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HIGHLIGHTS:

The virtual visits in advance, aid to blind people in the tasks of recognition of objects and
structures on unknown indoor spaces.

Participants evaluated three sensitive interfaces: voice, beeps and gestures. The effectiveness,
efficiency and usefulness of each one was evaluated using up to thirty virtual reality
applications.

The combination of three sensitive interfaces and a cognitive interface in virtual reality
applications facilitated the construction of cognitive maps in who are blind.
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ABSTRACT: Virtual reality applications with sensitive interfaces for blind users were developed
and tested on smart mobiles running Android as operating system with”the participation of
twenty blind adults; each application was built with a cognitive interface and a combination of
three sensitive interfaces (voice, beeps and gestures) to allow the usertowexplore the inside of a
virtual scenario beforehand. The vibration was an extra, fixed sensitive interface that informed
the user that the avatar was walking through the virtual world.~The,combination of different
interfaces within the applications allowed to (1) provide multisensoty information to the user
while exploring an unknown virtual scenario, (2) build a model of the space in which the user is
located and (3) successfully perform tasks in the real world. Thisresearch compared different
patterns for each interface: 3 for voice, 3 for the beep and 4 for'gestures, during the exploration
of an unknown space, with the goal of determining‘which ones were the most efficient and
effective at detecting, identifying and locating structures and objects in an unfamiliar
environment, aiding blind users to develop ,a cognitive map of the explored place and
successfully perform tasks within the real seenario. Evidence shows that the voice interface
provides a statistically significant difference on effectiveness, efficiency, and cognitive mapping
compared to other interfaces. Most decisively, pairwise comparisons have shown that, when
compared to a normal speech rate, a speech rate 2 times faster manifested an improvement of
5.9% on object and structures detection, & reduction on exploration time of 39.72%, an
improvement of 6% on quality of cognitive map development and greater success in carrying
out the absolute tasks. The beep interface with 500Hz frequency and 100 milliseconds spacing
provided a statistically significant difference for cognitive mapping, showing an improvement of
8.9%. Finally, in the context of gesture interfaces, a single touch plus vertical swiping, produced
statistically significant differences.in the reduction of discovery time by 34.28%.

Keywords: Human-cemputer interface; sensitive interfaces for blind
people; virtual reality‘applications; indoor navigation



1. INTRODUCTION
1.1 Background

Visiting an unfamiliar place has a strong cognitive load on a blind person, causing
him stress and discomfort (Martinez et al., 2014). When a visually impaired person
walks the interior of a place, high, medium or low objects and protruding structures or
concavities of the environment, could represent great obstacles along his route. To
move more freely and feel more secure, he needs to obtain information from the
environment using his other sensory modalities (Proulx et al., 2014). The blind person
can also count on the support of people or rehabilitation technicians, who will verbally
describe the place and distances between objects (Spinosa et al., 1998); or he could
explore the place on his own using a white cane when there is little activity on the site
(Picinali et al.,, 2014) and thus form a mental representation of the place for
subsequent visits.

Before the journey, the person needs to get prepared for his path’s difficulties, find
alternative routes for inaccessible sections and trust in his own abilities (Koutny and
Miesenberger, 2016). A virtual tour on a smart device can help sighted people
recognize a place they do not know; however, blind people need non-visual
information to learn what the place is like, where the objects are, and other relevant
details to be more autonomous. e-Glance project uses virtual reality applications to
help blind people to explore an unknown place through virtual visits in advance (Cobo
et al., 2017).

Virtual spaces consist of a set of software tools-that allow developing knowledge
without people needing to move to acquire information (Malecki, 2017), these spaces
can be constructed on smart electronic devices through virtual reality applications
(VRA) that allow people with blindness to explore an unknown space in virtual form.
The training of blind people using“virtual environments has been carried out
successfully, so that users acquire skills for orientation and mobility; also some studies
showed that users created robust and comprehensive cognitive maps (Lahav et al.,
2012; O. Lahav, Schloerb,4& Srinivasan, 2015; Espinoza et al., 2014; Sanchez, 2010).
Furthermore, VRA are usedyas, support tools for education (Nincarean et al., 2013;
Sanchez et al., 2014),\werk (Akhavian and Behzadan, 2016; (Kwon and Lee, 2016),
health (O. Lahav etcal., 2015), mobility support and accessible tourism (Miesenberger
et al., 2014), trade and leisure (Fernandes et al., 2012). VRA use a mix of interfaces to
facilitate the learning process; these interfaces can be sensitive and cognitive.
Sensitive interfacesysuch as beep, voice or vibration make usage of the senses
whereas gognitive interfaces refer to the way a person learns.

A 4research’ on how audio-tactile maps allow blind people to form mental
representations of space (Gomez et al., 2012; Picinali et al.,, 2014) presented
scenarios where blind people developed spatial knowledge by listening for audio
events and interacting with these events within a virtual reality (VR) experience.
Likewise, another study (Papadopoulos and Koustriava, 2017) described how
individuals with blindness constructed cognitive maps of a familiar and unknown space
through audio-tactile maps, where participants presented a well-formed cognitive map
of a familiar area compared to the cognitive map of an unknown area.

Because many VRA available are based on the sense of sight, sensory
substitution devices had been developed (Johnson and Higgins, 2006; Kajimoto et al.,
2014; Proulx et al., 2014), which enabled blind people to recognize shapes and
characteristics of some objects. A study with 39 participants found significant
differences in the increase of the speed of navigation and a better comprehension and
satisfaction of users when using Enhanced Text Interfaces (Leuthold et al., 2008).



Some mobile applications require the use of external sound sources (Storek et al.,
2013), haptic devices and other alternative modes of interaction with the environment
(Bourbakis et al., 2013; Guerreiro et al., 2017) to provide real-world information. The
use of these technologies is not yet widespread, either because of the high cost of
extending their physical implementation, the discomfort or complexity of their use, their
inaccessible design, or the margin of error in the accuracy to preserve the person’s
integrity, which makes these systems undesirable for most blind people.

The limitations that users with blindness find in previously built systems, besides
the costs, are related to the user interface, which include physical difficulties and
cognitive barriers to understand procedures and content; the key to interface design to
ease accessibility services is in mobile applications (Rodriguez-Sanchez et al., 2014).

The adoption of words and sounds is the main source of information in applications
aimed to blind people (Shimomura et al., 2010). There is a mobile application used by
people with blindness to detect doors and objects in the corridors using a sound
interface (Moreno et al.,, 2012). The ARGUS European project employed binaural
audio technology to provide the user with spatial information of .a predefined route.
Vibration is another alternative to represent information using a mobile and several
attached vibration motors. Yatani (2012) built a system that/offers information about
the distance and the direction towards a destination for people with visual disabilities.
Rodriguez (2014) described the possibilities of guiding”a blind user within a route
giving auditory and tactile feedback during navigation, the user makes gestures with
finger movements on the touch screen and in fixed régions around the mobile’s corner
to read the software on the screen and navigate thewmenu; the system employs text-
to-speech, vibration, and audio feedback as physical interfaces.

The Audio-Touch Interfaces (Gomez et al., 2022) contributed to improved spatial
perception, allowing blind people to selectively explore environments. Some Haptic-
Acoustic Interaction Metaphors were developed'using virtual environments (VE) (Fabio
et al., 2011) that provided informatien in three dimensions for the acquisition of the
environment’s description.

Our team developed mobile applications with virtual spaces taken from reality, so
that blind people could virtually explore an unknown environment beforehand.
Sensitive interfaces as voice, beeps and gestures (7) plus the proximity cognitive
interface (9) were used to provide multisensory information to users, with the aim of
evaluating the contributionoef these interfaces in the construction of a cognitive map of
the explored place:

1.2 The use of sensitivetinterfaces and virtual space for cognitive map construction

Cognitivetimapping implies the creation of mental structures based on previously
identified “objects/spaces and memories rooted in a person's brain. Studies on the
development “of ‘spatial knowledge indicate that blind people are able to form mental
representations of space, equally to people with normal vision, but only if they have
enough “information (Kitchin, 2001). Recent evidence suggests that the type of
information provided during a spatial task can improve their orientation and
performance skills (Papadopoulos and Koustriava, 2017), so it will be necessary to
combine absolute (objects in space are located relative to the body of the person) and
relative location activities (one object in relation to other objects) for the codification of
space by users. F. De Felice (2011) indicates that a VE allows to represent only the
part of the world that is considered relevant for the user, which can greatly simplify the
perception and interpretation efforts required by users; they also developed metaphors
of interaction to facilitate access to information using VR tools.

According to a study (Sanabria, 2007) for blind people, a tactile map is the only
approach for acquiring a structured knowledge to recognize spaces and places.
Furthermore, it describes the creation of cognitive maps is a powerful strategy that



provides spatial information for the mobility of sighted and blind people. Traditional VR
focused mainly on visual feedback, which is not accessible to people with visual
impairment (Zhao et al., 2018). For this reason it is important to investigate and assess
if there is a combination of interfaces in VRA that provides enough support to blind
people to develop a better knowledge of their environment. The present study used
VRA so that visually impaired users acquire enough information about an unknown
place in order to recreate that space in their mind.

Spatial mapping in a person with visual disabilities should be integral and
distinctive, because the learning process of an individual is a conjunction between
cognitive and perceptual skills (Majerova, 2017; Orly Lahav and Mioduser, 2008).
Verbal assistance is very important to overcome many challenges, and the strategies
used to understand the environment’s information must be customized because blind
people with no previous visual experience seem to be more dependent on egocentric
strategies for coding and representing space during exploration than with allocentric
strategies that are more useful to people with prior visual experience (Pasqualotto et
al., 2013). Some studies mention the need to add tactile devices toQuide the user in a
virtual space (Papadopoulos and Koustriava, 2017; De Felice et al.;2007; Orly Lahav
and Mioduser, 2008) because these provide force feedback for a better identification
of structures during virtual visits. Multimodal interactions supply users with more
natural ways to manipulate virtual space; the combinationof ‘auditory and tactile
information seems to be able to better represent the information and, therefore, would
allow a more efficient mental construction of the space.

A common approach to assess the quality of the cognitive map is to directly test its
usefulness to navigate real spaces (Cobo et”ak,/2017; Merabet and Jaime, 2016),
here quality is usually modeled as success or failure when completing a set of
particular tasks. Another approach is to ask’the participants to provide a verbal
description of the scene and other couldibe one where they construct realistic or
schematic models of the explored scene. In addition, there are examples of
guestionnaires with predefined questions that assist the analysis of dimensions of
different outsourcing in isolation“(Giraud'et al., 2017), but there is no index capable of
providing a general evaluation.

The current study willhuse YRA with three sensitive interfaces and a cognitive
interface, with the purpose that blind people can explore an unknown place and
acquire enough information.about the structure of the environment and the obstacles
existing inside it, and then perform tasks in the real environment equivalent to the
virtual place explored:

1.3 Hypotheses

As described. earlier, the act of “learning” is a conjunction between cognitive and
perceptual learning, which means the construction of spatial knowledge through VRA
will require_the use of appropriate interfaces that provide accurate and continuous
information at the conceptual and perceptual level (Cobo et al., 2017; Majerova, 2017;
Lahav et al., 2015). In our study, blind people used an application to virtually explore
anyunknown space. As a cognitive interface, the proximity exploration was used,
where the avatar walked through the virtual environment to detect obstacles. As
sensitive interfaces, the voice, beeps and gestures were used to inform about the
obstacles that fall within the security zones two in the front and two on the sides.

The research proposes that the combination of sensitive interfaces used during the
virtual exploration of unknown spaces, allows blind users an efficient and effective
exploration process to produce a reasonable cognitive map of the place visited. We
tried to prove that there is an appropriate pattern for beeps, voices and gestures used
during the exploration, that maximize the percentage of detection and facilitates the
identification and location of obstacles in an unknown space.



It was hypothesized that a VRA that uses: double speed in the reproduction of
messages; beeps with intermediate and low frequencies to alert on different types of
objects; and simple gesture patterns on the mobile screen are better than other
proposed combinations, because it would improve efficiency and efficacy of the
exploration process. A greater efficiency would be associated with a shorter duration
during the overall exploration stage. A greater effectiveness would be associated to a
greater percentage of objects and structures detected in this exploration stage. It was
also hypothesized that the sensitive interfaces used during the virtual exploration,
would provide enough information to the user to create a mental representation of the
environment, which increases the percentage of success in completing tasks in the
real space. An optimal cognitive mapping would be associated with: the correct
identification of obstacles and internal structures with reasonable accuracy. Finally, the
usefulness of the cognitive map would be associated with success in absolute, relative
and orientation tasks in real space.

1.4 Our contributions

A study was carried out to determine the utility of information-delivered to the user
by the VRA so he could explore a virtual space in advance. In-this study, three types
of sensitive interfaces were investigated separately; their combination, together with a
cognitive interface, could better detect and locate ,obstacles’ in an unknown
environment, enabling in this way the construction of a cognitive map of the place
visited, whose utility was tested with tasks in a real environment.

We compared the differences between usinguwthe=voice with three different
reproduction speeds and a language adapted.4o the needs of the user, in the same
way we compared three beep patterns with three different frequencies depending on
the type of object and the distance to the object; finally we compared four types of
gestures used to start or stop the exploration action and also to obtain more
information about the obstacles.

Previously, for two years, we_had ‘made four workshops with blind and low vision
users, to analyze general aspects of the application, correct certain errors, make the
tool more effective and successful and also to choose the patterns that would be used
in this study (Guerrdon et al., 2018). This last study describes a full methodology for
building a VRA whereas the current paper presents the results of a single final
workshop specific to thesanalysis of sensitive interfaces.

A part of the study was presented by Cobo (2017), where it was concluded that
there is no difference-between the cognitive maps reached by users with remote and
proximity expleration. In this paper, we present the contribution of the voice, beep and
gestures sensitive interfaces, during the proximity exploration, in the detection and
location of-objects in the environment, for the acquisition of spatial knowledge.

Other similar studies used a haptic device and a smartphone (Orly Lahav and
MigduSer,*2008; Picinali et al., 2014; Papadopoulos & Koustriava, 2017; Zhao et al.,
2018) to provide individuals with blindness valuable information associated with the
structure and content of space, to help building mental spatial maps. In this study, we
wanted to determine which of all the proposed interfaces improved the process of
detection and location of structures and objects inside an unknown environment, using
only a mobile phone. This work could be a reference in the types of sensitive
interfaces used in VRA for blind people, which provides greater efficiency and
effectiveness during the learning of new environments.

2 MATERIALS AND METHODS

There are five sections: Section 2.1 holds a description of the participants in the
study; Section 2.2 contains a description of the interfaces used. Section 2.3 describes



the implementation of the virtual rooms. Section 2.4 defines study variables. Finally,
the section 2.5 details the design of the study.

2.1 Participants

Twenty blind participants (11 men, 9 women, average age 52.2, SD = 14.1) tested
thirty VRA (See 2.5.1). All the participants had become blind more than seven years
ago. They knew how to use a mobile phone, and one of the participants had a slight
deafness, which did not interfere with the development of the tests, because during
the training the volume of the application was adjusted to each participant. The
participants were recruited among people affiliated to ONCE (National Organization for
Spanish Blind people), workers of the ONCE Foundation, and from the support service
for students with disabilities of the Technical University of Madrid.

2.2 Users Interfaces

Two types of interfaces were considered: sensitive and cognitive. The sensitive
interfaces studied were: voice, beeps and gestures; in addition, a vibration pattern was
used to inform the participant that the avatar walked through the virtual environment.
The cognitive interface chosen was proximity exploration. /These interfaces were
chosen based on 2 criteria.

Firstly, the authors used the information available /from studies related to the
research topic. Although no similar studies were found, a predilection for the usage of
voice and haptic feedback was observed. Also, the selection™of the interfaces took into
consideration that blind people use traditional interfaces ‘and have a preference for
them (Oliveira et al., 2011). Likewise, because“of the several concepts related to the
presence of obstacles inside the space, it was necessary to define the appropriate
terminology to report about their presence (Tonnis et al., 2013).

Another priority was to have the smartphone as the only work tool for the user;
this in turn reduces the effort in theperception and interpretation of information made
by the participant (Fabio et al., 2011);,reduces the cost of the research and allows
greater user’s satisfaction since blind people appreciate discrete tools that are used
daily.

In a previous research;ithe most representative patterns of the current interfaces
were selected (Guerron et aly,2018). The workshop tested 20 vibration patterns, 36
beeps patterns, 10 gesture'patterns and 20 voice patterns with blind users.

The generated patterns were a combination of: random values, participant
suggestions gathered during previous workshops and also product of the researchers
reasoning. For example, high frequency beeps were associated with obstacles located
more than a meter'and a half high above the floor or when the user was very close to
the obstacle:, The lowest frequencies were associated with objects on the ground up to
sixty centimeters.

Because the parameters associated with the voice interfaces such as speed,
distance units and the employed terminology generated different patterns; the
researches decided to ask participants from a prior workshop to choose three
representative combinations. The three combinations that scored the highest in regard
of importance were selected. Similarly, the chosen gestures were the four that user
found the simpler to perform.

2.2.1 Sensitive Interfaces

B1-B2-B3 (Three beep patterns): Square waves of different frequency (f), duty-cycle

(0.1 =8 =0.2) and spacing (0.1s < d < 0.3s), were used to warn of the objects located
at 1m and 1.5m from the avatar, inside of the frontal security zone (See Fig. 1); these



waves differ in intensity and frequency depending on the object’s height and the
distance from the avatar to the object as shown in Table 1.

Table 1
Beep patterns used as sensitive interface

Pattern Distance (m) High object Middle object Low object
B1 15 f5, 52, d2 3,82, d2 f1, 52, d2
Bl 1 f6, 81, d1 f4, 81, d1 f2,81, d1
B2 15 5,81, d1 f4,82, d1 f2, 81, d2
B2 1 f4,82, d3 £3,81, d1 f2, 82, d1
B3 15 3, 81, d3 f4, 81, d2 f1, 81, d1
B3 1 3, 81, d2 f4, 52, d2 f2, 81, d3

f1=100Hz, f2=200Hz, f3=500Hz, f4=1KHz, f5=2KHz, f6=5KHz

31=0.1, 62=0.2

d1=100ms, d2=200ms, d3=300ms

V4-V5-V6 (Three voice patterns): RTVoice application was used, to,generate three
female voice patterns with different playback speeds, which informed about the name
of nearby objects and structures that entered or left the~frontal-and lateral security
zones of the avatar, while he was walking through the virtual space (See Fig. 1). These
interfaces also reported on the start/end of the exploration;sas‘shown in Table 2. The
user had to allow the avatar to go through the entire virtual.scenario, to structure in his
memory the arrangement of internal objects and.structures; in order to recognize these
in real space. We tried to avoid excessive auditory information (Leuthold et al., 2008)
using software functionalities.

Table 2
Voice patterns used as a sensitive interface

Pattern Speed Action modes Objects within the Security Zones
V4 Normal (x) Active/Deactivate Object* enters/out by left/right

V5 Fast (2x) Start/End Object* left/right, free way left/right

V6 Very Fast (3x) Enabled/Disabled Object* left/right, nothing thing left/right

* Refers to the name of the object

G7-G8-G9-G10 (Four gesture patterns): The gestures on the mobile screen allowed to
start the actions of walking-and stopping. While the avatar was walking, the application
reproduced the“nameof a nearby object or structure once. Also, it was possible to
reproduce this“information with a horizontal or vertical stroke by the user on the mobile
screen, as.indicated’in Table 3, column 3.

If the user wished to remember or to know the name of the object or structure that was
within. thexfrontal security zone of the avatar, he could repeat the same gesture on the
screen; this has been referred to as “object changing”. The gesture was recognized in
any,available space of the touch screen, with a significant variation in stroke speed,
regardless of the inclination of the mobile (Kane et al., 2011).

Table 3
Gesture patterns used as a sensitive interface
Pattern Walk/Stop Object changing
G7 Single touch Vertical swipe
G8 Double touch Horizontal swipe
G9 Single touch with sound Vertical swipe with sounds




G10 1.5 seconds sustained touch  Horizontal swipe with sound

In addition, a vibration pattern was used to inform the participant that the avatar
walked through the virtual environment.

Security Zone:
Left Side

= Displacement

im 0.5m

Security Zones:
Frontal Side

/

0.5m

—

0.5m Security Zone:
Right Side

Fig. 1 Security zones activated during the exploration

2.2.2 Cognitive Interface

Proximity exploration: While the user's avatar walked through the virtual room, the
user received auditory and tactile feedback. The user remained seated in a chair and
could easily turn in all directions to change the orientation of the avatar. The vibration
informed the user that the avatar was walking. This.interface uses security zones called
No-FoA and FPS Zones that are activated when the,avatar begins to walk through the
virtual room.

No-FoA (focus of attention): Rectangular,prisms of 0.5m and 1m in length were
placed on the sides and in front of‘the-avatar (Fig. 1), which made up the security
zones. These were activated during the proximity exploration. They were used to
provide information and warnings'to the user about nearby obstacles. These prisms
allowed users to reach objects that were further from the reach of a white cane.

FPS Zone: Itis a 0.5m ratio cylinder that acts as the First Personal Security Zone
assigned to the user. \this works as a protection to avoid the obstacles that are
presented around the user similar to a white cane when walking through a room. This
cylinder contains the useriand moves with him when he moves around the room.

2.3 Implementation.of Virtual Rooms

Since large/spaces are difficult to control and the participants require sufficient time
in the environment to have adequate knowledge of the indoor space (Papadopoulos
and Koustriava, 2017), three appropriate work environments were defined to develop
this'research: an office, a pub and a bedroom. Each of these places had 10mx6mx3m
and contained six objects, four walls, two windows, a column and two doors; only the
pub ‘had three doors (See Fig. 2). This number of obstacles permitted users to
remember the names of objects, structures and their location in space after an
exploration session (Robison and Unsworth, 2017). The position of the objects and
their orientation was changed, to generate the necessary number of spaces for the test
with users (Table 6, Table 7 and Table 8); a total of nine scenarios were virtualized. To
test the interface in each application and scenario a color code was assigned
accordingly; the beep was black, the voice has yellow and the gesture was white.

These applications were installed on smartphones with Android versions 4.4.4 and
5.0.2. Unity 3D, (2017) was chosen to virtualize the rooms and build the VRA, due to



its ability for modifying the program and change the structures and interior objects and
also because it is cross-platform

open wmdow dose wmdow
Doorstep PUB2 l

dOOf 3

Bedside table

OFFICE3

REAL DIMENSIONS 10mx6m, OF EACH ONE

OFFICE2 Bookshelves|

?l:)lrcil / p 1 — 0 Thermostat
s

Fig. 2 Zenital plane of the virtual rooms (pub; bedroom and office)

2.4 Study variables and exploration tasks

The participants carried out three major activities: 1) Exploration of the virtual
space using the smartphone. 2) Cognitive mapping using a model of cardboard and
small scale objects, and finally, 3) Execution of three types of tasks (relative, absolute
and orientation tasks) in a real space equivalent to the virtual room previously
explored, whit the goal to know the usefulness of the cognitive map. The variables in
Table 4 were evaluated for this study.

Table 4

Variables assessed in the study

Activity Variables

Exploration Efficiency Effectiveness
Cognitive Mapping Quality cognitive map

Usefulness Success in real tasks

2.4.1 Exploration Tasks

The, exploration of the virtual space allowed to measure the efficiency and
effectiveness of the tool in the detection of obstacles.

Efficiency was defined as the time spent in discovering all the obstacles that are
detected (structures and objects) during a given exploration session. In each session
there was an inactivity time, in which useful information was not provided to the
participant and was eliminated from the total time used for the exploration. See
equation (1). It is possible that not all the obstacles in the scene were detected during
this time, only a maximum number of them, which can be lower than the total number.

timeused ondetecting = (timeexploration - downtime) (1)

Effectiveness was defined as the number of objects and structures detected during
the exploration of a virtual room. The greater the number of obstacles detected, the
more effective the tool was.

2.4.2 Cognitive Mapping Process

10



The cognitive mapping determined the quality of the spatial information that the
user acquired with the application. The examined variables were: the correct number of
obstacles identified (both objects and structures), the number of objects correctly
located, and the number of obstacles inserted or omitted by mistake (See Table 5).
Four quadrants were assigned to place the objects within the model; the objects and
pairs of objects (pairs of small scale objects) correctly located, were modeled as a
dichotomous variable. The quality of the cognitive map was determined as a result of
the correct identification of the scenario and internal obstacles, as well as the proper
distribution of objects within the space; where 1 would be the maximum value.

Table 5
Variables for the cognitive mapping process

Nomenclature Description

Value

11* correct-obstacles identified

12* correct- objects located

IS* empty room identified

N total number obstacles

nl total number objects

n2 total number interior structures

n3 total number correct-  obstacles
identified

n4 total number correct- objects identified

n5 total number correct-identification pairs

El error in the objects identified

EO1 error-omission

EO2 error-insertion

EA absolute-location error foriobjects

ER relative-location error for ebjects (pairs

small scale objects)

Q* quality of spatial, information obtained
(cognitive.map)

Continuous, between 0 and 1
Continuous, between 0 and 1

Dichotomous 1 (if model.€hoice.= success) = 0
(if model choice = failure)

Discrete, number of the objects and structures
without the empty room, max 16

Discrete, n1=6
Discrete, depending on the type of room 9 or 10

Discrete, max 16

Discrete, max 6

Discrete, max 15

Continuous, between 0 and 1
Continuous= total omissions/nl
Continuous=total insertions/ n1

Dichotomous 1 (if it falls in a assigned quadrant)
=0 (otherwise)

Dichotomous 1 (if the relative location of two
miniatures was equivalent to the relative position
of the corresponding objects in the original
Continuous, between 0 and 1

* evaluated variables

Where |1 can be obtained, by:

_n3 2
11 = N
In the case of incorrect identification of objects, the identification error (E1) can be obtained by:
(EO1 + E02) (3)
1=———

In'the case of locating the objects inside the space,

12 =
2*n4

can be obtained by:

TI'EA, ZSER )
2%n5

The Quality of mapping of space can be obtained, as follows:

_(11+12)
=
2.4.3 Usefulness

_E (5)

2

The usefulness of the cognitive map was evaluated with the success in the
accomplishment of three tasks (absolute, relative and orientation tasks) in the real
physical space equivalent of the virtual room previously explored. Success in the

11



accomplishment of each task was modeled as a dichotomous variable, 1 was assigned
when the participant reached the objective, 0 otherwise.

a. Absolute task: The participants must walk from the initial exploration point to a
target point; usefulness of absolute locations in the map is assessed.

b. Relative task: The participants must walk from an object to another one;
usefulness of relative locations in the map is assessed.

c. Orientation task: The participants must walk back to the starting point;
participants' ability to update their maps while walking through a real room is
assessed.

2.5 Study design

A within-subjects cross-sectional study was conducted. Eligible subjects are those
that have become blind at least two years before the beginning of the"study, suffer total
blindness and are over eighteen years old.

2.5.1 Configuration of user applications

In each configuration, three physical interfaces and.one cognitive interface were
assigned, but only one of the physical interfaces was evaluated at a time, having the
other 2 interfaces fixed. In that way, when the three.voice.interfaces were evaluated,
the fixed interfaces were B1 for the beep and G7 forithe.gesture; when the three beep
interfaces were evaluated, the fixed interfaces were V4 for the voice and G7 for the
gesture and finally when the gesture interfaces were evaluated the interface V4 for the
voice and B1 for the beep were used. The.selection of V4, B1 and G7 seemed to be
the most appropriate, because they were the first to be generated and tested as
satisfactory by the members of the work team

Participants were involved inthree-experiences for each type of sensitive
interface, with a total of nine experiences. During each experience, they explored a
different room (office, pub, or bedreom). To minimize the impact of possible carryover
effects, both the sensitive, interface and room were randomized, as well as the
execution sequence, according tojthe Table 6, Table 7 and Table 8.

In order to test the'beep interfaces (B1-B2-B3), we built nine applications, one for
every virtual room_and \for 'each sensitive interface. The code of color black was
assigned to locate the\objects within each room; this means that several labels of this
color were placed on the floor of each room. The V4 voice interface and the G7 gesture
interface remained constant during the evaluation of the beep interfaces.

Table 6
Configuration ofwser’s applications for the beep interfaces

Participant id Experience 1 Experience 2 Experience 3

1 B1-office-black B3-bedroom-black B2-pub-black

2 B3-pub-black B2-office-black B1-bedroom-black
3 B2-bedroom-black B1-pub-black B3-office-black

4 B2-pub-black B3-bedroom-black B1-office-black

5 B1-bedroom-black B2-office-black B3-pub-black

6 B3-office-black B1-pub-black B2-bedroom-black

To evaluate the voice interfaces (V4-V5-V6), nine other applications were also
required. They were assigned the yellow code to locate the objects inside the room.
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The Bl beep interface and the G7 gesture interface remained constant during the
evaluation of the voice interfaces.

Table 7
Configuration of user’s applications for voice interface

Participant id

Experience 4

Experience 5

Experience 6

o g b~ W NP

V4-bedroom-yellow
V6-office-yellow
V5-pub-yellow
V5-office-yellow
V4-pub-yellow
V6-bedroom-yellow

V6-pub-yellow
V5-bedroom-yellow
V4-office-yellow
V6-pub-yellow
V5-bedroom-yellow
V4-office-yellow

V5-office-yellow
V4-pub-yellow
V6-bedroom-yellow
V4-bedroom-yellow
Vé6-office-yellow
V5-pub-yellow

To evaluate the gesture interfaces (G7-G8-G9-G10), twelve applications were built.
They were assigned the white color code to locate the objects inside,the room. The B1
beep interface and the V4 voice interface remained constant during the evaluation of
the gesture interfaces. Each participant only evaluated three of the four interfaces, due
the restrictions imposed by the availability of physical spaces and the size of the
research teams.

Table 8

Configuration of user’s applications for gesture interface

Participant id

Experience 7

Experience 8

Experience 9

1 G7-pub-white G8-bedroom-white G10-office-white

2 G9-office-white G74pub-white G8-bedroom-white
3 G10-bedroom-white G9-officeswhite G7-pub-white

4 G8-office-white G10-bedroom-white G9-pub-white

5 G7-pub-white G8=office-white G10-bedroom-white
6 G9-bedroom-white G7-pub-white G8-office-white

! G10-pub-white G9-bedroom-white G7-office-white

8 G8-office-white G10-pub-white G9-bedroom-white
9 G7-bedroom-white G8-office-white G10-pub-white

10 G9-office-white G7-bedroom-white G8-pub-white

1; G10-pub-white G9-office-white G7-bedroom-white
1

G8-bedroom-white

G10-pub-white

G9-office-white

2.5.2 Procedure

All participants signed an informed consent prior to the beginning of the study.
The activities, were recorded by a camera, through observation sheets and through
recoerds sent‘over the network. A total time of eight hours per user was established to
carry out all the planned experiences, with two work teams. Although there were no
time,constraints dedicated to training, nor to virtual exploration, users took an average
of forty minutes to complete each experience. Since there were nine experiences, six
were made in the morning and the other three in the afternoon. After each experience
the participants had a few minutes of rest and then continued with the next work
session.

At the beginning of the session, each participant received a warm welcome and a
member of the research team summarized the objectives of the study. Each
participant was involved in nine experiences as shown in Table 6, Table 7 and Table
8. Each experience consisted of five stages:
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1. Training: The participants used a training application, which consisted of a virtual
space with few obstacles, to become familiar with the interfaces that would be
used during the exploration. The virtual space Fig. 3b was constructed based on
Fig. 3a. The patrticipants received the support of a team member at all time; they
were given no time constraints.

2. Exploration stage: The participant explored one of the three virtual rooms (office,
pub, or bedroom) using one of the configurations showed in the Table 6, Table 7
and Table 8. They were asked to explore the room until they felt they could
describe its structures and objects. The participant began the exploration, sliding
his/her finger on the touch screen (See Fig. 3c); and ended when he notified the
researcher, who was responsible for closing the exploration screen. The
participants had no time restrictions in this activity. In this stage the duration of the
exploration, the time of inactivity, the name of the obstacle and the route taken by
the user were recorded.

3. Post-test questionnaire: Each participant was asked to indicate the amount of
walls, windows, doors and columns that he remembered from the previous
exploration stage. The answers were manually recorded by, a member of the
research team.

(a) b) _ ) (c) o (d) (e)
Fig. 3 Procedure: a) real scenario, b) virtual scenario-training, c) exploration, d) model, e) tasks

4. Model: The user seletted a\cardboard model from three available options, only
one corresponded to the ‘empty virtual room previously explored. Twelve objects
were delivered one'by one to the participant, where six of them were in the room
and another six did not correspond. Finally, the participant places the objects to
scale within“the 'model. A photograph of the resulting model was taken at the end
(See Fig 3d). In this stage it was recorded the: identification of the empty room,
identification™of” objects, time dedicated to identification, location of objects and
pairs of ebjects within the model.

5. Performing tasks: The participant was driven to the real physical space equivalent
of the virtual room. At the beginning he/she was placed at the same location and
position as the avatar, and then the participant was asked to complete three tasks:
a relative one, an absolute one, and an orientation one. A member of the research
team told to the participant toward which objects he/she must walk (Fig. 3e). The
duration of the task and its success or failure was recorded.

3 EVALUATION AND RESULTS

In this study we analyzed the differences in the cognitive mapping of blind people,
using sensitive interfaces during the exploration. The variables were described in
section 2.4.

3.1 Exploration
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3.1.1 Efficiency of the exploration process

Efficiency was modeled as time used for discovery, which was defined in section
2.4.1. The values of discovery duration with the sensitive interfaces of beep, voice and
gesture under study are shown in Table 9.

Table 9
Average duration of the discovery stage

Beep interface Voice interface Gesture interface
Bl B2 B3 V4 V5 V6 G7 G8 G9 G10
597s 526s 681s 705s 591s 982s 692s 725s 1053s 775s

The results of the statistical analysis, performed in each group of sensitive
interfaces, are shown below. The dependence of discovery duration with the sensitive
beep interface was assessed with a Friedman test that resulted no statistically
significant. The sensitive interface B2 was achieved by a shorter detection duration.

Table 10
Statistic analysis on efficiency: Beep Interface

Test B1 B2 B3
Shapiro-Wilk p=0 p=0.29 p=0.002
Friedman Chi-square=0.77, df=2, p-value=0.84

The dependence of discovery duration withithe sensitive voice interface was
assessed with a Friedman test that resulted statistically significant. The pairwise
comparison between the types of voice-sensitive interfaces was performed by applying
a Tukey test.

Table 11
Statistic analysis on efficiency: Voice interface

test V4 V5 V6

Shapiro-Wilk p=0.94 p=0.88 p=0.26

Friedman Chi-square=6.33, df=2, p-value=0.042

Tukey V4-V5;p-value=0.114 V5 obtained a 39.72% of reduction time compared to V6
V4-V6: p-value=0.92 V5-V6: p-value=0.043

The dependence\of discovery duration with the sensitive gesture interface was
assessed with a Friedman test that resulted statistically significant. The pairwise
comparison between-the.types of voice-sensitive interfaces was performed by applying
a Tukey test.

Table 12
Statistic analysis on efficiency: Gesture interface

test G7 G8 G9 G10

Shapiro-Wilk p=0.99 p=0.71 p=0.82 p=0.78

Friedman Chi-square=6.33, df=3, p-value=0.038

Tukey. G7-G9: p-value=0.0019 G8-G9: p=0.0028 G7-G9: p=0.007
G7 entailed a 34.28% of G8 entailed a 31.1% G10 entailed a
reduction in discovery of reduction 26.59% of reduction
time compared to G9 compared to G9 compared to G9

3.1.2 Effectiveness of the exploration process

It was defined as the percentage of objects and structures detected during the
exploration of a virtual room (See Table 13).
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Table 13
Average effectiveness of the exploration stage

Beep interface Voice interface Gesture interface
B1 B2 B3 V4 V5 V6 G7 G8 G9 G10
82.16%  80.12%  81.11%  89.61% 94.04%  88.24%  90.14% 93.33%  90.27%  97.22%

The dependence of effectiveness with the sensitive beep interface was assessed
with a Friedman test that resulted no statistically significant. The sensitive interface B1
reached a higher percent in obstacles detection.

Table 14

Statistic analysis on effectiveness: Beep Interface

test B1 B2 B3
Shapiro-Wilk p=0.894 p=0.969 p=0.638
Friedman Chi-square=0.87, df=2, p-value=0.63

The dependence of effectiveness with the sensitive veice, interface was
assessed with a Friedman test that resulted statistically significant. The pairwise
comparison between the types of voice-sensitive interfaces was performed by applying
a Tukey test.

Table 15
Statistic analysis on effectiveness: Voice interface

test A\ V5 V6

Shapiro-Wilk p=0.568 p=0.485 p=0.282

Friedman Chi-square=6.816, df=2, p-value=0)033

Tukey V4-V5: p-value=0.033 V5.improved a 4.6% on detection obstacles compared to V4
V4-V6: p-value=0.17 There was not found to statistically significant
V5-V6: p-value=0.032 V5 improved a 5.9% on detection obstacles compared to V6

The dependence of effectiveness with the sensitive gesture interface was
assessed with a Friedmangtest that resulted no statistically significant. G10 interface
achieved highest percentage coneerning obstacles detection.

Table 16
Statistic analysis on effectiveness: Gesture interface

test G7 G8 G9 G10
Shapiro-Wilk p=0.620 p=0.156 p=0.683 p=0.196
Friedman Chi-square=1.5, df=3, p-value=0.628

3.2 Cognitive\Mapping Process

Theselection of the cardboard model and the selection and location of the
miniature objects within the model are summarized in Table 17.

Table 17
Summary of the average percentages obtained in the selection, identification and location of obstacles.

Interface Is 11 12
To (%) T1 (%) T2 (%) T3 (%) T4 (%) T5 (%) T6 (%)
B1 73,68 97,37 75,88 88,95 68,42 59,26 6,67
B2 52,63 90,79 84,21 77,63 68,42 75,44 1,67
B3 68,42 96,05 76,32 73,68 50,00 71,93 2,22
\Z 60,32 95,99 76,42 71,11 67,20 80,73 14,02
V5 66,67 98,81 83,25 77,79 85,71 86,51 21,42
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V6 65,56 97,22 88,00 88,33 97,22 75,93 12,50

G7 48,33 94,17 70,28 86,94 76,67 75,56 23,33
G8 70,00 93,75 83,75 98,33 96,67 83,33 29,44
G9 86,67 98,33 95,00 93,33 93,33 87,78 23,33
G10 70,00 91,67 72,53 77,55 81,67 77,55 29,63

TO: Selection of the cardboard model
T1-T5: Identification of walls, doors, windows, columns and objects inside.
T6: Location of objects (absolute and relative).

The error in the identification of objects was obtained by means of equation (3),
this is showed in the Table 18

Table 18
Average percentage of objects that have been incorrectly identified (E1)

Bl B2 B3 V4 V5 V6 G7 G8 G9 G10

9.17 8.33 7.46 4.82 3.57 6.94 3.33 3.33 4.17 5.0

3.2.1 Identification of obstacles (I1), location of objects (12){ identification of empty
room (Is)

The identification of obstacles was assessed by .means of equation (2). The
location of objects was evaluated by means of equation (4)-”We used a Friedman’s
Test and repeated measures ANOVA, to assess the dependence in the identification of
obstacles and location of objects with the beep, Vvoice -and gesture interfaces. The
identification of empty room was modeled as a dichotomous variable. The result was
assessed with a Mantel-Haenszel test of general association. The results are shown in
the Table 19

Table 19
Results: Identification of obstacles (11), location objects-(12) and identification empty room (Is)

Variable Sensitive Beep Sensitive Voice Sensitive Gesture
Q=0287 DF=2 F=4.434, DF=2, p-Vaer=0.0418 MaUCth'S

11 ' ' w =0.63, p=0.4; Shapiro-Wilk:  Q=0.85, DF=3, p=0.837
p-value=0.752 pVv4=0,26149; pV5=0,167; pV6=0,48819;

Bartlett's statistic=2.85, p-value=0.23

Q=2, DF=2, Q=4.515, DF=3,

12 Q=1.4, DF=2, p-value=0.497
p-value=0.368 p-value=0.211

s M%=2, DF=2, M?=4.33, DF=2 p-value=0.11 M?=2.4, DF=3,
p-value=0.36 p-value=0.494

The results did not shown statistically significant difference, except with the voice
interfaceiin the identification of obstacles. Pairwise comparison between sensitive voice
interfaces was conducted by applying a Tukey pairwise comparison test. V5 showed a
statistically significant difference with V4. In particular, there is a 10.7% improvement in
the.identification of obstacles compared to V4 (p-value=0.033). There is no statistically
significant difference between V4 and V6 (p-value= 0.30), nor between V5 and V6 (p-
value=0.37).

The absence of dependence in the case of the location of objects and in the
identification of the empty room was particularly intriguing because effectiveness of
obstacle detection during an exploration did show dependence with the voice interfaces
(See section 3.1.2); so, the reasons why the identification dimension does not preserve
this dependence were studied more carefully. We observed that the identification of
walls (Table 17, column 3) reached the highest percentage in relation to the rest of the
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obstacles; then we decided to compare the number of walls detected with respect to
the number of walls identified (See Fig. 4)

I |dentified walls
I Detected walls

100 4
80
60

40

v4 V5 3
Voice Sensitive Interfaces

Fig. 4 Detection of walls vs. Identification of walls for voice sensitive interfaces

Both the detection and identification statuses of walls were modeled as dichotomous
variables. The dependences of both statuses with the voice interfaces -were assessed
each with a Mantel-Haenszel test of general association, which-resulted significant in
the case of detection status (M*=6, DF =2, p-value=0.049); but not significant for
identification status (M°=2, DF=2, p-value=0.368). The result. shows that 75% of fully
correct identifications are independent of the number of walls detected during
exploration.

3.2.2  Quality of cognitive map

The quality of the spatial information collected ‘during a proximity exploration
was assessed with equation (5). The higher.the value of the score obtained, the better
the quality of the cognitive map. Fig. 5 summarizes the mean overall quality of cognitive
maps scores for the sensitive interfaces under study.

Mapping quali
PPing qualty Mapping quality Mapping quality
10

* 0.
1
064
0.7
° 0.7
05
0.6
044 l 0.6-

va Vs Ve [} Ge Ge G10
Beep Sensitive Interfaces Voice Sensitive Interfaces Gesture Sensitive Interfaces

Fig. 5 Quality of cognitive map using beep, voice and gesture sensitive interfaces

The’dependence of the quality of cognitive map with the three interfaces was
assessed with repeated measures ANOVA, after checking assumptions for this kind of
test. The,results are shown in the Table 20, Table 21 and Table 22.

Table 20
Statistic analysis on quality: beep interface

Test Bl B2 B3

Shapiro-Wilk p=0.927 p=0.057 p=0.436

Mauchly W=0.812, p=0.17

Bartlett Bartlett's statistic=0.679, df=2, p-value=0.71

ANOVA F=8.02, df=2, p-value=0.0013

Tukey B2-B1: p-value=0.00085 B2 improved a 8.9% in cognitive mapping compared to B1
B1-B3: p-value=0.097 There was not found to statistically significant
B2-B3: p-value=0.162 There was not found to statistically significant
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Table 21
Statistic analysis on quality: voice interface

Test \Z: V5 V6

Shapiro-Wilk p=0.39 p=0.88 p=0.73

Mauchly W=0.6, p=0.279

Bartlett Bartlett's statistic=1.002, df=2, p-value=0.605

ANOVA F=4.1, df=2, p-value=0.043

Tukey V5-V6: p-value=0.0492 V5 improved a 6% in cognitive mapping compared to V6
V5-V4: p-value=0.107 There was not found to statistically significant
V4-V6: p-value=0.892 There was not found to statistically significant

Table 22

Statistic analysis on quality: gesture interface

Test G7 G8 G9 G10
Shapiro-Wilk p=0.85 p=0.49 p=0.802 p=0.27
Mauchly W=0.3913 p=0.768

Bartlett Bartlett's statistic=1.34, df=3, p-value=0.718

ANOVA F=0.328, df=3, p-value=0.8049 There was

not found to statistically significant

3.3  Cognitive map usefulness

The usefulness of a cognitive map was evaluated' with the success in the completion
of the absolute, relative and orientation tasks-within the real scenario.

Success was modeled as a dichotomous variable for each type of task. The
dependence of success for each™sensitive interface was assessed with a Mantel-
Haenszel test of general association: The results are shown in the Table 23.

Table 23
Fulfillment of the tasks

Task Sensitive Beep Sensitive Voice Sensitive Gesture

Absolute M°=11.39,df=2,p-value=0.57  M°=22.4,df=2,p-value=0.049  M"=18.48,df=3, p-value=0.071
Relative M?=19/20,df=2,p-value=0.11  M°=20.38,df=2,p-value=0.08 =16 81,df=3, p-value=0.011

Orientation ~ M?=17/89,df=2,p-value=0.16 ~ M?=19.58,df=2,p-value=0.10  M?=19.80, df=3, p-value=0.051

The dependence of success with the beep sensitive interface did not result
statistically. significant for any of the tasks.

In' the case of absolute tasks the voice interfaces resulted statistically
significant. The pairwise comparison between the types of voice-sensitive interfaces
was performed by applying a Tukey test. The sensitive interface V5 entails a 24% (p-
value=0.048) improvement at carrying out the absolute task compared to sensitive
interface V4 and a 17.5% (p-value= 0.049) compared to sensitive interface V6. There
was not a significant statistical difference between V4 and V6 (p-value=0.67).

In the case of relative tasks the sensitive interface gestures resulted statistically
significant. The pairwise comparison between the types of gesture interfaces was
performed by applying a Tukey test. The sensitive interface G9 entailed a 28.57% (p-
value=0.018) improvement at carrying out the task, compared to sensitive interface G7
and a 16.6% (p-value=0.003) compared to sensitive interface G10. There is no
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statistically significant difference between G8 and G9, (p-value = 0.23). The sound of
the touch could help to participants in the better identification the objects and structures
indoor. In the case of orientation tasks the gesture sensitive interface resulted not
statistically significant.

4 DISCUSSION

It seems this is one of the first works that compares the use of sensitive interfaces
during proximity exploration in virtual reality applications for blind people.

At the end of this study a greater efficiency associated to proximity exploration was
evidenced when the voice interface V5 and the gesture interface G7 were used. The
voice interface V5 reduced the duration of the exploration time by 39.72% (3.1.1)
compared to V6, and the gesture interface G7 reduced it by 34.28% (3.1.1) compared
to G9. This evidence supports our initial hypothesis of greater efficiency associated
with higher rates of voice reproduction and simple gesture patterns. The sensitive voice
interfaces had two variants in voice reproduction: the speed and the~terminology used
to say that an action was performed or an object was present. We assume that the
whole combination of speed and terminology produced the=final, result and not
separately; however, the individual effect of each variant could be studied later. Here it
IS important to mention that reproduction speeds higher than twice’ the normal speed
did not show greater efficiency, but in fact has the opposite effect. This was due to the
fact that an increase higher than double the speed.deteriorates the quality of the
message received. The beep interfaces did not show statistically significant difference
in the reduction of the exploration time; however with the beep interface B2 the lowest
exploration time was obtained.

Evidence also confirmed a greater efficiency due to the use of sensitive interface
V5 during the proximity exploration. This, interface showed an increase in obstacle
recognition of 5.9% (3.1.2). However,-despite showing better effectiveness, the error
dimension in the location of objects‘and in.the recognition of the empty room showed
no significant differences. There was deterioration in the conversion rate of detected
walls versus identified walls, this dees not happen with doors and windows. The beep,
voice and gesture interfaces showed a conversion rate over 100% as well. Our
interpretation is that blind people tend to rely on their preconceived ideas regarding the
usual structure of a room (Suret’al., 2008); hence they reported the correct number of
walls regardless how manyref them actually detected during the exploration.

Sensitive beep interfaces did not show any statistically significant difference during
the exploration pracess, -however these were statistically significant with the quality of
the cognitivemap, “and despite the limited sample-power there is a rather strong
statistically ‘significant difference (p-value=0.0013). The sensitive interface B2 entailed
an improvement of 8.9% compared to B1 (p-value = 0.00085). We interpret this as the
fact that, the) variation in frequency to generate warnings during the proximity
exploration*has a positive impact on the correct identification and location of objects. In
addition 'B2 provided less exploration time and greater percentages of obstacles
detected. It also corroborates our hypothesis that the mid and lower frequencies
reproduced with the B2 interface were fully accepted and differentiated by the
participants.

A dependence of the quality of the cognitive map was observed with the V5
interface (3.2.2) during the proximity exploration; supporting the hypothesis previously
observed. V5 interface allowed blind people to identify a greater number of obstacles
while spending less time in the exploration process; also although the identification
error is reasonably low most objects were not correctly placed inside the model. The
use of sensitive interfaces for the proximity exploration may require longer training
periods to better capture the nature of the information regarding obstacle location; also
other feedback configurations could be used to reduce this error.
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The success in the absolute tasks shows a dependence with the V5 sensitive
interface (p = 0.049) and for the relative tasks there is a dependency with the G9
sensitive interface (p = 0.011) that did not show dependence in the detection nor
identification of obstacles; we believe that this fact is due to the user associating the
sequential position of the obstacles with a sound instead of the gesture. There was no
dependence on the success of the orientation tasks with any of the interfaces proposed
in the research. Orientation tasks implied physically walking around the room to update
the cognitive map of the blind user. Some users recalled the starting point which
resulted in a greater number of successful orientation tasks and was not related to use
of their cognitive map. There is a tendency in the success at the relative tasks
depending on the voice-sensitive interface V5 (p = 0.08), and in the success at the
absolute and orientation tasks depending on the gesture-sensitive interface G9 (p =
0.071 and 0.051), this should be studied further with a greater number of users.

In a proximity exploration study using a multi-sensory virtual environment for
people who are blind, (Orly Lahav and Mioduser, 2008) reported mean exploration
times of 10 min for a room of similar size and complexity to our three spaces. These
average times of exploration are similar to those found in our study (beep=10 min,
voice=14 min, gesture= 12min). The main difference in the two studies was proximity
exploration mechanisms. The previous research had participants identifying obstacles
by learning their shape via a haptic feedback editor using the Vvibration to identify
objects. In our study obstacle functionality was directly reported by the feedback
interface via voice messages and vibration was usedto warnof avatar's movement in
the virtual world. In our study the vibration became transparent for several users during
proximity exploration, because their interest stayed focused on the voice interface
(Shimomura et al., 2010).

Obstacles identification results in/our. study are similar or better than those
reported (O. Lahav and Mioduser, 2008):"0bjects (84% vs. beep=81%, voice=89%,
gesture=90%), doors (46% vs. beep=79%, voice=83%, gesture=80%), windows (25%
vs. beep=80%, voice= 79%, gesture=89%), and columns (48% vs. beep=62 %, voice=
83%, gesture=87%); they do not report figures for wall detection. Regarding the
selection of the model, we have a‘lower percentage (95% vs. beep = 65%, Voice =
64%, gesture = 68.75%). The main difference in model-choice stage between the two
studies was that the former ane offered three options with different shapes and sizes
while in our study shape and sizes remain the same and changes were only
observable in the disposition’of doors and windows. They also report better location of
miniatures within thesmodels (46% vs. beep=4%, voice=16%, gesture=26%) and
similar success in‘real tasks: absolute (81% vs. beep=51%, voice=77%, gesture=87%),
relative (71%vs. beep=54%, voice=75%, gesture=87%). Other previous studies could
not be compared~because different spaces and methodologies were used. Coming
from a within-subjects design, the results are adequate to eliminate the individual
differences between the participants as a source of error. The sample size used in this
research, was similar in magnitude to other previous studies based on proximity
exploration. The low sampling power increases the probability of making a mistake by
not rejecting the null hypothesis. However, a study with a larger sample and a design
between subjects would be appropriate to improve the sampling power and overcome
the restrictions imposed by the limited availability of physical spaces and members of
the research team.

These results correspond to a low sampling power that increases the probability
of extreme results, however, the type | error is still low. We believe that a study with a
larger number of users and another type of design should be carried out to corroborate
the results.

5 LIMITATIONS
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The parameters associated with voice interfaces were the speed of voice reproduction
and the terminology used to define distances and objects. We demonstrated that one
of the combinations tested was relevant in this study; however, the use of certain terms
or speed could affect the results. We believe that it is possible that the final results may
be affected by the influence or predominance of any of these parameters.

The influence of vibration in this study was not considered, since all applications used
vibration to keep the user informed about the movement of the avatar.

Participants tested nine applications during a work day and also trained with three
others applications. Three participants did not complete the last two experiments. One
of them was tired and the others were sharing their concerns and expectations with the
team for longer than expected. The fatigue of the participants in the execution of the
tasks could affect the results obtained.

V4 and G7 interfaces were fixed to test the beep interfaces, V4 and B1 were fixed to
test the gesture interfaces, and B1 and G7 were fixed to test the voice interfaces. Since
this settings were necessary to the configuration of the study. There’is,a possibility that
some users may have more exposed to certain interfaces, which could also affect the
results. The research design was within-subjects cross-sectional to” reduce these
effects.

The values obtained in the study may not be optimal, but they serve as the basis for
the next studies, which are developed in this line of research.

6 CONCLUSIONS

Virtual visits in advance for the blind require/training with a mobile to become
familiar with the interfaces implemented. These visits allowed the participants to gain
spatial knowledge of an interior unknown space before visiting it.

The users’ previous knowledge «(Oliveira” et al., 2011) appears to affect the
identification of structural elements ofithe-model. Although prior each experience there
was training using a test application, a,change in the interaction with the gestures
interface required greater effort on/the ‘participants. Strokes or wrong touches were
observed on the screen when trying 1o initiate an action or while obtaining information.
It seems that the duration ofithe training periods was insufficient.

We hypothesized that the voice messages reproduced at a higher speed, the use
of low and medium frequency beeps to warn about objects and the simple gestures on
the mobile screen improve the effectiveness and efficiency of the exploration process.
Likewise we hypothesized that a cognitive map of good quality would be associated
with the correct identification of obstacles and a reasonable accuracy of the location of
obstacles within‘the'model. Finally, we hypothesized that the utility of the cognitive map
would be associated with success to reach the objective points in the real environment.

Based. on’our study we reached the following conclusions:

A greater efficiency during exploration with VRA was achieved when using double
the speed to reproduce voice messages, and to inform about obstacles that entered
and\left the security zones of the avatar (V5). Efficiency was also improved when the
user gave a one-touch gesture on the mobile screen (G7) to start the exploration or to
stop the avatar while walking through the virtual environment. The frequencies of
beeps of 200Hz, 500Hz and 1KHz to inform about low, medium and high objects
obtained the shortest duration; however these did not show any statistically significant
difference.

The V5 sensitive interface is also associated with greater effectiveness during the
exploration stage, greater identification of the obstacles, better quality of the cognitive
map and greater success in carrying out the absolute tasks.
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The location of the objects in the model did not show good results during the
cognitive mapping, nor was it statistically significant for any of the implemented
interfaces. Then, other alternatives, such as vibration variation, could be considered in
the next study to reinforce the information about the location of the objects.

The B2 sensitive interface was associated with a better cognitive map. The user
made a better identification of the objects and made fewer errors in the location of
these when the application generated different frequencies to differentiate one from
another type of object.

The G9 sensitive interface was associated with greater success in performing the
relative task, a trend is observed with the other tasks, further studies are necessary to
corroborate this result.

The sample size in our study and the within-subjects nature makes variables
susceptible to adverse carry-over effects. A study with a larger sample and a between-
subjects design would be appropriate to address previously mentioned drawbacks.
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