when the projection center moves from the position of the head towards the display wall (by the quantity =500 mm) and at a lower level (by the quantity #=600
mm).
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scroll event triggers the actual action. The entity of the scrolling is proportional to the variation of the
relative distance between the two hands in two subsequent frames.

The Change gaze direction action that is triggered by executing the OHGM (One Hand
Grabbing and Moving, Fig. 1) gesture, allows the user to control the direction of her/his view. The
user acts as she/he is at the center of a sphere on whose internal surface the scene is stuck. Therefore,
to change the direction of view she/he only has to grab the sphere and drag it wherever she/he likes.
In this last action, the position of the pointer is controlled as in the Move the pointer on the screen
action. A software simulation of both a mouse left-button-pressed event and a move-cursor event
triggers the actual action on the virtual tour.

The Select items action allows the user to select/activate an item on the scene and is triggered
with the execution of the OHPo (One Hand Pointing, Fig. 1) gesture. To select an item (which is
indicated by the Hotspots pointer on-over event) the user has to move the pointer over the
corresponding hotspot and select it by pointing at it with her/his index finger. The Kinect skeleton-
tracking algorithm is tailored to detect the lasso state, where, both the index and the middle fingers
point. However, it was found that the algorithm detects the lasso state even in the case the user points
with the only index finger. A software simulation of a mouse left-button-click event triggers the actual
action on the virtual tour.

A short video-report available as Supplementary Material shows how the proposed interface

was utilized to navigate a virtual tour on Murgia.

6. NUI testing and evaluation

A user study was carried out to evaluate the effectiveness of the proposed gesture interface and,
in particular, to obtain a comparative evaluation in terms of perceived usability, user
engagement/enjoyment and overall users’ preferences between gesture and mouse-controlled
interface. Given the strong legacy bias related to the use of the mouse-controlled interface, the

following three hypotheses were formulated:
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Hi-The mouse-controlled interface will achieve a better or at least comparable score in terms
of usability,
H>- The gesture-based interface will achieve a better score in terms of enjoyment/engagement,;

Hs- The overall users’ preferences will be more oriented towards the gesture-based interface.

6.1 Experimental procedure

Two different experimental setups were adopted. In the first one, the user stood in front of the
display wall at an average distance of 2 meters and navigated the virtual tour using the gesture
interface. In the second experimental setup, the user kept the same position and wandered the tour by
means of a wireless mouse controller using a desk as mouse support. Following Ayoub et al. [29], the
desk upper surface was placed at 102 cm of height from the ground. Each participant tested both
setups in two consecutive sessions. The order of execution was counterbalanced over users. In order
to minimize any learning effect, a time of at least 15 minutes was awaited between the end of the first
session and the beginning of the second one.

A total of 16 voluntary participants (13 males and 3 females, all right handed) were recruited
among engineering, students, and researchers at Polytechnic University of Bari. The average age was
28.1 years (min 22 years, max 42 years, SD = 5.6 years). None of the participants ever interacted with
a Kinect V2 sensor-based interface, 10 out of 16 had no previous experience with mid-air gesture
interfaces while the other 6 had previous experience with the first version of the Kinect sensor.

Each session was supervised by an experimenter and consisted of a training- and a test-phase.
In the training-phase the participant watched a video tutorial explaining the use of the interface under
test and then had a free-training period of two minutes on a demonstrative tour (different with respect
to the virtual tour of Murgia successively navigated). After a break of 3 minutes the test-phase started.
In this phase, the user was asked to navigate freely the virtual tour of Murgia and to use each
interacting metaphor at least twice. After a participant accomplished the minimal required tasks,

she/he was free to interrupt the test phase. The experimenter recorded the time duration of this phase.
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After each test-session, the participant was asked to estimate the time she/he spent to carry out
the test and to fill in a usability satisfaction questionnaire [7] and a customized Intrinsic Motivation
Inventory (IMI) questionnaire (the IMI questionnaire is freely available at
http://selfdeterminationtheory.org/intrinsic-motivation-inventory, more details on the administered
questionnaires are given in the next Section 6.2). Table 1 reports the independent and dependent
variables of the experimental procedure.

After the participants filled in the questionnaires, the experimenter had an interview with them

to gather their impressions of the navigation experience.

Table 1: Independent and dependent variables of the presented experiment.

INDEPENDENT VARIABLES
Participants 16 13 males, 3 females
Interfaces 2 Gesture interface, Mouse-controlled interface
DEPENDENT VARIABLES
Learnability Mean of two answers on a 7 point likert scale
Interface efficacy Mean of two answers on a 7 point likert scale
System efficacy Mean of two answers on a 7 point likert scale
Time duration percent Estimated time duration — Actual time duration
difference 7y, Actual time duration * 100
Interest/enjoyment 7 point likert scale
Perceived competence 7 point likert scale
Effort/importance 7 point likert scale
Value/Usefulness 7 point likert scale
Felt pressure and tension 7 point likert scale
Preferred interface 7 point likert scale
Easiest to use interface 7 point likert scale

6.2 Metrics: Administered Questionnaires

Following Barbieri et al. [7], a seven point Likert scale usability satisfaction questionnaire was

administered including 6 items, which is suited to catch cognitive aspects related to user satisfaction.
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The posed questions can be gathered in couples thus forming three sub-groups corresponding to the
following three sub-scales: learnability, interface efficacy and system efficacy.

In order to compare the interfaces, the users’ subjective experience was measured by
administering a post-test Intrinsic Motivation Inventory (IMI) questionnaire which is a flexible
assessment tool that determines the subjects' (i) interest/enjoyment, (ii) perceived competence, (iii)
effort, (iv) value/usefulness, (v) felt pressure and tension, and (vi) perceived choice while performing
a given activity, thus yielding six sub-scale scores [30] [31]. This test was successfully utilized in
several experiments related to intrinsic motivation and self-regulation [32-35] as well as in studies
regarding tasks execution in virtual environments [36-39]. Indeed, a customized version of the
questionnaire was utilized that includes 22 questions and neglects the perceived choice sub-scale (i.e.
the sub-scale (vi)).

The proposed questionnaires included two further questions: (i) the first one regarding the
preferred and the easiest to use interface (gesture-based or mouse-controlled); (ii) the second one
regarding the time the user thinks has spent to conduct the test. The comparison between this time
and the actual time measured by the experimenter was expressed in terms of percent difference #%. In
other words, if tesiimated 1s the time estimated by the user to execute the test while facual 1s the actual
time measured by the experimenter to carry out the test, 7% can be computed as:

testimated - tactual

to, = X 100

tactual

6.3 Results

The usability satisfaction questionnaire returned usability scores for the mouse interface higher

than for the gesture interface (Fig. 8(a)).
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Fig. 8. (a) Average values computed over the 16 participants of the usability satisfaction questionnaire scores
obtained for the different sub-scales: learnability, interface efficacy and system efficacy. (b) Overall users'
preferences: Preferred and Easiest to use interface.



402 Paired samples t tests (Table 2) show that these differences are statistically significant for the
403  Interface efficacy and the System efficacy sub-scales while no statistically significant differences can
404  Dbe seen for the Learnability sub-scale.

405  Table 2: Descriptive statistics and paired samples t test for the usability satisfaction questionnaire
406  sub-scales.

Sub-scale Interface N Mean Std. D. t(df=15) p
Gesture 16 6.38 0.62
Learnability -1.576 0.138
Mouse 16 6.56 0.12
Gesture 16 5.31 1.24
Intff?rface 2573 0.021
cthicacy Mouse 16 6.38 0.81
Gesture 16 5.72 1.00
Sfnytem 2.674 0.017
cthicacy Mouse 16 6.50 0.52
407
408 In the IMI questionnaire, the gesture-based interface obtained, for the Interest/Enjoyment and

409 the Value/Usefulness sub-scales, median scores significantly higher than the mouse-controlled
410  interface counterpart (Table 3).

411

412  Table 3: Descriptive statistics and Wilcoxon Signed-ranks test for the IMI questionnaire sub-scales.

Sub-scale Interface N Median Min Max Z p
Gesture 16 30.50 26 35
Interest /
. -2.425 0.015
Enjoyment Mouse 16 28.50 18 34
Effort / Gesture 16 24.00 11 34
-1.337 0.181
Importance Mouse 16 21.00 11 32
: Gesture 16 29.50 16 35
Perceived
-0.427 0.669
competence Mouse 16 29.00 22 35
Gesture 16 12.00 8 17
P;essgre / -1.355 0.176
ension mouse 16 11.50 9 16
Value / Gesture 16 18.00 14 21
-2.098 0.036
Usefulness Mouse 16 16.00 10 20

413
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The time spent to carry out the test was averagely underestimated by 12.08 % for the gesture-
based interface and overestimated by 10.88 % for the mouse-controlled interface (Table 4).

Statistically significant differences could be found between the two time estimations (Table 4).

Table 4: Descriptive statistics and paired samples t test for the values of 72 computed for the mouse-
controlled and the gesture-based interfaces.

Variable Interface N Mean ¢t Std. D. t(df=15) p
Percent Gesture 16 -12.08% 44.91%

dit 2.516 0.024
lerence Mouse 16 10.88% 47.42%

Finally, users preferred the gesture-based interface (exact binomial test p=0.021) while judged

the mouse-controlled interface as the easiest to use (Fig. 8(b)).

7. Discussion

A gesture-based interface was proposed to navigate a virtual tour on display walls. In particular,
the proposed interface was developed to “visit” Murgia, a 4000 km? karst zone lying within Puglia,
very famous for its fortified farms, dolines, sinkholes, and caves. The virtual tour was hypothesized
to take place in a container, a “portable” installation that can be easily transported to the place where
cultural/touristic events are organized and properly equipped with all the devices required for a virtual
tour [40]. The goal pursued in the study is the development of an appealing interface capable of
improving the users’ engagement/enjoyment thus attracting their attention and interest towards the
exploration of specific cultural heritage subjects.

After simulating a brief trip through the Murgia territory with its natural landscapes and its
typical countryside’s native vegetation, the tour shows Masseria Jesce, an ancient farm dating back
to the 16 century and located in the vicinity of the ancient Appian Way, in the countryside around
Altamura (Bari, Italy). The farm includes amphitheater caves (Fig. 9(a)) such as a frescoed crypt

dedicated to the Archangel St. Michael on the walls of which a deesis (Fig. 9(b)), (attributed to
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Fig. 9. The tour shows Masseria Jesce, an ancient farm dating back to the 16™ century. The farm includes amphitheater caves (a) such as a frescoed crypt dedicated to
the Archangel St. Michael on the walls of which a deesis (b), (attributed to Giovanni da Taranto, 14" century) a Marian cycle (c) and a painting of St. Michael (d)
(attributed to Didaco de Simone, 17" century) is represented.
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Giovanni da Taranto, 14™ century) a Marian cycle (Fig. 9(c)) and a painting of St. Michael (Fig. 9(d))
(attributed to Didaco de Simone, 17" century) is represented.

Given the novelty of the proposed gesture-based interface compared to the well-known mouse-
controlled one, the hypothesis H; was formulated as: users evaluate the mouse-controlled interface
the most usable. Indeed, the Interface efficacy and the System efficacy sub-scales (see Table 2) of
usability satisfaction questionnaire confirmed our hypothesis H;. Furthermore, coherently with this
hypothesis, the overall users’ preferences indicated the mouse as the easiest to use interface (Fig.
8(b)), which is consistent with the results of Cabral et al. [8] who found that the time to completion
of simple pointing tasks performed with the use of gestures, is considerably slower when compared
to that spent with a mouse-controlled interface. Regarding the sub-scale of Learnability (see Table
2), no statistically significant differences exist between mouse and gestures. This result leads us to
conclude that the user-centric approach adopted in the design process, was capable of giving to the
proposed interface an intuitiveness comparable with that of the mouse-controlled interface.

Regarding the Interest/Enjoyment sub-scale of the IMI questionnaire, the gesture-based
interface reached a score significantly higher than the mouse-controlled interface (Table 3). Similarly,
the score related to the sub-scale Value/Usefulness was significantly higher for the gesture-based
interface, which can be interpreted as the argument that when interacting by gestures, users give more
value to their navigation experience than when interacting by mouse. Furthermore, the computed
values of t2; (Table 3) further confirm the fact that the interaction by gestures involves so much the
user that she/he loses the sense of the time. These results, definitively, lead us to conclude that the
hypothesis H>: the gesture-based interface will achieve a better score in terms of
enjoyment/engagement, holds true. This is consistent with the results of Cabral et al. [8] who found
that gesture interfaces allow, compared to the mouse-controlled interface, to have a natural and
intuitive access to computing resources that might be embedded in the environment. For the other

sub-scales of the IMI questionnaire, no statistically significantly different scores have been obtained
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(Table 3), which implies that the interfaces gesture-based and mouse-based are practically equivalent
from this point of view.

From the overall users’ preferences (Fig. 8(b)) it appears that the preferred interface is the
gesture-based one. However, the mouse-controlled interface appears to be the easiest to use. These
results support the hypothesis Hs: The overall users’ preferences will be more oriented towards the
gesture-based interface.

Interestingly, during the open interviews participants confirmed that the use of a new interface
modality was challenging and enjoyable at the same time. Compared to the gesture-based interface
the mouse-controlled one was boring even if most of the users judged it as the easiest to use interface.
Different participants claimed also to feel the gesture-based interface more “natural” and more
capable of making natural/real the virtual environment.

The proposed study presents some limitations. First, despite our efforts to reduce fatigue and
the choice of adaptive thresholds (utilized to define the areas for the interaction) based on user’s
anthropometric data, some users still complain about the gorilla-arm effect [28]. The same limitation
was pointed out by Cabral et al., [8] who found that the use of gesture interfaces in virtual environment
causes fatigue. This suggests that the proposed gesture-based interface is attractive for novice users,
but needs to be further improved in the case of long-lasting user-interactions. Second, a user-centric
approach was adopted to define the gesture vocabulary. Generally speaking, sometime it is
cumbersome to develop a reliable gesture-recognition software capable of detecting a gesture
vocabulary defined via a user centric approach [41]. For instance, this issue was encountered to
recognize the gesture proposed for the referent “Select items,” i.e., One Hand Pointing (OHPo, Fig.
1). The skeleton-tracking algorithm included in the Microsoft Kinect SDK was not designed to detect
such a specific gesture. A possible strategy that can be adopted to overcome this limitation consists
in identifying this hand state by using the joints information returned by the skeleton-tracking
algorithm and implementing some hand-tracking library. However, such a solution would

tremendously increase the computational cost thus slowing down the response time of the user-
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interface and resulting in a poor user-experience. The issue of triggering the Select items referent was
addressed by utilizing the detection of the lasso state. Preliminary observations confirmed, in fact,
that even if the user executes the OHPo gesture, the gesture-recognition system recognizes it as a
lasso gesture and consequently triggers the correct action on the interface. The evaluation/testing of
the proposed gesture-based interface was carried out on participants 28+1 years old, who certainly
possess a large experience with digital applications. The strong legacy bias related to the use of the
mouse-controlled interface, led us to formulate the null hypotheses H;, H> and H; as above described.
Further studies should be carried out in the future to investigate how the proposed gesture-based
interface is judged by adult and elderly people that may not have any experience in digital
applications. A possible strategy that can be adopted to make more engaging the proposed gesture-
based interface consists in including in the system further interaction units by means of which the
user-leader can interact with other possible users or tour-guides present in the container. Such a
strategy was successfully implemented by Fanini et al. [10] to explore the treasures of museums.
Future studies should be oriented in this direction although we believe that the most important issue

to implement this solution is represented by the limited space available in a container.

8. Conclusions

A gesture-based interface was proposed to navigate a virtual tour on display walls. In detail,
this interface was developed to “visit” Murgia, i.e., a karst topographic plateau of rectangular shape
lying within Puglia, very famous for its fortified farms and for being the seat of transhumance practice
in animal husbandry. User tests aimed at comparing the implemented interface with a classical mouse-
controlled one confirmed the capability of the proposed gesture-based interface to enhance the user
engagement/enjoyment. The mouse-controlled interface appeared to be boring even if most of the
users judged it as the easiest to use interface. Interestingly, all the users that participated in the tests

underestimated the time spent to navigate the virtual tour via the gesture-based interface while
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512 overestimated the time in which they utilized the mouse-controlled interface. This leads us to
513  conclude that the interaction by gestures involves so much the user and is so much interesting for

514  her/him that she/he loses the sense of the time.

515
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Figure legends

Fig. 1. Gesture proposals collected for each of the five hypothesized referents. The acronyms utilized
to identify each gesture proposal are reported on the top of each picture.

Fig. 2. (a) Percentage of gesture proposals collected for each referent. The acronyms utilized are
specified in Fig. 1. (b) Values of guessability computed for each gesture proposal. The histograms
highlighted in red refer to the gestures with the highest guessability that were finally utilized in the
best gesture vocabulary.

Fig. 3. Best vocabulary of gestures utilized to carry out the virtual tour.

Fig. 4. Sequence of the main actions controlled for each new-frame detected by the sensor.

Fig. 5. Schematic of the working areas defined (with their limit dimensions) to control the user’s
interaction.

Fig. 6. (a) The state machine that controls the user’s behavior. (b) The hand states detected by the
Kinect skeleton tracking algorithm for the tracked hands: b1) Unknown; b2) Open; b3) Closed; b4)
Lasso. (c) Pointer icons shown on the screen and utilized as a feedback to make aware users about
their current state: c1) Move the pointer on the screen; ¢2) Zoom; c3) Change gaze direction; c4)
Select items; ¢5) Hotspots pointer on-over event.

Fig. 7. Schematic of the ray casting method adopted to control the pointer location. The area
(delimited by the magenta rectangle, in the case of projection center located in correspondence of the
user’s head) that the user’s hand must sweep to roam the displayed scene becomes smaller (area
delimited by the blue rectangle), when the projection center moves from the position of the head
towards the display wall (by the quantity =500 mm) and at a lower level (by the quantity #=600
mm).

Fig. 8. (a) Average values computed over the 16 participants of the usability satisfaction questionnaire
scores obtained for the different sub-scales: learnability, interface efficacy and system efficacy. (b)
Overall users' preferences: Preferred and Easiest to use interface.
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Fig. 9. The tour shows Masseria Jesce, an ancient farm dating back to the 16" century. The farm
includes amphitheater caves (a) such as a frescoed crypt dedicated to the Archangel St. Michael on
the walls of which a deesis (b), (attributed to Giovanni da Taranto, 14" century) a Marian cycle (c)
and a painting of St. Michael (d) (attributed to Didaco de Simone, 17 century) is represented.
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Appendix A

Gesture proposals description

For the Move the pointer on the screen referent, two different gestures were proposed (Fig. 1):

Moving Hand with Open palm (MHO): Users keeping open the palm, moved the hand to
control the pointer position on the screen;
Moving Hand with Index Finger Pointing (MHIP): Users kept the index finger pointing at the

pointer position on the screen while moved their hand to control the pointer position.

For the Zoom-in referent three different gestures were proposed (Fig. 1):

One Hand Un-Pinching (OHUP): Two fingers of the dominant hand un-pinch, just as for touch
interfaces;

Distancing Two Hands with Open palms (DTHO): The user moves her/his hands in a plane
approximately parallel to the frontal plane. Palms are kept open while the user distances them
increasing their relative distance;

Distancing Two Hands with Clenched fists (DTHC): The user moves her/his hands in a plane
approximately parallel to the frontal plane. Fists are kept clenched while the user distances

them increasing their relative distance.

For the Zoom-out referent there were three different gesture proposals (Fig. 1):

One Hand Pinching (OHP): Two fingers of the dominant hand pinch just as for touch
interfaces;

Bringing Together Two Hands with Open palms (BTTHO): The user moves her/his hands in
a plane approximately parallel to the frontal plane. Palms are kept open while the user brings
together hands reducing their relative distance.

Bringing Together Two Hands with Clenched fists (BTTHC): The user moves her/his hands
in a plane approximately parallel to the frontal plane. Fists are kept clenched while the user

brings together hands reducing their relative distance;
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For the Change gaze direction referent two gestures were proposed (Fig. 1):
- One Hand Grabbing and Moving (OHGM): The user clenches her/his fist and changes the
direction of view by dragging the scene with her/his hand;
- One Hand Pointing and Moving (OHPM): The user points at the scene with the index finger
and changes the direction of view by moving the scene with her/his index finger.
For the Select items referent there were two different gesture proposals (Fig. 1):
- One Hand Pushing (OHPu): The user points at the target on the display by positioning the
cursor on it, then she/he selects the target by pushing her/his hand toward it;
- One Hand Pointing (OHPo): The user points at the target on the display by positioning the
cursor on it, then she/he selects the target by pointing at it with the index finger;
- One Hand Clicking (OHC): The user points at the target on the display by positioning the

cursor on it, then she/he selects the target by “clicking” on it.



Appendix B

Agreement analysis

The Agreement Rate AR is defined as “the number of pairs of participants in agreement with each
other divided by the total number of pairs of participants that could be in agreement”.

In detail, the AR can be computed as:

ARGY) = 35 Erice (B) = i ARE0, 1 ®1)

|P|-1 |P| |P|-1’

where, P is the set of all proposals for the referent 7y, |P| the size of the set, and |P/| the size of subsets
of similar proposals included in P. The Agreement rate AR ranges in the interval [0, 1]. For a given
referent 7, the value AR(rx) = 0 refers to the case where all the proposals collected for that referent 7y
are different from each other, the value 1 to the case where all the proposals (collected for %) are the
same. The agreement rate AR for each of the five hypothesized referents (Table B1) was computed
by implementing the AGATE tool (AGreement Analysis Toolkit,

http://depts.washington.edu/aimgroup/proj/dollar/agate.html ).

Table B1. Agreement rate computed for the five hypothesized referents

Referents Agreement Rate AR
Move the pointer on 0.512

the screen

Zoom-in 0.325

Zoom-out 0.325

Change gaze direction 0.532

Select items 0.320

average (AR) 0.403

It is worthy to note that values of the agreement rates too much low indicate a high cognitive load

which requires to redesign the commands set. However, implementing the Variation between
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agreement rates statistics (¥« statistics), - which is a statistical significance test for comparing two or
multiple agreement rates calculated from proposals elicited from the same participants (i.e., repeated
measures design) [36] -, we found that the agreement rates related to all the hypothesized referents
have statistically significant differences with respect to zero: (AR(Move the pointer on the screen) =
0.512, V(1) = 208.000, p = .001; AR(Zoom-out) = 0.325, V,a(1) = 132.000, p = 0.001; AR(Zoom-in)
=0.325, V:a(1)=132.000, p = .001; AR(Select items) = 0.320, V,a(1) = 130.000, p = .001); AR(Change
gaze direction) = 0.532, V,a(1) = 216.000, p = .001)), which means, in other words, that the

hypothesized referents do not require high cognitive load.



