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Over the past few years, assistive technologies have achieved
important milestones in enhancing the quality of everyday
life, in terms of both autonomy and well-being, of individuals
in need of assistance and care. The convergence process
behind ICT in the past decades, mainly from the point
of view of technology, but also in terms of management
and regulation has led to the widespread availability of
digital tools and rich data sources as building blocks for
effective solutions towards assistive technologies. Today the
promise of technologies that allow individuals to benefit from
portable and discrete aids delivered through mobile devices
seems more relevant than ever before. Ranging from assis-
tive home automation (domotics) solutions to applications
that repurpose smartphones into electronic assistive devices,
breakthrough technologies are allowing users with physical
and/or mental disabilities to accomplish everyday tasks, as
well as to learn and develop social skills more easily.

The goal of this special issue was to create a multidisci-
plinary forum of discussion on recent advances within the
field of mobile technology to support individuals of all ages
in need of assistance and care. The issue is comprised of five
papers, each focusing on some aspect of rehabilitation, or on
ways of mitigating the effects of disabilities through a unique
combination of a variety of sensory and display technologies.
The technologies of BCI, virtual reality, and auditory displays
are especially well represented in the special issue.

The paper by A. Athanasiou et al. (entitled “Wireless
Brain-Robot Interface: User Perception and Performance
Assessment of Spinal Cord Injury Patients”) presents a pair of
8-DoF anthropomorphic robotic arms that can be controlled
through kinesthetic motor imagery using the commercially

available Emotiv EPOC BCI device. Through an extensive
set of user experiments, the authors provide a detailed
assessment of how parameters such as age, independence,
psychometric evaluation results, and neurological condition
(i.e., among both spinal cord injury patients and healthy
individuals) influences users’ ability to control the system
and their perception of the system. Based on the results,
the authors conclude that BCI systems enabling users to
effectively control multiple degrees of freedom in real-time
may well be within short-term reach.

The paper by R. B. Lupu et al. (entitled “BCI and FES
BasedTherapy for Stroke RehabilitationUsingVR Facilities”)
also centers around BCI technology but combines it with
virtual reality with a view towards supporting the rehabil-
itation of stroke patients. The paper introduces a system
called TRAVEE, which makes combined use of an array of
stimulation devices (e.g., functional electrical stimulation)
to help the execution of the rehabilitation tasks, as well as
monitoring devices (via BCI and electrooculography) and
visual feedback (through virtual therapist) to provide users
with real-time guidance. Based on a set of evaluations, the
authors confirm that this closed-loop approach of connecting
action, stimulation, and real-time feedback can go a long way
in supporting the rehabilitation process, while at the same
time alleviating the need for the continuous availability of
trained therapists.

The paper by J. Gomez et al. (entitled “Using Smart-
phones to Assist People with Down Syndrome in Their
Labour Training and Integration: A Case Study”) presents
a smartphone application called AssisT-Task, which was
developed by the authors to help individuals with cognitive
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impairments to establish effective learning methods. The
application is structured such that caregivers can define
tasks that consist of sequences of subtasks and describe
each subtask using text and visual figures which can then
be retrieved through context-specific QR codes. A detailed
analysis provided in the paper highlights the kinds of tasks
and types of disabilities with respect to which the application
provides the most benefits, and the authors conclude that,
based on the evidence, the application may be most suitable
to people withDown syndromewho are being trained to get a
job.

The paper by by C. Saitis et al. (entitled “Cognitive Load
Assessment from EEG and Peripheral Biosignals for the
Design of Visually Impaired Mobility Aids”) aims to develop
an approach that is capable of real-time automated cognitive
load analysis for visually impaired people. To that end, the
paper investigates the ways in which different indoor and
outdoor scenarios can be linked to certain characteristics of
EEG sensor data (in particular, a slightly modified version of
the ERD/ERS index, which is a well-established measure of
cognitive load) in test subjects with different degrees of visual
impairment. At the same time, a random forest based model
is proposed that uses the measurements of electrodermal
activity and blood volume pulse to predict discrete categories
based on the ERD/ERS indices. The success of the model
suggests that it may be possible to accurately gauge cognitive
load using widely available, unencumbered sensors, while
the scenario-dependent investigation in the first part of the
paper highlights the fact that environmental and subject-
specific factors may serve as useful a priori information in
the development of robust solutions for electronic travel aids
(ETAs).

Finally, the paper by S. Spagnol et al. (entitled “Current
Use and Future Perspectives of Spatial Audio Technologies
in Electronic Travel Aids”) focuses on a wide range of
aspects relevant to the implementation of spatialized audio
feedback in ETAs for the visually impaired. The paper pro-
vides a detailed overview on the acoustic and environmental
parameters which influence the spatial perception of auditory
stimuli, as well as the software and hardware aspects of spatial
sound production, and the ways in which those approaches
are used in currently available ETAs. In terms of software,
special focus is given to the various ways in which head-
related transfer functions (HRTFs) can be described—that
is, through generic models, personalizedmodels, structurally
motivated models, and analytical or numerical means. In
terms of hardware, headsets that present sound without
occluding the ears (allowing visually impaired users who rely
on input from the physical environment to perceive it at the
same time), such as bone conduction headsets and active
transparent headsets, are highlighted as being most relevant
to ETAs.
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In recent years, the assistive technologies and stroke rehabilitation methods have been empowered by the use of virtual reality
environments and the facilities offered by brain computer interface systems and functional electrical stimulators. In this paper, a
therapy system for stroke rehabilitation based on these revolutionary techniques is presented. Using a virtual reality Oculus Rift
device, the proposed system ushers the patient in a virtual scenario where a virtual therapist coordinates the exercises aimed at
restoring brain function. The electrical stimulator helps the patient to perform rehabilitation exercises and the brain computer
interface system and an electrooculography device are used to determine if the exercises are executed properly. Laboratory tests on
healthy people led to system validation from technical point of view. The clinical tests are in progress, but the preliminary results
of the clinical tests have highlighted the good satisfaction degree of patients, the quick accommodation with the proposed therapy,
and rapid progress for each user rehabilitation.

1. Introduction

The worldwide statistics reported by World Health Orga-
nization highlight that stroke is the third leading cause of
death and about 15 million people suffer stroke worldwide
each year [1]. Of these, 5 million are permanently disabled
needing long time assistance and only 5 million are consid-
ered socially integrated after recovering. Recovering from a
stroke is a difficult and long process that requires patience,
commitment, and access to various assistive technologies
and special devices. Rehabilitation is an important part of
recovering and helps the patient to keep abilities or gain back
lost abilities in order to become more independent. Taking
into account the depression installed after stroke, it is very
important for a patient to benefit from an efficient and fast
rehabilitation program followed by a quick return to com-
munity living [2]. In the last decade, many research groups
are focused on motor, cognitive, or speech recovery after
stroke like Stroke Centers from Johns Hopkins Institute [3],

ENIGMA-Stroke Recovery [4], or StrokeBack Consortium
funded byEuropeanUnion’s Seventh FrameworkProgramme
[5]. Important ICT companies bring a major contribution
to the development of technologies and equipment that
can be integrated into rehabilitation systems. For example,
Stroke Recovery with Kinect is a research project to build
an interactive and home-rehabilitation system for motor
recovery after a stroke based onMicrosoft Kinect technology
[6].

In the last years, the virtual reality (VR) applications
received a boost in development due to VR headset prices
that dropped below $1000, allowing them to become a mass-
market product [7]. The VR was and still is especially used
for military training or video games to provide some sense
of realism and interaction with the virtual environment to
its users [8]. Now it attracts more and more the interest of
physicians and therapist which are exploring the potential
of VR headset and augmented reality (AR) to improve the
neuroplasticity of the brain, to be used in neurorehabilitation
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and treatment of motor/mental disorders [9]. However,
considering the diversity of interventions and methods used,
there is no evidence that VR therapy alone can be efficacious
compared with other traditional therapies for a particular
type of impairment [10].This does notmean that the potential
of VR was overestimated and the results are not the ones
that were expected. The VR therapy must be complemented
with other forms of rehabilitation technologies like robotic
therapy, brain computer interface (BCI) and functional elec-
trical stimulation (FES) therapy, and nevertheless traditional
therapy to provide a more targeted approach [11].

SaeboVR is a virtual rehabilitation system exclusively
focusing on activities of daily living and uses a virtual
assistant that appears on the screen to educate and facili-
tate performance by providing real-time feedback [12]. The
neurotechnology companyMindMaze has introducedMind-
Motion PRO, a 3D virtual environment therapy for upper
limb neurorehabilitation incorporating virtual reality-based
physical and cognitive exercise games into stroke rehabilita-
tion programs [13]. At New York Dynamic Neuromuscular
Rehabilitation, the CAREN (Computer Assisted Rehabilita-
tion Environment) based on VR is currently used to treat
patients poststroke and postbrains injuries [14]. EVREST
Multicentre has achieved remarkable results regarding the
use of VR exercises in stroke rehabilitation [15].

Motor imagery (MI) is a technique used in poststroke
rehabilitation for a long time ago. One of its major problems
was that there was not an objective method to determine
whether the user is performing the expected movement
imagination. MI-based BCIs can quantify the motor imagery
and output signals that can be used for controlling an external
device such as a wheelchair, neuroprosthesis, or computer.
The FES therapy combined with MI-based BCI became a
promising technique for stroke rehabilitation. Instead of
providing communication, in this case, MI is used to induce
closed-loop feedback within conventional poststroke reha-
bilitation therapy. This approach is called paired stimulation
(PS) due to the fact that it pairs each user’s motor imagery
with stimulation and feedback, such as activation of a func-
tional electrical stimulator (FES), avatar movement, and/or
auditory feedback [16]. Recent research from many groups
showed that MI can be recorded in the clinical environment
from patients and used to control real-time feedback and at
the same time, they support the hypothesis that PS could
improve the rehabilitation therapy outcome [17–21].

In a recent study, Irimia et al. [22] have proved the efficacy
of combining motor imagery, bar feedback, and real hand
movements by testing a system combining a MI-based BCI
and a neurostimulator on three stroke patients. In every ses-
sion, the patients had to imagine 120 left-hand and 120 right-
hand movements. The visual feedback was provided in form
of an extending bar on the screen. During the trials where
the correct imagination was classified, the FES was activated
in order to induce the opening of the corresponding hand.
All patients achieved high control accuracies and exhibited
improvements in motor function. In a later study, Cho et
al. [23] present the results of two patients who performed
the BCI training with first-person avatar feedback. After
the study, both patients reported improvements in motor
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Figure 1: TRAVEE system architecture.

functions and both have improved their scores on Upper
Extremity Fugl-Meyer Assessment scale. Even if the number
of patients presented in these two studies is low, they support
the idea that this kind of systems may bring additional bene-
fits to the rehabilitation process outcome in stroke patients.

2. General System Architecture

The BCI-FES technique presented in this paper is part of a
muchmore complex systemdesigned for stroke rehabilitation
called TRAVEE [24], presented in Figure 1. The stimulation
devices, the monitoring devices, the VR headset, and a
computer running the software are the main modules of the
TRAVEE system. The stimulation devices help the patient to
perform the exercises and the monitoring devices are used to
determine if the exercises are executed properly, according to
the proposed scenarios. Actually, the TRAVEE system must
be seen as a software kernel that allows defining a series
of rehabilitation exercises using a series of USB connectable
devices. This approach is very useful because it offers the
patient the options to buy, borrow, or rent the abovemen-
tioned devices according to his needs and after connection,
the therapist may choose the suitable set of exercises.

The TRAVEE system is based on a new and promis-
ing rehabilitation concept which implies the augmented/
magnified feedback of the movement of the impaired limb
and can be successfully applied especially in the early stages
of the rehabilitation therapy in order to close the loop that
may trigger the mirror neurons [25]. These mirror neurons
intermediate learning, indirectly controlling the brain
plasticity and the technique is known as mirror therapy for
stroke rehabilitation [26]. Despite the advantages of mirror
therapy in comparison with other standard techniques, some
disadvantages are obvious: it is difficult to explain to a patient
how the mirror helps him: monotony, the patient’s condition
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Figure 2: The BCI-FES TRAVEE subsystem.

Figure 3: The hand rehabilitation exercise.

and position, the lack of challenging task, and so on. [27]. By
replacing the physical mirror with a VR headset the patient
has the same visual feedback that is needed to close the loop
that triggers the mirror neurons but without disadvantages
of the mirror therapy mentioned above. Once the patient
is immersed in the virtual world he is no longer a disabled
person and this has a good impact on patient’s self-esteem.
Within the TRAVEE project, encouraging results were
obtained for the development of a virtual reality system
for poststroke recovery using an inertial movement unit, a
glove with sensors, a Myo Armband with electromyography
sensors, and an Oculus Rift headset [28]. An alternate imple-
mented system contains a Leap Motion device for patient’s
limbs movements monitoring, a VR headset, and a haptic
module attached to patient’s arm also offering better results
than standard therapy methods [29].

3. Materials and Methods

For the current study, the BCI-FES TRAVEE subsystem
is composed of FES as stimulation device, BCI and an
electrooculography (EOG) system as monitoring devices,
Oculus Rift as VR headset, and a laptop, Figure 2.

The rehabilitation exercise was focused on flexion and
extension of hand and fingers (Figure 3).The patient is seated
in a wheelchair or normal chair. The FES electrodes are

Figure 4: Patient executing a rehabilitation exercise.

mounted on extensors muscles of both hands as shown in
Figure 3 and the FES software module is started in order to
determine the FES parameters (intensity and timings of the
current impulse: rising, front, and falling). Then, the EOG
electrodes and EEG helmet are mounted and the correct
acquisition of the signals is verified. Before attaching the VR
headset, the therapist sits in front of the patient explaining
what he will see by showing him the following: the virtual
therapist will raise the hand like in Figure 3 (the left hand
of the therapist is the right hand of the patient); a big arrow
will appear on the upper left or right of the screen depending
on virtual therapist indications and the patient will also hear
sounds from the left or the right. After explanations, the VR
headset is mounted on (Figure 4), EOG system is calibrated,
and the recovery exercise may begin, but not before the
real therapist tells the patient that he has the possibility of
choosing between two views: front view (the virtual therapist
is located in front of the patient) or mirror view (the virtual
therapist is located on the left side and a mirror is in front of
them, like in a dance room) presented in Figure 5.

For the EOG calibration, a red spot appears for 2.5
seconds on a white background displayed on the VR system
in different places, in the following order: center, upper right,
center, upper left, center, lower left, center, lower right, and
center. The user has to gaze at the spot in each location. The
calibration is very important for an accurate calculation of the
gaze points (eye tracking) during the tests.

In order to provide VR and FES feedback according to
the patient’s imagined movement, a set of spatial filters and
classifier have to be created [22]. First, we are recording 4
runs of training data. Each run consists of 20 right- and 20
left-MI trials, in a random order. We use the trial time course
and signal processing algorithms presented in [22]. Each trial
lasts 8 seconds. At second 2 a beep informs the user about
the upcoming cue. At second 3, the cue is presented and
marks the moment when the user has to start imagining the
movement shown by the virtual therapist until the end of
the trial. While recording the test data, starting with second
4.25, the user sees the virtual hand indicated by the cue
moving, and at the same time, the neurostimulator induces
the patient’s corresponding hand opening. After the spatial
filters and classifier are created, we are recording 2 more
runs, where the VR and FES feedback are provided to the
patient between seconds 4.25 and 8 of each trial only if the
classification result is correct. By comparing every sample
of the classification result with the presented cue for each
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(a) (b)

(c) (d)

Figure 5: The VR environment in which the patient is immersed: (a) and (c) patient views; (b) and (d) world views; (a) the therapist in front
of the patient; (c) the therapist on the left side of the patient with mirror in the front.

trial during the last 2 runs, we are calculating a control error
rate course for that session. Except the first session, while
recording the 4 train data runs, we are using the set of spatial
filters and classifier calculated in the previous session of that
patient only if the control error rate for that session was
smaller than 20%.

4. EEG and EOG Recording

The BCI-FES subsystem consists of a 16-channel biosignal
amplifier (g.USBamp, g.tec medical engineering GmbH) and
an 8-channel neurostimulator (MOTIONSTIM8,KRAUTH+
TIMMERMANN GmbH). The EEG signals are collected
from 12 positions over the sensorimotor areas according to
the 10–20 International System, as seen in Figure 6(a). The
last four channels are used in differential mode to record the
vertical and horizontal EOG. Figure 6(b) presents the EOG
electrodes position of the subject’s head. The EEG and EOG
data are sampled at 256Hz and notch-filtered for excluding
the 50Hz noise. The EEG data are bandpass filtered between
8 and 30Hz and then fed to the processing algorithm that
performs spatial filtering with the Common Spatial Patterns
(CSP) method [30, 31] and Linear Discriminant Analysis
(LDA) classification [22, 32]. The EOG data are filtered with
a moving average filter in order to calculate the average of the
last 128 samples.

To acquire EOG signals the same EEG device was used
but from all the EEG electrodes of the gTec–g.USBamp, 4 of
themwere used for EOGsignals.The eye tracking is necessary
because patient needs constant motivation and attention
during training/recovering session from a therapist. In fact,
after a while, the patient does not pay attention any more, is
falling asleep, or is looking at/thinking of something else. By
using the electrooculography (EOG) based eye tracking, the
system is able to determine if the patient is concentrated and
warns the patient if he is not. Figure 7 presents the output
of the implemented algorithm for detecting the gaze point of
the subject on the image in front of him. Figure 7(a) shows
the processed HEOG and VEOG while Figure 7(b) displays
the movement of the gaze point based on HEOG and VEOG.

5. Technical and Clinical Testing

Theonline signal processing and classification of the EEG sig-
nals were done by using the Common Spatial Patterns 2 class
BCI Simulink model provided by g.tec medical engineering
GmbH and the offline analysis of the data was done using
g.BSanalyze software provided by the same company. For the
EOG processing we developed a Simulink block containing
an algorithm that processes the EOG signals and outputs the
𝑥-𝑦 gaze normalized coordinates with respect to the center
point of the image displayed on the VR system. The whole
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Figure 6: (a) EEG electrodes positions according to the 10–20 International System; (b) EOG electrodes displacement.
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Figure 7: (a) HEOG and VEOG recorded for 100 seconds; (b) the gaze position on the image during 100 seconds of recording.

systemwas first tested on 3 healthy people and then some fine
tunings were done based on their suggestions in order to get
high accuracy and a good repeatability coefficient. All three-
healthy people achieved low control error rates, comparable
to the ones presented by Ortner and colleagues in [33].

Before starting the tests on patients within clinical envi-
ronment, this study was approved by the institutional review
board of the National Institute of Rehabilitation, Physical
Medicine and Balneoclimatology from Bucharest, Romania,
and each patient signed informed consent and an authoriza-
tion for videos and photographs release before starting the
study. The general clinical profile of the patients included in
the study was afebrile, aware, temporospatial oriented, and

cardiorespiratory balanced,without digestive or reno-urinary
complains, with poststroke central neuromotor syndrome.
From the whole patients, one-third was women and two-
thirds were men, with ages between 52 and 79 years old.
The inclusion criteria was stable neurological status; stable
consciousness state; significant and persistent neuromotor
deficit; disability for at least two of the following: mobil-
ity, self-help capacity, communication, sphincter control,
deglutition; sufficient cognitive functions to allow learning;
communication ability; sufficient physical exercise tolerance.

The clinical tests are in progress and until this moment
the proposed system was tested on 7 patients. Each of them
performed three training sessions, and all of them were able
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Table 1: Mean and minimal control error rate values for seven patients.

Subject Session Mean error [%] Minimal error [%]

S1
1 20.62 5.48
2 20.62 7.11
3 26.48 19.70

S2
1 23.96 11.97
2 24.60 14.10
3 28.83 21.00

S3
1 33.56 22.78
2 37.00 21.35
3 35.58 29.51

S4
1 32.58 24.77
2 31.54 24.61
3 37.21 26.22

S5
1 18.50 7.36
2 19.72 10.72
3 20.80 9.45

S6
1 19.20 6.37
2 19.25 7.68
3 19.58 1.95

S7
1 28.19 15.00
2 25.53 13.56
3 21.91 5.13

Mean values 25.96 14.56
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Figure 8: The error rate in time for subject S6, session 3.

to achieve a low control error rate over the whole system.
Table 1 presents the mean and minimal control error rate
achieved by each patient. The mean error rate is calculated as
the mean of the errors for each time point between seconds
4.25 and 8 of the last 2 runs. Figure 8 presents the error rate
in time for subject S6, session 8, when he achieved the lowest
control error rate, indicated by the red circle at second 6.8.

Except for subjects S3 and S4, all patients exhibited
control error rates lower than 20% in at least one session. At

this time of the study, it is premature to make evaluations
of the rehabilitation outcome of the patients, but, based on
their feedback after each session, the VR system makes them
remain focused on the task that they have to perform, and
they see everything like an interactive game. The fact that
they are cognitively involved in this task, unlike having a
passive or bored attitude, obviously brings additional benefits
to rehabilitation process outcome.

At the beginning, it was difficult for the patients to under-
stand how to concentrate on imagining the movement of
their impaired limb as part of the rehabilitation exercise. For
those with a low-level education, it was unclear how such a
concentration effort regarding their limbmovement will help
them.This was observed especially when the systemwas used
only with BCI module without VR. The indications on what
they had to do were very poor in information (just a simple
sound and an arrow to indicate left or right). Also, the activity
around the patient disturbed him very easily from imagining
the movement. The patients needed around 5 training ses-
sions in order to learn how to imagine the movements and
to obtain a good neurofeedback. By adding VR, the number
of training sessions was decreased to one or (very rarely) two.

Analyzing the questionnaires, it was concluded that the
average user satisfaction was around 3, the answers being
highly influenced by the patients’ understanding of the
rehabilitation therapy because most of them expected to
recover themselves based on the therapist’s activity and not
to be consciously involved in the rehabilitation process. That
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depends also on the education degree. However, the overall
patients’ impressionwas that they felt and saw an encouraging
improvement in recovering after using the proposed system.

For the next months, we plan to organize two groups of
patients: a test group and a control group. The test group
will perform up to 25 sessions of training with the system,
while the control group will perform only classical rehabili-
tation therapy. When finishing the study, the results will be
compared between groups and a statistical analysis will be
performed on the results to see if the test group function
improvements are statistically and significantly higher than
the ones of the control group.

6. Conclusions

In this paper, a BCI-FES system for stroke rehabilitation
is presented. Besides stimulation device, the BCI and EOG
systems supervise how exercises are performed and the
patient’s commitment and Oculus Rift headset facilitates the
patient’s immersion in VR. By using this system, the patient
is not distracted by the real environment or by events around
him. He is just immersed in VR where the virtual therapist
tells and shows him how to perform every exercise and a red
big arrow is shown every time. The patient is focused most
of the time, but if he loses his concentration the eye tracking
system detects this and gives a warning.

The technical performances were validated by testing the
system on healthy persons with good knowledge in assistive
technologies. The healthy people achieved low control error
rates, comparable to the ones reported in the literature.

The clinical tests are in progress, but the preliminary
ones are very encouraging regarding fast accommodation
and satisfaction of each patient. This approach of combining
VR and BCI and FES facilities can effectively speed up the
rehabilitation period and increase the users’ optimism and
the desire to exercise and recover lost skills. By involving the
brain via BCI and VR the system proved to be more effective
than the standard techniques.

The clinical tests last for several months for a significant
number of subjects but once these will be completed the
Likert questionnaires and technical files of all subjects will be
analyzed.
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Electronic travel aids (ETAs) have been in focus since technology allowed designing relatively small, light, and mobile devices for
assisting the visually impaired. Since visually impaired persons rely on spatial audio cues as their primary sense of orientation,
providing an accurate virtual auditory representation of the environment is essential. This paper gives an overview of the current
state of spatial audio technologies that can be incorporated in ETAs, with a focus on user requirements. Most currently available
ETAs either fail to address user requirements or underestimate the potential of spatial sound itself, which may explain, among
other reasons, why no single ETA has gained a widespread acceptance in the blind community. We believe there is ample space for
applying the technologies presented in this paper, with the aim of progressively bridging the gap between accessibility and accuracy
of spatial audio in ETAs.

1. Introduction

Spatial audio rendering techniques have various application
areas ranging from personal entertainment, through telecon-
ferencing systems, to real-time aviation environments [1].
They are also used in health care, for instance, in motor
rehabilitation systems [2], electronic travel aids (ETAs, i.e.,
devices which aid in independent mobility through obstacle
detection or help in orientation and navigation) [3], and other
assistive technologies for visually impaired persons [4].

In the case of ETAs, the hardware has to be portable,
lightweight, and user-friendly, allow for real-time operation,
and be able to support long-term operation. All these issues
put designers and developers to a challenge where state-of-
the-art technology literally comes at hand in the formof high-
tech mobile devices, smartphones, and so on. Furthermore,
if ETAs are designed for the visually impaired (The term
Electronic Travel Aid was born and is almost exclusively used

to describe systems developed to help visually impaired per-
sons with navigating their surroundings safely and efficiently.
Nevertheless, visually impaired persons are not strictly the
only group who might benefit from ETAs: for instance, non-
visual interaction focused towards navigation is of interest
to firefighters operating in smoke-filled buildings [5].), even
more aspects have to be considered. Beyond the aforemen-
tioned, the devices should have a special user interface as
well as alternative input and output solutions, where feedback
in the form of sound can enhance the functionality of the
device. Most of the developments of ETAs for the visually
impaired aim at safety during navigation, such as avoiding
obstacles, recognizing objects, and extending the auditory
information by spatial cues [6, 7]. Since visually impaired
persons rely on spatial audio cues as their primary sense
of orientation [8], providing them with an accurate virtual
auditory representation of the environment is essential.
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ETAs evolved considerably over the past years, and a vari-
ety of virtual auditory displays [9] were proposed, using dif-
ferent spatial sound techniques and sonification approaches,
as well as basic auditory icons, earcons, and speech [10].
Available ETAs for the visually impaired provide various
information that ranges from simple obstacle detection with
a single range-finding sensor, to more advanced feedback
employing data generated from visual representations of the
scenes, acquired through camera technologies. The auditory
outputs of such systems range from simple binary alerts
indicating the presence of an obstacle in the range of a
sensor, to complex spatial sound patterns aiming at sensory
substitution and carrying almost as much information as a
graphical image [7, 11].

A division can also be made between local mobility aids
(environmental imagers or obstacle detectors, with visual or
ranging sensors) that present only the nearest surroundings
to the blind traveler and navigation aids (usually GPS- or
beacon-based) that provide information on path waypoints
[12] or geographical points of interest [13]. While the latter
group focuses on directions towards the next waypoint,
meaning that a limited spatial sound rendering could be used
(e.g., just presenting sounds in the horizontal plane) [14], the
former group primarily provides information on obstacles
(or the lack of them) and near scene layouts (e.g., walls and
shorelines), supporting an accurate spatial representation of
the scene [6].

Nevertheless, most of these systems are still in their
infancy and at a prototype stage. Moreover, no single elec-
tronic assistive device has gained a widespread acceptance
in the blind community, for different reasons: limited func-
tionalities, ergonomics, small scientific/technological value,
limited end-user involvement, high cost, and potential lack
of commercial/corporate interest in pushing high-quality
electronic travel aids [3].

Whilemany excellent recent reviews onETA solutions are
available (see, e.g., [3, 4, 6, 7]), to our knowledge none of these
works critically discusses or analyzes in depth the important
aspect of spatial audio delivery. This paper gives an overview
about existing solutions for delivering spatial sound, focusing
on wearable technologies suitable for use in electronic travel
aids for the visually impaired. The analysis reported in this
paper indicates a significant potential to achieve accurate spa-
tial sound rendering through state-of-the-art audio playback
devices suitable for visually impaired persons and advances
in customization of virtual auditory displays.This review was
carried out within the EuropeanHorizon 2020 project named
Sound of Vision (http://www.soundofvision.net). Sound of
Vision focuses on creating an ETA for the blind that translates
3D environment models, acquired in real-time, into their
corresponding real-time auditory and haptic representations
[15].

The remainder of the paper is organized as follows.
Section 2 reviews the basics of 3D sound localization, with
a final focus on blind localization. Section 3 introduces the
available state-of-the-art software solutions for customized
binaural sound rendering, while Section 4 presents the
available state-of-the-art hardware solutions suitable for the
visually impaired. Finally, in Section 5we discuss current uses
and future perspectives of spatial audio in ETAs.

2. Basics of 3D Sound Localization

Localizing a sound source means determining the location of
the sound’s point of origin in the three-dimensional sound
space [16]. Location is defined according to a head-related
coordinate system, for instance, the interaural polar system.
In the interaural polar coordinate system the origin coincides
with the interaural midpoint and the elevation angle 𝜙 goes
from −180∘ to 180∘ with negative values below the horizontal
plane and positive values above, while the azimuth angle 𝜃
ranges from −90∘ at the left ear to 90∘ at the right ear. The
third dimension, distance 𝑟, is the Euclideandistance between
the sound source and the origin. In the following we will
refer to the three planes that divide the head into halves as
the horizontal plane (upper/lower halves), the median plane
(left/right halves), and the frontal plane (front/back halves).

Spatial cues for sound localization can be categorized
according to polar coordinates. As a matter of fact, each
coordinate is thought to have one or more dominant cues
in a certain frequency range associated with a specific body
component, in particular the following:

(i) Azimuth and distance cues at all frequencies are
associated with the head.

(ii) Elevation cues at high frequencies are associated with
the pinnae.

(iii) Elevation cues at low frequencies are associated with
torso and shoulders.

Based on well-known concepts and results, the most relevant
cues for sound localization are now discussed [17].

2.1. Azimuth Cues. At the beginning of the twentieth century,
Lord Rayleigh studied the means through which a listener is
able to discriminate at a first level the horizontal direction
of an incoming sound wave. Following his Duplex Theory
of Localization [18], azimuth cues can be reduced to two
basic quantities thanks to the active role of the head in
the differentiation of incoming sound waves, that is, the
following:

(i) Interaural Time Difference (ITD), defined as the tem-
poral delay between sound waves at the two ears

(ii) Interaural Level Difference (ILD), defined as the ratio
between the instantaneous amplitudes of the same
two sounds.

ITD is known to be frequency-independent below 500Hz
and above 3 kHz, with an approximate ratio of low-frequency
ITD by high-frequency ITD of 3/2, and slightly variable
at middle range frequencies [19]. Conversely, frequency-
dependent shadowing and diffraction effects introduced by
the human head cause ILD to greatly depend on frequency.

Consider a low-frequency sinusoidal signal (up to 1 kHz
approximately). Since its wavelength is greater than the head
dimensions, ITD is no more than a phase lag Δ𝜙 < 2𝜋
between the signals arriving at the ears and therefore a reliable
cue for horizontal perception in the low-frequency range [16].
Conversely, the considerable shielding effect of the human

http://www.soundofvision.net
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head on high-frequency waves (above 1 kHz) makes ILD the
most relevant cue in such spectral range.

Still, the information provided by ITD and ILD can be
ambiguous. If one assumes a spherical geometry of the
human head, a sound source located in front of the listener
at azimuth 𝜃 and a second one located at the rear, at azimuth
180 − 𝜃, provide in theory identical ITD and ILD values.
In practice, ITD and ILD will not be identical at these
two azimuth angles because the human head is clearly not
spherical, and all subjects exhibit slight asymmetries with
respect to the median plane. Nonetheless their values will be
very similar, and front-back confusion is in fact often observed
experimentally [20]: listeners erroneously locate sources at
the rear instead of the front (or less frequently, vice versa).

2.2. Elevation Cues. Directional hearing in the median verti-
cal plane is known to have lower resolution compared with
that in the horizontal plane [21]. For the record, the smallest
change of position of a sound source producing a just-
noticeable change of position of the auditory event (known as
“localization blur”) along the median plane was found to be
never less than 4∘, reaching amuch larger threshold (≈17∘) for
unfamiliar speech sounds, as opposed to a localization blur of
approximately 1∘-2∘ in the frontal part of the horizontal plane
for a vast class of sounds [16]. Such a poor resolution is due
to

(i) the need of high-frequency content (above 4-5 kHz)
for accurate vertical localization [22, 23];

(ii) mild interaural differences between the signals arriv-
ing at the left and right ear for sources in the median
plane.

If a source is located outside the horizontal plane, ITD-
and ILD-based localization becomes problematic. As amatter
of fact, sound sources located at all possible points of a conic
surface pointing towards the ear of a spherical head produce
the same ITD and ILD values.These surfaces, which general-
ize the aforementioned concept of front-back confusion for
elevation angles, are known as cones of confusion and rep-
resent a potential difficulty for accurate perception of sound
direction.

Nonetheless, it is undisputed that vertical localization
ability is brought by the presence of the pinnae [24]. Even
though localization in any plane involves pinna cavities of
both ears [25], determination of the perceived vertical angle
of a sound source in the median plane is essentially a monau-
ral process [26]. The external ear plays an important role by
introducing peaks and notches in the high-frequency spec-
trum of the incoming sound, whose center frequency, ampli-
tude, and bandwidth greatly depend on the elevation angle
of the sound source [27, 28], to a remarkably minor extent
on azimuth [29], and are almost independent of distance be-
tween source and listener beyond a few centimeters from
the ear [30, 31]. Such spectral effects are physically due to
reflections on pinna edges as well as resonances and diffrac-
tion inside pinna cavities [26, 29, 32].

In general, both pinna peaks and notches are thought to
play an important function in vertical localization of a sound

source [33, 34]. Contrary to notches, peaks alone are not
sufficient vertical localization cues [35]; however, the addition
of spectral peaks supports the improvement of localization
performance at upper directions with respect to notches
alone [36]. It is also generally considered that a sound source
has to contain substantial energy in the high-frequency range
for accurate judgement of elevation, because wavelengths
significantly longer than the size of the pinna are not affected.
Since wavelength 𝜆 and frequency 𝑓 are related as 𝜆 = 𝑐/𝑓
(Here 𝑐 is the speed of sound, typically 𝑐 = 343.2m/s in dry
air at 20∘C.), we could roughly state that pinnae have relatively
little effect below 𝑓 = 3 kHz, corresponding to an acoustic
wavelength of 𝜆 ≈ 11 cm.

While the role of the pinna in vertical localization has
been extensively studied, the role of torso and shoulders is less
understood. Their effects are relatively weak if compared to
those due to the head and pinnae, and experiments to estab-
lish the perceptual importance of the relative cues have pro-
duced mixed results in general [23, 37, 38]. Shoulders disturb
incident soundwaves at frequencies lower than those affected
by the pinna by providing a major additional reflection,
whose delay is proportional to the distance from the ear to the
shoulder when the sound source is directly above the listener.
Complementarily, the torso introduces a shadowing effect
for sound waves coming from below. Torso and shoulders
are also commonly seen to perturb low-frequency ITD, even
though it is questionable whether they may help in resolving
localization ambiguities on a cone of confusion [39].

However, as Algazi et al. remarked [38], when a signal
is low-passed below 3 kHz, elevation judgement is very poor
in the median plane if compared to a broadband source but
proportionally improves as the source is progressively moved
away from the median plane, where performance is more
accurate in the back than in the front.This result suggests the
existence of low-frequency cues for elevation that although
being overall weak is significant away from themedian plane.

2.3. Distance and Dynamic Cues. Distance estimation of a
sound source (see [40] for a comprehensive review on the
topic) is even more troublesome than elevation perception.
At a first level, when no other cue is available, sound intensity
is the first variable that is taken into account: the weaker the
intensity is, the farther the source should be perceived. Under
anechoic conditions, sound intensity reduction with increas-
ing distance can be predicted through the inverse square law:
intensity of an omnidirectional sound source will decay by
approximately 6 dB for each doubling distance [41]. Still, a
distant blast and a whisper at few centimeters from the ear
could produce the same sound pressure level at the eardrum.
Having a certain familiarity with the involved sound is thus a
second fundamental requirement [42].

However, the apparent distance of a sound source is sys-
tematically underestimated in an anechoic environment [43].
On the other hand, if the environment is reverberant, addi-
tional information can be given by the direct to reflected
energy ratio, or DRR, which functions as a stronger cue for
distance than intensity: a sensation ofchangingdistanceoccurs
if the overall intensity is constant but the DRR is altered
[41]. Furthermore, distance-dependent spectral effects also
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have a role in everyday environments: higher frequencies are
increasingly attenuated with distance due to air absorption
effects.

Literature on source direction perception is generally
based on a fundamental assumption; that is, the sound
source is sufficiently far from the listener. In particular,
previously discussed azimuth and elevation cues are distance-
independent when the source is in the so-called far-field
(approximately more than 1.5m from the center of the head)
where sound waves reaching the listener can be assumed
to be planar. On the other hand, when the source is in the
near field some of the previously discussed cues exhibit
a clear dependence on distance. By gradually approaching
the sound source to the listener’s head in the near field, it
was observed that low-frequency gain is emphasized; ITD
slightly increases; and ILD dramatically increases across the
whole spectrum for lateral sources [20, 30, 44].The following
conclusions were drawn:

(i) Elevation-dependent features are not correlated to
distance-dependent features.

(ii) ITD is roughly independent of distance evenwhen the
source is close.

(iii) Low-frequency ILDs are the dominant auditory dis-
tance cues in the near field.

It should be then clear that ILD-related information needs to
be considered in the near field, where dependence on distance
cannot be approximated by a simple inverse square law.

Finally, it has to be remarked that, switching from a
static to a dynamic environment where the source and/or the
listener move with respect to each other, both source direc-
tion and distance perception improve. The tendency to point
towards the sound source in order to minimize interaural
differences, even without visual aid, is commonly seen and
aids in disambiguating front/back confusion [45]. Active
motion helps especially in azimuth estimation and to a lesser
extent in elevation estimation [46]. Furthermore, thanks to
the motion parallax effect, slight translations of the listener’s
head on the horizontal plane can help discriminate source
distance [47, 48]: if the source is near, its angular direction
will drastically change after the translation (reflecting itself
onto interaural differences), while for a distant source thiswill
not happen.

2.4. Sound Source Externalization. Real sound sources are
typically externalized, that is, perceived to be located outside
our own head. However, when virtual 3D sound sources
are presented through headphones (see next section), in-
the-head localization may typically occur and have a major
impact on localization ability. Alternatively, listeners may
perceive the direction of the sound source and be able to
make accurate localization judgements yet accompaniedwith
perception of the source being way closer to the head than
otherwise intended (e.g., on the surface of the skull [49]).
However, when relevant constraints are taken into account,
such as the use of individuallymeasured head-related transfer
functions as explained in Section 3, virtual sound sources
can be externalized almost as efficiently as real sound sources

[50, 51]. Externalization is, along with other attributes such as
coloration, immersion, and realism, one of the key perceptual
attributes that go beyond the basic issue of localization
recently proposed for the evaluation of virtually rendered
sound sources [52].

In-the-head localization is mainly introduced by the loss
of accuracy in interaural level differences and spectral profiles
in virtually rendered sound sources [49]. Another extremely
important factor is given by the interaural and spectral
changes triggered by natural head movements in real-life
situations: correctly trackedheadmovements can indeed sub-
stantially enhance externalization in virtual sonic environ-
ments, especially for sources close to themedian plane (hard-
est to externalize statically in anechoic conditions, due to
minimal interaural differences [53]), and even relatively small
movements of a few degrees can efficiently reduce in-the-
head localization [54]. Furthermore, it has been recently
showed that externalization can persist once coherent head
movement with the virtual auditory space is stopped [55].

Finally, factors related to sound reverberation contribute
to a strong sense of externalization, as opposed to dry ane-
choic sound. The introduction of artificial reverberation [56]
through image-source model-based early reflections, wall
and air absorption, and late reverberation can significantly
contribute to sound image externalization in headphone-
based 3D audio systems [57], as well as congruence between
the real listening room and the virtually recreated reverber-
ating environment [58].

2.5. Auditory Localization by the Visually Impaired. A num-
ber of previous studies showed that sound source localization
by visually impaired persons can be different from that of
sighted persons. It has to be first highlighted that previous
investigations on visually impaired subjects indicated neither
better auditory sensitivity [59–61] nor lower auditory hearing
thresholds [62] compared to normally sighted subjects. On
the other hand, visually impaired subjects acquire the ability
to use auditory information more efficiently thanks to the
plasticity of the central nervous system, as, for instance,
in speech discrimination [63], temporal resolution [64], or
spatial tuning [65].

Experiments with real sound sources suggest that visually
impaired (especially early blind) subjects map the auditory
environment with equal or better accuracy than sighted sub-
jects on the horizontal plane [62, 66–68] but are less accurate
in detecting elevation [67] and show an overly compressed
auditory distance perception beyond the near field [69].
However, unlike sighted subjects, visually impaired subjects
can correctly localize soundsmonaurally [66, 70], which sug-
gests a trade-off in the localization proficiency between the
horizontal andmedian planes taking place [71]. By comparing
behavioral and electrophysiological indices of spatial tuning
within the central and peripheral auditory space in congeni-
tally blind and normally sighted but blindfolded adults, it was
found that blind participants displayed localization abilities
that were superior to those of sighted controls, but only
when attending to sounds in peripheral auditory space [72].
Still, it has to be taken into account that early blind subjects
have no possibility of learning themapping between auditory
events and visual stimuli [73].
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While localizing, adapting to the coloration of the signals
is a relevant component for both sighted and blind subjects.
Improved obstacle sense of the blind is also mainly due to
enhanced sensitivity to echo cues [74], which allows so-called
echolocation [75, 76]. Thanks to this obstacle sensing ability,
which can be improved by training, distance perception in
blind subjects may be enhanced [68, 76–78]. In addition,
some blind subjects are able to determine size, shape, or even
texture of obstacles based on auditory cues [70, 77, 79, 80].

Switching to virtual auditory displays, that is, the focus
of this paper, a detailed comparative evaluation of blind
and sighted subjects [81] confirmed some of the previously
discussed results in the literature on localization with real
sound sources. Better performance in localizing static frontal
sources was obtained in the blind group due to a decreased
number of front-back reversals. In the case of moving
sources, blind subjects were more accurate in determining
movements around the head in the horizontal plane. Sighted
participants, however, performed better during listening to
ascendingmovements in themedian plane and in identifying
sound sources in the back. In-the-head localization rates
and the ability to detect descending movements were almost
identical for the two groups. In a further experiment [82]
error rates of about 6 to 14 degrees horizontally and 9 to 24
degrees vertically were measured for a pool of blind subjects.
Improvements in localization by blind persons were observed
mainly in the horizontal plane and in case of a broadband
stimulus.

Finally, although visual information corresponding to
auditory information significantly aids localization and cre-
ation of correct spatial mental mappings, it has to be remark-
ed that visually impaired subjects can benefit from off-site
representations in order to gain spatial knowledge of a real
environment. For instance, results of recent studies showed
that interactive exploration of virtual acoustic spaces [83–85]
and audio-tactile maps [86] can provide relevant information
for the construction of coherent spatial mental maps of a
real environment in blind subjects and that such mental
representations preserve topological and metric properties,
with performances comparable or even superior to an actual
navigation experience.

3. Binaural Technique

Themost basicmethod for simulating sound source direction
over loudspeakers is to use panning. This usually refers to
amplitude panning using two channels (stereo panning).
In this case, only level information is used as a balance
between the channels, and the virtual source is shifted to-
wards the louder channel. However, ILD and spectral cues
are determined by the actual speaker locations. In traditional
stereo setups, where loudspeakers and listener form a tri-
angle, sources can be correctly simulated on the line ideally
connecting the two speakers. However, although traditional
headphones also use two channels, correct directional infor-
mation is not maintained due to a different arrangement of
the speakers with respect to the listener and by the loss of
crosstalk between the channels.

Spatial features of virtual sound sources can be more
realistically rendered through headphones by processing an

input soundwith a pair of filters, each simulating all the linear
transformations undergone by the acoustic signal during its
path from the sound source to the corresponding listener’s
eardrum. These filters are known in the literature as head-
related transfer functions (HRTFs) [87], formally defined as
the frequency-dependent ratio between the sound pressure
level (SPL)Φ(𝜃, 𝜙, 𝜔) at the eardrum and the free field SPL at
the center of the headΦ𝑓(𝜔) as if the listeners were absent:

𝐻(𝜃, 𝜙, 𝜔) =
Φ (𝜃, 𝜙, 𝜔)

Φ𝑓 (𝜔)
, (1)

where (𝜃, 𝜙) indicates the angular position of the source rela-
tive to the listener and𝜔 is angular frequency.TheHRTF con-
tains all of the information relative to sound transformations
caused by the human body, in particular by the head, external
ears, torso, and shoulders.

HRTF measurements are typically conducted in large
anechoic rooms. Usually, a set of loudspeakers is arranged
around the subject, pointing towards him/her and spanning
an imaginary spherical surface. The listener is positioned so
that the center of the interaural axis coincides with the center
of the sphere defined by the loudspeakers and their rotation
(or, equivalently, the subject’s rotation). A probe microphone
is inserted into each ear, either at the entrance or inside the ear
canal. The measurement technique consists in recording and
storing the signal arriving at the microphones. Consequently,
these signals are processed in order to remove the effects of
the room and the recording equipment (especially speakers
and microphones), leaving only the HRTF [87, 88].

By processing a desired monophonic sound signal with a
pair of individual HRTFs, one per channel, and by adequately
accounting for headphone-induced spectral coloration (see
next Section), authentic 3D sound experiences can take place.
Virtual sound sources created with individual HRTFs can be
localized almost as accurately as real sources and efficiently
externalized [50], provided that head movements can be
made and that the sound is sufficiently long [89]. As a matter
of fact, localization of short broadband sounds without head
movements is less accurate for virtual sources than for real
sources, especially in regard to vertical localization accuracy
[90], and front/back reversal rates are higher for virtual
sources [89].

Unfortunately, the individual HRTF measurement tech-
nique requires the use of dedicated research facilities. Fur-
thermore, the process can take up to several hours, depending
on the used measurement system and on the desired spatial
grid density, being uncomfortable and tedious for subjects. As
a consequence, most practical applications use nonindividual
(or generic) HRTFs, for instance, measured on dummy heads,
that is, mannequins constructed from average anthropomet-
ric measurements. Several generic HRTF sets are available
online. The most popular are based on measurements using
the KEMAR mannequin [91] or the Neumann KU-100
dummy head (see the Club Fritz study [92]). Alternatively, an
HRTF set can be taken from one of many public databases
of individual measurements (see, e.g., [93]); many of these
databases were recently unified in a common HRTF format
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known as Spatially Oriented Format for Acoustics (SOFA)
(https://www.sofaconventions.org/).

On the other hand, while nonindividual HRTFs represent
the cheapestmeans of providing 3D perception in headphone
reproduction, especially in the horizontal plane [94, 95],
listening to nonindividual spatial sounds is more likely to
result in evident sound localization errors such as incorrect
perception of source elevation, front-back reversals, and lack
of externalization [96] that cannot be fully counterbalanced
by additional spectral cues, especially in static conditions
[46]. In particular, individual elevation cues cannot be char-
acterized through generic spectral features.

For the above reasons, different alternative approaches
towards HRTF-based synthesis were proposed throughout
the last decades [37, 97]. These are now reviewed and
presented sorted by increasing level of customization.

3.1. HRTF Selection Techniques. HRTF selection techniques
typically use specific criteria in order to choose the bestHRTF
set for a particular user from a database. Seeber and Fastl [98]
proposed a procedure according to which one HRTF set is
selected based on multiple criteria such as spatial perception,
directional impression, and externalization. Zotkin et al. [99]
selected the HRTF set that best matched an anthropometric
data vector of the pinna. Geronazzo et al. [100] and Iida et al.
[101] selected the HRTF set whose extracted pinna notch fre-
quencies were closest to the hypothesized frequencies of the
user according to a reflection model and an anthropometric
regression model, respectively.

Similarly, selection can be targeted at detecting a subset of
HRTFs in a database that fit themajority of a pool of listeners.
Such an approach was pursued, for example, by So et al. [102]
through cluster analysis and by Katz and Parseihian [103]
through subjective ratings. The choice of the personal best
HRTF among this reduced set is left to the user. Even different
selection approaches were undertaken by Hwang et al. [104]
and Shin and Park [105].TheymodeledHRIRs on themedian
plane as linear combinations of basis functionswhoseweights
were then interactively self-tuned by the listeners themselves.

Results of localization tests included in the majority of
these works show a general decrease of the average localiza-
tion error as well as of the front/back reversal and inside-
the-head localization rates using selected HRTFs rather than
generic HRTFs.

3.2. Analytical Solutions. These methods try to find a mathe-
matical solution for the HRTF, taking into account the size
and shape of the head and torso in particular. The most
recurring head model in the literature is that of a rigid
sphere, where the response related to a fixed observation
point on the sphere’s surface can be described by means of
an analytical transfer function [106]. Brown and Duda [37]
proposed a first-order approximation of this transfer function
for sources in the far-field as a minimum-phase analog filter.
Near-field distance dependence can be accounted for through
an additional filter structure [107].

Although the spherical head model provides a satis-
factory approximation to the low-frequency magnitude of
a measured HRTF [108], it is far less accurate in predicting

ITD, which is actually variable around a cone of confusion
by as much as 18% of the maximum interaural delay [109].
ITD estimation accuracy can be improved by considering an
ellipsoidal headmodel that can account for the ITD variation
and be adapted to individual listeners [110]. It has to be
highlighted, however, that ITD estimation from HRTFs is a
nontrivial operation, given the large variability of objective
and perceptual ITD results produced by different common
calculation methods for the same HRTF dataset [111, 112].

A spherical model can also approximate the contribution
of the torso to the HRTF. Coaxial superposition of two
spheres of different radii, separated by a distance accounting
for the neck, results in the snowmanmodel [113].The far-field
behavior of the snowman model was studied in the frontal
plane both by direct measurements on two rigid spheres and
by computation through multipole reexpansion [114]. A filter
model was also derived from the snowman model [113]; its
structure distinguishes the two cases where the torso acts
as a reflector or as a shadower, switching between the two
filter substructures as soon as the source enters or leaves the
torso shadow zone, respectively. Additionally, an ellipsoidal
model for the torso was studied in combination with the
usual spherical head [38]. Such model is able to account for
different torso reflection patterns; listening tests confirmed
that this approximation and the corresponding measured
HRTF gave similar results, showing larger correlations away
from the median plane.

A drawback of these techniques is that since they do not
consider the contribution of the pinna, the generated HRTFs
match measured HRTFs at low frequencies only, lacking
spectral features at higher frequencies [115].

3.3. Structural HRTF Models. According to the structural
modeling approach, the contributions to the HRTF of the
user’s head, pinnae, torso, and shoulders, each accounting
for some well-defined physical phenomena, are treated sep-
arately and modeled with a corresponding filtering element
[37].The global HRTFmodel is then constructed by combin-
ing all the considered effects [116]. Structural modeling opens
to an interesting form of content adaptation to the user’s
anthropometry, since parameters of the rendering blocks can
be estimated from physical data, fitted, and finally related to
anthropometric measurements.

Structural models typically assume a spherical or ellip-
soidal geometry for both the head and torso, as discussed
in the previous subsection. Effective customizations of the
spherical head radius given the head dimensions were pro-
posed [117, 118], resulting in a close agreement with experi-
mental ITDs and ILDs, respectively. Alternatively, ITD can be
synthesized separately using individual morphological data
[119]. An ellipsoidal torso can also be easily customized for a
specific subject by directly defining control points for its three
axes on the subject’s torso [114]. Furthermore, a great variety
of pinna models is available in the literature, ranging from
simple reflection models [120] and geometric models [121] to
more complex physical models that treat the pinna either as
a configuration of cavities [122] or as a reflecting surface [29].
Structural models of the pinna, simulating its resonant and
reflective behaviors in two separate filter blocks, were also
proposed [123–125].

https://www.sofaconventions.org/
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Algazi et al. [93] suggested using a number of one-dimen-
sional anthropometric measurements for HRTF fitting
through regression methods or other machine learning tech-
niques. This approach was recently pursued in a number of
studies [126–129] investigating the correspondence between
anthropometric parameters and HRTF shape. When suitable
processing is performed on HRTFs, clear relations with
anthropometry emerge. For instance, Middlebrooks [130] re-
ported a correlation between pinna size and center frequen-
cies of HRTF peaks and notches and argued that similarly
shaped ears that differ in size just by a scale factor produce
similarly shaped HRTFs that are scaled in frequency. Further
evidence of the correspondence between pinna shape and
HRTF peaks [123, 131, 132] and notches [125, 133, 134] is
provided in a number of following works. The use of such
knowledge leads to the effective parametrization of structural
pinna models based on anthropometric parameters, which
suggests an improvement in median plane localization with
respect to generic HRTFs [135, 136].

3.4. Numerical HRTF Simulations. Numerical methods typi-
cally require as input a 3D mesh of the subject, in particular
the head and torso, and include approaches such as finite-
difference time domain (FDTD) methods [108], the finite
element method (FEM) [137], and the boundary element
method (BEM) [138].

Recent literature has focused on the BEM. It is known
that high-resolutionmeshes are needed in order to effectively
simulate HRTFs with the BEM, especially for the pinna area.
Low mesh resolution results indeed in simulated HRTFs
that greatly differ from acoustically measured HRTFs at high
frequencies, thus destroying elevation cues [139]. However, as
the number of mesh elements grows, memory requirements
and computational load grow even faster [140]. Recent works
introduced the fast multipole method (FMM) and the reci-
procity principle (i.e., interchanging sources and receivers)
in order to face BEM efficiency issues [140, 141]. Ultimately,
localization performances of simulated HRTFs through the
BEM were found to be similar to those observed with acous-
tically measured HRTFs [142], and databases of simulated
HRTFs [143] as well as open-source tools for calculating
HRTFs through the BEM given a head mesh as input [144]
are available online.

On the other hand, image-based 3D modeling, based on
the reconstruction of 3D geometry from a set of user pictures,
is a fast and cost-effective alternative to obtainingmeshmod-
els [145]. Furthermore, the advent of consumer level depth
cameras and the availability of huge computational power
on consumer computers open new perspectives towards very
cheap and yet very accurate calculation of individualized
HRTFs.

4. Headphone Technologies

One of the crucial variables for generating HRTF-based
binaural audio is the headphone itself. Headphones are of
different types (e.g., circumaural, supra-aural, extra-aural,
and in-ear) and can have transfer functions that are far from
linear. The main issue with classic headphones is that the

transfer function between headphone and eardrum heavily
varies from person to person andwith small displacements of
the headphone itself [146, 147]. Such variation is particularly
marked in the high-frequency range where important eleva-
tion cues generally lie. As a consequence, headphone play-
back introduces significant localization errors, such as in-the-
head localization, front-back confusion, and elevation shift
[148].

In order to preserve the relevant localization cues pro-
vided by HRTF filtering during headphone listening, var-
ious headphone equalization techniques, usually based on
a prefiltering with the inverse of the average headphone
transfer function, are used [149]. However, previous research
suggests that these techniques are little to no effective when
nonindividual (even selected) HRTFs are used [149, 150]. On
the other hand, several authors support the use of individual
headphone compensation in order to preserve localization
cues in the high-frequency range [146, 147].

In the case of travel aids for the visually impaired, addi-
tional factors need to be considered in the design and choice
of the headphone type. Most importantly, ears are essential
to provide information about the environment, and visually
impaired persons refuse to use headphones during navigation
if these either partially or fully cover the ears, therefore
blocking environmental noises. The results of a survey of the
preferences of visually impaired subjects for a possible per-
sonal navigation device [151] showed indeed that themajority
of participants rated headphones worn over the ears as the
least acceptable output device, compared to other technolo-
gies such as bone-conduction and small tube-like head-
phones, or even a single headphone worn over one ear. Fur-
thermore, those fully blind had much stronger negative feel-
ings about headphones that blocked ambient sounds than
those who were partially sighted.

This important consideration shifts our focus to alter-
native state-of-the-art solutions for spatial audio delivery
such as unconventional headphone configurations, bone-
conduction headsets, or active transparent headsets.

4.1. Unconventional Headphone Configurations. The problem
of ear occlusion can be tackled by decentralizing the point of
sound delivery from the entrance of the ear canal to positions
around the ear, with one or more transducers per ear. In this
case, issues arise regarding the proper direction and distance
of each transducer with respect to the ear canal, as well as
their types and dimensions. Furthermore, there is a challenge
in the spatial rendering technique in that no research results
support the application of traditional loudspeaker-based
spatial audio techniques (such as Vector Base Amplitude
Panning [152] or Ambisonics [153]) to multispeaker headsets
and that traditional HRTF measurements do not match with
decentralized speaker positions.

Thefirst attempts in delivering spatial audio throughmul-
tispeaker headphoneswere performed byKönig. A decentral-
ized 4-channel arrangement placed on a pair of circumaural
earcups for frontal surround sound reproduction was imple-
mented [154] (an alternative small supra-aural configuration
was also proposed [155]). Results showed that this speaker
arrangement induces individual direction-dependent pinna



8 Wireless Communications and Mobile Computing

cues as they appear in real frontal sound irradiation in the free
field for frequencies above 1 kHz [156]. Psychoacoustic effects
introduced by the headphone revealed that frontal auditory
events are achieved, as well as effective distance perception
[154].

The availability of individual pinna cues at the eardrum
is imperative for accurate frontal localization [157]. Accord-
ingly, Sunder et al. [158] later proposed the use of a 2-
channel frontal projection headphone which customizes
nonindividual HRTFs by introducing idiosyncratic pinna
cues. Perceptual experiments validated the effectiveness of
frontal headphone playback over conventional headphones
with reduced front-back confusions and improved frontal
localization. It was also observed that the individual spectral
cues created by the frontal projection are self-sufficient
for front-back discrimination even with the high-frequency
pinna cues removed from the nonindividual HRTF. However,
additional transducers are needed if virtual sounds behind
the head have to be delivered, and timbre differences with
respect to the frontal transducers need to be solved.

Greff and Katz [159] extended the above solutions to a
multiple transducer array placed around each ear (8 speakers
per ear) recreating the pinna-related component of theHRTF.
Simulations and subjective evaluations showed that it is
possible to excite the correct localization cues provided by the
diffraction of the reconstructed wave front on the listener’s
own pinnae, using transducer driving filters related to a
simple spherical head model. Furthermore, different speaker
configurations were investigated in a preliminary localization
test, the one with transducers placed at grazing incidence all
around the pinna showing the best results in terms of vertical
localization accuracy and front/back confusion rate.

Recently, Bujacz et al. [160] proposed a custom head-
phone solution for a prospective ETA with four proximaural
speakers positioned above and below the ears, all slightly to
the front. Amplitude panning was then used as spatial audio
technique to shift the power of the output sound between
pairs of speakers, both horizontally and vertically. Results of
a preliminary localization test showed a localization accuracy
comparable to HRTF-based rendering through high-quality
circumaural headphones, both in azimuth and in elevation.

4.2. Bone-Conduction Headsets. The use of a binaural bone-
conduction headset (also known as bonephones) is an ex-
tremely attractive solution for devices intended for the
blind as the technology does not significantly interfere with
sounds received through the ear canal, allowing for natural
perception of environmental sounds. The typical solution
is to place vibrational actuators, also referred to as bone-
conduction transducers, on each mastoid (the raised portion
of the temporal bone located directly behind the ear) or
alternatively on the cheek bones just in front of the ears [161].
Pressure waves are sent through the bones in the skull to the
cochlea, with some amount of natural sound leakage through
air into the ear canals still occurring.

There are some difficulties in using bone conduction
for delivering spatial audio. The first is the risk of crosstalk
impeding an effective binaural separation: because of the
high propagation speed and low attenuation of sound in the

human skull, both the ITD and ILD cues are significantly
softened. Walker et al. [162] still observed some degree of
spatial separationwith interaural cues provided through bone
conduction and ear canals either free or occluded, especially
relative to ILD. Perceived lateralization is even comparable
between air conduction and bone conduction with unoc-
cluded ear canals [163]. However, the degradation relative to
standard headphones suggests the difficulty to produce large
enough interaural differences to simulate sound sources at
extreme lateral locations [162].

The second problem is the need to introduce additional
transfer functions for correct equalization of HRTF-based
spatial audio: the frequency response of the transducer [164]
and the transfer function to the bones themselves, referred to
as bone-conduction adjustment function (BAF) [165], which
takes into account high-frequency attenuation by the skin
[166] and differs between individuals, similar to HRTFs.
Walker et al. [167, 168] proposed the use of appropriate
bone-related transfer functions (BRTFs) in replacement of
HRTFs. Stanley [165] derived individual BAFs from equal-
loudness judgements on pure tones, showing that individual
BAF adjustments to HRTF-based spatial sound delivery were
effective in restoring the spectral cues altered by the bone-
conduction pathway.This allowed for effective localization in
themedian plane by reducing up/down reversals with respect
to the BAF-uncompensated stimuli. However, there is no way
tomeasure BAFs empirically, and it is unclearwhether the use
of a generic, average BAF could lead to the same conclusions.

MacDonald et al. [164] reported similar localization
results in the horizontal plane between bone conduction
and air conduction, using individual HRTFs as the virtual
auditory display and headphone frequency response com-
pensation. Lindeman et al. [169, 170] compared localization
accuracy between bone conduction with unoccluded ear
canals and an array of speakers located around the listener.
The results showed that although the best accuracy was
achieved with the speaker array in the case of stationary
sounds, there was no difference in accuracy between the
speaker array and the bone-conduction device for sounds that
were moving, and that both devices outperformed standard
headphones for moving sounds.

Finally, Barde et al. [171] recently investigated the min-
imum discernable angle difference in the horizontal plane
with nonindividual HRTFs over a bone-conduction headset,
resulting in an average value of 10∘. Interestingly, almost all
participants reported actual sound externalization.

4.3. Active Transparent Headsets. An active headset is able
to detect and process environmental sounds through analog
circuits or digital signal processing. One of the most impor-
tant fields of application of active headsets is noise reduction,
where the headset uses active noise control [172, 173] to
reduce unwanted sound by the addition of an antiphase
signal to the output sound. In the case of ETAs, the envi-
ronmental signal should not be canceled but provided back
to the listener (hear-through signal) mixed with the virtual
auditory display signal in order for the subject to be aware
of the surroundings. Binaural hear-through headsets (in-ear
headphones with integrated microphones) are typically used
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in augmented reality audio (ARA) applications [174], where
a combination of real and virtual auditory objects in a real
environment is needed [175].

The hear-through signal is a processed version of the
environmental sound and should produce similar auditory
perception to natural perception with unoccluded ears.Thus,
equalization is needed to make the headset acoustically
transparent, since it affects the acoustic properties of the outer
ear [176]. The most important problem here is poor fit on the
head causing leaks and attenuation problems. The fit of the
headphone affects isolation and frequency response as well.
Using internal microphones inside the headset in addition to
the external ones, a controlled adaptive equalization can be
realized [177].

The second basic requirement for a hear-through system
is that processing of the recorded sound should haveminimal
latency [175]. As a matter of fact, when the real signal (leaked
to the eardrum) is summed up with the hear-through signal,
the delayed version can cause audible comb-filtering effects,
especially at lower frequencies where leakage is higher. The
audibility of comb-filtering effects depends on both the time
and amplitude difference between the hear-through signal
and the leaked signal [178]. Using digital realizations, which
are preferable over analog circuits in the case of an ETA in
terms of both cost and size, suitable latencies of less than
1.4ms, for which the comb-filtering effect was found to be
inaudible when the attenuation of the headset is 20 dB or
more, can be achieved with a DSP board [179].

Finally, the hear-through signal should preserve localiza-
tion cues at the ear canal entrance. Since sound transmission
from the microphone to the eardrum is independent of
direction whether the microphone is inside or at most 6mm
outside the ear canal [180], having binaural microphones just
outside the ear canal entrance is sufficient for obtaining the
correct listener-dependent spatial information.

5. Spatial Audio in ETAs

From the multitude of ETAs, two main trends in selecting
sound cues can be observed, one to provide very limited yet
easily interpretable data, typically from a range sensor, and
the other to provide an overabundance of auditory data and
let the user learn to extract useful information from it (e.g.,
the vOICe [181]). A third approach, taken for instance by the
authors in the Sound of Vision project [15], is to limit the
data from a full-scene representation to just the most useful
information, for example, by segmenting the environment
and identifying the nearest obstacles or detecting special
dangerous scene elements such as stairs. Surveys show that
individual preferences among the blind can vary greatly, and
all three approaches have users that prefer them [182].

In a recent literature review, Bujacz and Strumiłło [6]
classified the auditory display solutions implemented in the
most widely known ETAs, either commercially available
or in various stages of research and development. Of the
22 considered ETAs, 12 use a spatial representation of the
environment. However, breaking the list of ETAs down to
obstacle detectors (mostly hand-held) and environmental
imagers (mostly head-mounted), ETAs that use a spatial

representation almost all belong to the second category. Some
of them, such as the vOICe [181], Navbelt [183], SVETA
[184], andAudioGuider [185], use stereo panning to represent
directions, whereas elevation information is either ignored or
coded into sound pitch. ETAs (including works not included
in the above cited review) that use HRTFs as the spatial
rendering method are now summarized. All of the systems
presented in the following are laboratory prototypes.

5.1. Available ETAs Using HRTFs. The EAV (Espacio Acustico
Virtual) system [186] uses stereoscopic cameras to create a
low resolution (16 × 16 × 16) 3D stereopixel map of the envi-
ronment in front of the user. Each occupied stereopixel be-
comes a virtual sound source filtered with the user’s indi-
vidual HRTFs, measured in a reverberating environment.
The sonification technique employs spatial audio cues (syn-
thesized with HRTFs) and a distance-to-loudness encoding.
Sounds were presented through a pair of individually equal-
ized Sennheiser HD-580 circumaural headphones. Classic
localization tests with the above virtual auditory display
and tests with multiple sources were performed on 6 blind
and 6 normally sighted subjects. Subjects were accurate
in identifying the objects’ position and recognizing shapes
and dimensions within the limits imposed by the system’s
resolution.

The cross-modal ETA device [187] is a wearable prototype
that consists of low-cost hardware: earphones (no further
information provided), sunglasses fitted with two CMOS
micro cameras, and a palm-top computer. The system is able
to detect the light spot produced by a laser pointer, compute
its angular position and depth, and generate a corresponding
sound to the position and distance of the pointed surface.The
sonification encoding uses directional auditory cues provided
through Brown and Duda’s structural HRTF model [37], and
distance cues through loudness control and reverberation
effects. The subjective effectiveness of the sonification tech-
nique was evaluated by several volunteers who were asked to
use the system and report their opinions. The overall result
was satisfactory, with some problems related to the lack of
elevation perception. Targets very high and very low were
perceived correctly, whereas those laying in the middle were
associated with wrong elevations.

The Personal Guidance System [12] receives information
from a GPS receiver and was evaluated in five different
types of configurations involving different types of auditory
displays, spatial sound delivery methods (either via classic
headphones or through a speaker worn on the shoulder), and
tracker locations. No details about the binaural spatializa-
tion engine or the headphones used were provided. Fifteen
visually impaired subjects traveled a 50m long pathway with
each of the 5 configurations. Results showed that the con-
figuration using binaurally spatialized virtual speech led to
the shortest travel times and highest subjective ratings. How-
ever, there were many negative comments about the head-
phones blocking environmental sounds.

The SWAN system [8, 188] aids navigation and guidance
through a set of navigation beacons (earcon-like sounds),
object-related sounds (provided through spatial auditory
icons), location information, and brief prerecorded speech
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samples. Sounds are updated in real-time by tracking the
subject’s orientation and accordingly spatialized through
nonindividual HRTFs. Sounds were played either through a
pair of Sony MDR-7506 closed-ear headphones or an equal-
ized bone-conduction headset (see [165]). In an experimental
procedure, 108 sighted subjects were required to navigate
three different maps. Results showed good navigation skills
for almost all the participants in both time andpath efficiency.

The main idea of the Virtual Reality Simulator for the
visually impaired people [189] consists in calculating the dis-
tance between the user and nearby objects (depth map) and
converting it into sound. The depth map is transformed into
a spatial auditory map by using 3D sound cues synthesized
with individually measured HRTFs from 1003 positions in
the frontal field. Sounds were provided through a standard
pair of stereophonic headphones (no further information
provided).The Virtual Reality Simulator proved to be helpful
for visually impaired people in different research experiments
performed indoors and outdoors, in virtual and real-life
situations. Among the main limitations of the simulator are
tracking accuracy and the lack of a real-timeHRTF convolver.

The Real-Time Assistance Prototype [190], an evolution
of the CASBliP prototype [191], encodes objects’ position
in space based on their distance (inversely proportional to
sound frequency), direction (3D binaural sounds synthesized
with nonindividualHRTFs), and speed (proportional to pitch
variation). Nonindividual HRTFs of a KEMAR mannequin
were measured for different spatial points in a 64∘ azimuth
range, a 30∘ elevation range, and a 15m distance range.
Soundswere provided through a pair of SONYMDR-EX75SL
in-ear headphones. Two experiments were performed with
four totally blind subjects, one requiring subjects to identify
the sound direction and the other one to detect the position
of a moving source and to follow. Despite providing encour-
aging results in static conditions for objects moving in the
detected area, its main limitations reside in the inability to
detect objects at ground level and in the reduced 64∘ field of
view.

The NAVITON system [192, 193] processes stereo images
to segment out key elements for auditory presentation. For
each segmented element, the sonification approach uses
discrete pitched sounds, whose pitch, loudness, and temporal
delay (depth scanning) depend on object distance, andwhose
duration is proportional to the depth of the object. Sounds are
spatialized with individual HRTFs, custom measured in the
full azimuth range and in the vertical plane from −54∘ to 90∘,
in 5∘ steps. Soundswere provided through high-quality open-
air reference headphones without headphone compensa-
tion. Ten blindfolded participants reported their auditory
perception about the sonified virtual 3D scenes in a virtual
reality trial, proving to be capable of grasping the general
spatial structure of the environment and accurately estimate
scene layouts. A real-world navigation scenario was also
tested with 5 blind and 5 blindfolded volunteers, who could
accurately estimate the spatial position of single obstacles or
pairs of obstacles and walk through simple obstacle courses.

The NAVIG (Navigation Assisted by Artificial VIsion and
GNSS) system [194, 195] aims to enhance mobility and ori-
entation, navigation, object localization, and grasping, both

indoors and outdoors. It uses a Global Navigation Satellite
System (GNSS) and a rapid visual recognition algorithm.
Navigation is ensured by real-time nonindividual HRTF-
based rendering, text-to-speech, and semantic sonification
metaphors that provide information about the trajectory,
position, and the important landmarks in the environment.
The 3D audio scenes are conveyed through a bone-conduc-
tion headset whose complex frequency response is equalized
in order to properly render all the spectral cues of the HRTF.
Preliminary experiments have shown that it is possible to
design a wearable device that can provide fully analyzed
information to the user.However, thorough evaluations of the
NAVIG prototype have not been published yet.

5.2. Discussion and Conclusions. The use of HRTFs to code
directional information in the above summarized ETAs
suggests the importance of a high-fidelity spatial auditory
representation of the environment for blind users. However,
most of the above works fail to address the hardware- and/or
software-related aspects we discussed in Sections 3 and 4,
presenting results of performance and usability tests that are
based on binaural audio rendering setups that either are ideal
yet unrealistic (e.g., [186]) or underestimate the potential of
spatial sound itself (e.g., [190]).

As a matter of fact, the preferred choice for the virtual
auditory display within the 8 listed ETAs is either individually
measuredHRTFs or nonindividual, generic HRTFs. Only the
cross-modal ETA [187] proposes the use of structural HRTF
modeling as a trade-off between localization accuracy and
measurement cost. As a result, the evaluation of these systems
(often performed through proper localization performance
tests) is based either on the best scoring yet unfeasible
solution (individually measured HRTFs) or on a costless
yet inaccurate one (generic HRTFs), overlooking important
aspects in the fidelity of the virtual auditory display such as
elevation accuracy and front/back confusion avoidance. Fur-
thermore, the aforementioned monaural localization ability
by visually impaired persons (especially early blind) suggests
the use of individual pinna cues for azimuth perception,
which would make a visually impaired person more vulnera-
ble to degraded localization from nonindividual HRTFs than
a sighted person.

Even more unfortunately, the headphones chosen for
these tests were in the majority of cases classic circumaural
or in-ear headphones that block environmental sounds and
thus, as discussed before, are not acceptable for the visually
impaired community. The use of a bone-conduction headset
is reported only for the SWANandNAVIG systems [188, 194],
where the importance of headphone equalization, although
forced to be nonindividual, is also stressed. None of the
remainingworks, except one [186], evenmentions headphone
equalization. Effective externalization of the virtual sounds
provided to the users is therefore questionable.

It is difficult to rank the importance of the various factors
influencing a satisfactory virtual acoustic experience (e.g.,
externalization, localization accuracy, and front-back confu-
sion rate). Most studies check for only one or two factors and
can confirm their influence on one or more spatial sound
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perception parameters. Besides the choice of the HRTF set,
headphone type, and equalization, and type of sound source
(frequency content, familiar/unfamiliar sound, and temporal
aspects) [16, 44, 196], other important factors have to be con-
sidered. For instance, as explained in Section 2.4, rendering
environmental reflections increases externalization, as well as
the use of a proper head-tracking method, which also helps
in resolving front/back confusion [95].Thismay be whymost
of the above cited studies chose to use high-quality head-
phones with generic or individual HRTFs, without applying
headphone equalization as long as head-tracking or real-time
obstacle tracking is implemented. It is also relevant to notice
that those systems that use head-mounted cameras to render
sounds at locations relative to current head orientation do not
even strictly require head-tracking towork dynamically [197].

We believe there is ample space for applying the tech-
nologies presented in this review paper to the case of
ETAs for the blind. Basic research in HRTF customization
techniques is currently in a prolific stage, thanks to advances
in computational power and the widespread availability of
technologies such as 3D scanning and printing allowing re-
searchers to investigate in detail the relation between individ-
ual anthropometry andHRTFs. Although a full and thorough
understanding of the mechanisms involved in spatial sound
perception still has to be reached, techniques such as HRTF
selection, structural HRTF modeling, or HRTF simulations
are expected to progressively bridge the gap between accessi-
bility and accuracy of individual binaural audio.

Still it has to be noted that many experiments proved that
subjective training to nonindividual HRTFs, especially
through cross-modal and game-based training methods, can
significantly reduce localization errors in both free field and
virtual listening conditions [198]. Feedback can be provided
through visual stimuli [199, 200], proprioceptive cues [201,
202], or haptic information [203]. Reductions in front-back
confusion rates as large as 40% were reported, as well as
improvements in sound localization accuracy in the horizon-
tal and vertical planes regardless of head movement.

On the other hand, the headphone technologies discussed
in Section 4 are expected to reach widespread popularity in
the blind community. Bone-conduction and active headsets
are growing in the consumer market thanks to their afford-
able price. External multispeaker headsets are still at a proto-
type stage but from a research point of view open the attrac-
tive possibility of introducing individualized binaural play-
back without the need of fully individual HRTFs. Efforts in
the design of such headphones have been produced within
the Sound of Vision project [160].

A final comment regards the cosmetic acceptability of the
playback device. While bone-conduction and binaural head-
sets are relatively discreet and portable, externalmultispeaker
headsets may require a bulky and unconventional design.
There is considerable variation within the blind community
when assessing the cosmetic acceptability of a wearable elec-
tronic device, even if it works well. Nevertheless, the visually
impaired participants to the survey by Golledge et al. [151]
showed overwhelming support for the idea of traveling more
often with such a device, independently of its appearance.
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Reliable detection of cognitive load would benefit the design of intelligent assistive navigation aids for the visually impaired
(VIP). Ten participants with various degrees of sight loss navigated in unfamiliar indoor and outdoor environments, while their
electroencephalogram (EEG) and electrodermal activity (EDA) signals were being recorded. In this study, the cognitive load of
the tasks was assessed in real time based on a modification of the well-established event-related (de)synchronization (ERD/ERS)
index.We present an in-depth analysis of the environments thatmostly challenge people from certain categories of sight loss andwe
present an automatic classification of the perceived difficulty in each time instance, inferred from their biosignals. Given the limited
size of our sample, our findings suggest that there are significant differences across the environments for the various categories of
sight loss. Moreover, we exploit cross-modal relations predicting the cognitive load in real time inferring on features extracted from
the EDA. Such possibility paves the way for the design on less invasive, wearable assistive devices that take into consideration the
well-being of the VIP.

1. Introduction

Visual impairment affects approximately 285 million indi-
viduals worldwide according to the WHO [1]. Assistive
navigation aids are essential to the visually impaired (VIP)
for improving their quality of life and increase their inde-
pendence. Traditionally, VIP relied exclusively on the white
cane due to its simplicity; despite its reliability in obstacle
detection, it does not provide any information regarding
important aspects of navigation such as the distance, the
speed, or the shortest path to the destination [2]. New
technologies came to fill this gap, enhancing the traditional
assistive aids, aiming to improve the route planning [3],
navigating long distances [4], discovering landmarks [5],
and detecting obstacles [6–8]. Ranging from smartphone
applications to wearable devices, assistive navigation aids
promote greater independence and enable VIP to perform
tasks formerly impossible or difficult to accomplish [9]. Yet,
the focus of these aids is often on optimizing way-finding

or localization tasks without taking into consideration the
individual’s needs [10].

Building on our previous work [11, 12], in this study, we
place the focus entirely on the visually impaired, assessing
biomarkers that can predict in real time the mental effort of
the visually impaired while navigating in unfamiliar indoor
and outdoor urban environments. The challenges VIP expe-
rience during orientation and mobility tasks can be framed
according to the cognitive load theory [13], since, during
orientation and navigation tasks, a specific amount of space
is consumed by the working memory for the exact cognitive
demands necessary.

We designed two ad hoc orientation and mobility tasks
gathering a wide range of behavioral and biophysical signals
from 10 VIP with various categories of sight loss (see Table 1),
who volunteered to participate in our study. Collecting
electroencephalogram (EEG) signals, we assess the cognitive
load and task engagement in the performed task. EEG signals
are shown to be stable indicators of the cognitive load in a
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Table 1: Category of vision impairment and gender of participants.

Category Description Outdoor route Indoor route
VI-2 Vision is less than 10% and more than 5% 1 (F) 2 (F, M)
VI-3 Vision is less than 5% and more than being able to count fingers less than one meter away 3 (F, F, M) 4 (F, F, M, F)
VI-4 Not being able to count fingers less than one meter away 2 (F, M) 3 (F, M, F)
VI-5 No light perception 1 (F) −

Based on the classi cation of visual impairment by the World Health Organization (http://apps.who.int/classifications/icd10/browse/2016/en/#/H53-H54).

Table 2: Descriptions and mobility challenges of the different indoor and outdoor scenes.

Route ID Scene Challenges

Outdoor

A Shopping street People, ads, chairs, tables, poles
B Small street People, poles, ads
C Narrow alley People, chairs, tables, street ads, trash bins
D Urban park People
E Open space People
F Crossing road People
G Crossing street People
H construction People

Indoor

A Door Automated doors (hinged and rotating)
B Elevator Calling the elevator, selecting floor
C Corridor People with noise, doors open suddenly
D Open space People
E Stairs Find starting point of stairs

variety of tasks performed in controlled laboratory settings,
for instance, learning to navigate using hypertext and multi-
media data [14–16] and learning to use complex maps during
hypermedia navigation [17]. Despite EEG’s ability to capture
the cognitive load when performing a task, its usability in
commercial assistive devices is still in its infancy. For this
reason, we collected a wide range of physiological signals,
such as skin conductance by means of a wearable bracelet.
Based on findings in the literature, skin conductance may
predict the performance in a task under stressful conditions
[18–20]; confirming such statement in “out-of-laboratory”
conditions brings great advantages in the design of assistive
devices.

We contribute to the existing literature by conducting
navigation experiments exclusively “in the wild,” where
the VIP participants navigated in predefined indoor and
outdoor routes previously unfamiliar to the them. These
routes included a large variety of obstacles anddifferent urban
environments (see Table 2). A machine learning framework
was designed based on random forest classifiers to predict
the cognitive load of the participants for each time instance
inferring on physiological features extracted from the skin
conductance signals. The aim of this study is twofold; first,
we exploit possible effects that the various urban indoor
and outdoor environments may induce on people in relation
to their degree of sight loss and, second, to pinpoint easily
accessible biomarkers that robustly predict the cognitive load
of VIP when navigating in unfamiliar sites in the wild.

In line with the current literature [18–20], the emerging
cross-validated results suggest that physiological features

related to skin conductance are accurately and robustly
predicting the amount of cognitive load in real time. Taking
into consideration these findings, the design of assistive aids
adapts in real time to the requirements and personal needs of
the user.

2. Data Collection

2.1. Participants. A total of ten healthy visually impaired
adults with different degrees of sight loss participated in the
two mobility studies (6 females; average age = 41 yrs, range =
22–53 yrs). To helpmake them feel comfortable and safe, they
were encouraged to walk as usual using their white canes if
they wished so and were accompanied by their familiar O&M
instructor. Participants were instructed to avoid smoking
normal or e-cigarettes and consuming caffeine or sugar (e.g.,
coffee, coke, and chocolate) approximately one hour prior
to the walk. Recruitment was based on volunteering and all
VIP were capable of giving free and informed consent. The
study was approved by the National Bioethics Committee of
Iceland. All data was anonymized before analysis. Seven of
the participants walked both the outdoor and indoor routes,
one took part only in the outdoor study, and two completed
only the indoor task (see Table 1).

2.2. Indoor and Outdoor Routes. The indoor experiment was
conducted inside a building of the University of Iceland in
Reykjavik. With the assistance of VIP caretakers and O&M
instructors, we planned a route to take the VIP through
circumstances where different levels of stress were likely to

http://apps.who.int/classifications/icd10/browse/2016/en/#/H53-H54
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occur (i.e., of varying complexity and difficulty). Participants
walked the charted route three times for training purposes.
The route comprised five distinct environments representable
of a variety of indoor mobility challenges (see Table 2).
Indicatively, participants had to enter through automated
doors, use an elevator, move across a busy open space,
walk down a large spiral staircase, and walk through other
obstacles. The route was approximately 200 meters in length
and took on average 5minutes to walk (range = 4–8minutes).

The outdoor route was charted in the city center of Reyk-
javik in Iceland. It comprised eight distinct scenes defined so
as to cluster environmental and situational factors expected
to elicit similar affective reactions. For example, participants
had to walk on a busy shopping street, stroll through an
urban park, cross a major junction, and pass through narrow
sidewalks (see Table 2). The route was approximately 1 km
long and took on average 13min 44 s to walk (range =
9–19min).

2.3. Multimodal Biosignals. EEG signals were recorded using
the Emotiv EPOC+ (http://emotiv.com/epoc/), a mobile
headset with 16 dry electrodes registering over the 10-20
system locations AF3, F7, F3, FC5, T7, P3 (CMS), P7, O1,
O2, P8, P4 (DRL), T8, FC6, F4, F8, and FC4 (sampling
rate 𝑓

𝑠
= 128Hz). Given the practical constraints involved

in monitoring brain electrical activity in the wild, EPOC+
was chosen because it provides a good compromise between
performance (i.e., number of channels and scientific validity
of the acquired EEG signals) and usability (i.e., portability,
preparation time, and user comfort) with respect to other
commercial wireless EEG systems [21–24].

Along with the Emotiv headset, participants were asked
to wear the Empatica E4 wristband (https://www.empatica
.com/e4-wristband) [25]. E4 measures EDA as skin con-
ductance through 2 ventral (inner) wrist electrodes (𝑓

𝑠
=

4Hz) and BVP through a dorsal (outer) wrist photoplethys-
mography (PPG) sensor (𝑓

𝑠
= 64Hz). E4 further reports

HR, extracted on board from BVP interbeat intervals. The
wristband also includes an infrared thermopile sensor and
a 3-axis accelerometer. E4 is currently the only commercial
multisensor device developed based on extended scientific
research in the areas of psychophysiology and affective com-
puting. Additionally, it has a cable-free, watch-like design,
which makes it easier andmore aesthetically pleasing to wear
and thus better fitted to use in the wild compared to other
wearable biosignal devices. Participants were asked to wear
the wristband on the nondominant hand tominimizemotion
artifacts related to handling the white cane [26].

2.4. General Procedure. Participants walked the outdoor
route twice and the indoor route three times for training
purposes. In both studies directions were only provided
during the first walk to help the VIP familiarize with the
route. They were instructed to avoid unnecessary head
movements and hand gestures as well as talking to theirO&M
instructor unless there was an emergency. Video and audio
were registered bymeans of a smartphone camera to facilitate
data annotation (observing behaviors across the different
environments and situations) and synchronization (start/end

of walk, environments, and obstacles). In the outdoor study,
GPS coordinates were additionally logged using a Garmin
GPSMAP-64s unit at a rate of 1 registration per second. Upon
completing the last walk, participants were asked to describe
stressful moments they experienced along the route.

3. Feature Extraction

3.1. EEG. The EEG data was first time-domain interpolated
using the Fast Fourier Transform (FFT) to account for
missing samples due to connectivity issues. Subsequently,
all signals were baseline-normalized by subtracting for each
participant and for each channel themean of resting state reg-
istrations. These were obtained during a series of laboratory
studies with the same participants [27, 28].

Based on findings in the neuroscientific literature we
extracted a series of features descriptive of the cognitive
and the physiological state of the participants in each time
instance. The brain activity is characterized by rhythmic pat-
terns across distinct frequency bands, the definition of which
can vary somewhat among studies. Here we analyzed EEG in
six bands, namely, delta (0.5–4Hz), theta (4–7Hz), alpha 1
(7–10Hz), alpha 2 (10–13Hz), beta (13–30Hz), and gamma
(30–60Hz). Beta activity is associated with psychological
and physical stress, whereas theta and alpha 1 (i.e., lower
alpha) frequencies reflect response inhibition and attentional
demands such as phasic alertness [29]. Alpha 2 (i.e., higher
alpha) is related to task performance in terms of speed,
relevance, and difficulty [30]. Gamma waves are involved
in more complex cognitive functions such as multimodal
processing or object representation [31]. Features related
to signal power and complexity were extracted using the
PyEEG open source Python module [32]. For each of the
14 EEG channels, we computed the Relative Intensity Ratio
as an indicator of relative spectral power in each of the six
frequency bands [33].

Having extracted the power band features from the EEG
signals, we estimated the event-related (de)synchronization
(ERD/ERS) index, a well-established measure of band power
change in EEG originally proposed by Pfurtscheller and
Aranibar [34]. It is defined as

ERD
ERS
(%) = baseline IBP − test IBP

baseline IBP
∗ 100, (1)

where IBP stands for interval band power. The baseline IBP
refers to a prestimulus time periodwithout any task demands,
in our case the resting state, whereas the activation interval
(test IBP) refers to the time period while working on the
experimental task. We slightly modified the estimation of
the ERD/ERS index, defining test IBP as the time interval of
one second of our recorded data. In this way, we result with
one time point of ERD/ERS per second, where every time
point expresses the synchronization or desynchronization
according to the same baseline.

3.2. EDA. The skin conductance data was decomposed into
two continuous components, namely, phasic and tonic com-
ponent [35]. This decomposition and subsequent extraction

http://emotiv.com/epoc/
https://www.empatica.com/e4-wristband
https://www.empatica.com/e4-wristband
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of tonic and phasic electrodermal activity (EDA) features
were performed using the Ledalab toolbox (http://www.leda-
lab.de/). Overall, we extracted six features: mean tonic EDA
(TM) and the number of “spontaneous” SCRs (i.e., phasic
changes not traceable to specific stimulation), which are
known to be particularly suitable for longitudinal monitoring
of emotional stress-elicited EDA (i.e., tonic arousal); sum of
amplitudes of registered SCRs (AS) and average, maximum,
and cumulative phasic EDA (PM), which provide varying
indicators of instantaneous phasic arousal [26].

3.3. BVP and HR. The photoplethysmography sensor of the
E4 device measures the blood volume pulse (BVP) from
which it derives on board the heart rate (HR). We min-max
normalized both data streams to account for interindividual
differences [36].

4. Linear Mixed Model Analysis

4.1. Method. To examine differences in mental activity
between outdoor and indoor scenes of varying complexity
and obstacles in relation to the amount of vision loss, a linear
mixed model analysis was conducted for the alpha 1 (lower
alpha) and alpha 2 (upper alpha) bands in each of the two
routes (outdoor, indoor). Linear mixed models perform a
regression-like analysis while controlling for random vari-
ance caused by differences in factors such as participant and
electrode [37, 38]. We chose to focus on the alpha bands only
because it has been repeatedly observed that brain activity at
those frequencies is associatedwith cognitive load in a variety
of task demands: specifically, alpha activity has been shown to
fall in magnitude (i.e., alpha ERD increases) with higher task
difficulty (see [39] for a review).

Fixed factors examined in the analysis included type of
scene (Table 2) and category of vision impairment (Table 1).
For the latter, two broader categories of vision loss were
considered to better fit the linear models to the data: almost
blind (categories VI-5 and VI-4) and severely impaired
(categories VI-3 and VI-2). Random intercepts for each
participant and electrode position were added. Type III
Wald 𝐹-tests were used to test the significance of the fixed
factors and their interaction [40]. Pairwise comparisons of
group means were carried out with 𝑡-tests, using Bonferroni-
adjusted 𝑝 values where appropriate [41]. Before averaging
across conditions, a logarithmic transformation of single-
condition ERD/ERS values was applied to improve their
distributional characteristics.

4.2. Results. Theacross-participants average ERD/ERS values
for each environment and for each category of vision impair-
ment are shown in Figure 1. For each subplot, mean values for
outdoor scenes are depicted in the left panel, whereas those
for indoor environments are drawn in the right panel. Type
IIIWald𝐹-test results from the four (two bands × two routes)
linear mixed models are reported in Table 3. Vision alone
was only a significant predictor of upper alpha ERD/ERS
in the outdoor route, although the interaction of vision and
scene was significantly influential for both lower and upper
alpha ERD/ERS in the outdoor route. The scene alone had

a significant effect on both bands and in both outdoor and
indoor scenarios.

Post hoc paired samples 𝑡-tests showed that ERD/ERS
in the lower alpha band was significantly higher for almost
blind than for severely impaired individuals for the outdoor
environments B [small street; 𝑡(13.53) = 2.43, 𝑝 = 0.030],
E [open space; 𝑡(10.87) = 2.75, 𝑝 = 0.019], and G [crossing
small street without traffic lights; 𝑡(14.78) = 2.86, 𝑝 = 0.012].
Similar trends were found for outdoor ERD/ERS in the upper
alpha band [B: 𝑡(20.51) = 4.13, 𝑝 = 0.001; E: 𝑡(15.85) = 2.14,
𝑝 = 0.048; G: 𝑡(25.92) = 4.20, 𝑝 < 0.001]. In addition,
upper alpha ERD/ERS was found to be significantly higher
for almost blind than for severely impaired participants for
the outdoor environments A [shopping street; 𝑡(13.52) =
2.35, 𝑝 = 0.035] and H [construction alley; 𝑡(24.07) =
2.47, 𝑝 = 0.021]. For the indoor environments, lower alpha
EDR/ERS was only significantly higher for almost blind than
for severely impaired individuals when walking up and down
stairs [scene E; 𝑡(16.83) = 2.23, 𝑝 = 0.040].

When averaging across the two VI groups, lower alpha
ERD/ERS was significantly higher when crossing amain traf-
fic junction than when passing through the shopping street
[𝑡(846.34) = 3.23, 𝑝 = 0.036], small street [𝑡(846.47) = 3.27,
𝑝 = 0.032], and small street crossing scenes [𝑡(847.22) = 3.22,
𝑝 = 0.038]. ERD/ERS in the lower alpha band was higher
when passing through the shopping street than the small
street and higher for the latter than when crossing a small
street, but these differences were not found to be significant.
Similar trends were obtained for upper alpha ERD/ERS in
the outdoor model [3.68 < 𝑡(833.64–−834.56)< 4.44, 𝑝 <
0.007], while significantly higher upper alpha ERD/ERS was
also observed for the urban park scene compared to the
small street environment [𝑡(833.74) = 3.31, 𝑝 = 0.027].
For the indoor route, ERD/ERS in the lower alpha band was
significantly higher when using automatedmoving doors and
when taking the elevator than when walking along a narrow
corridor [𝑡(922.63) = 3.27, 𝑝 = 0.011 and 𝑡(922.43) =
3.48, 𝑝 = 0.005, resp.], navigating through an open space
[𝑡(922.57) = 5.06, 𝑝 < 0.001 and 𝑡(920.34) = 5.32, 𝑝 < 0.001,
resp.], and using the stairs [𝑡(914.80) = 5.15, 𝑝 < 0.001 and
𝑡(912.93) = 5.47, 𝑝 < 0.001, resp.]. Lower alpha ERD/ERS
was higher for the elevator than for the door scene, but not
significantly so. It was higher for the corridor than for the
stairs environments and higher for the latter than for the
open space scene, but these differences were also not found
to be significant. Upper alpha ERD/ERSwas also significantly
higher when using automated moving doors and when
taking the elevator than in the other indoor environments
[3.19 < 𝑡(887.33–−893.52)< 7.13, 𝑝 < 0.015 and 3.22 <
𝑡(886.08–−893.01)< 7.27, 𝑝 < 0.014, respectively], while
trends similar to the outdoor model were observed for the
remaining indoor scene contrasts.

Overall, outdoor and indoor environments that were
more dynamic with respect to complexity and unexpected
obstacles, such as crossing a major road, strolling through an
open urban space, walking through a narrow alley with coffee
tables and advertisement boards, using an elevator, and going
through automatic doors, resulted in substantially higher
ERD values (i.e., lower relative power) across the two alpha

http://www.ledalab.de/
http://www.ledalab.de/
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Figure 1: Average ERD/ERS values for each scene (Table 2) and for each category of vision impairment (severely impaired: visual acuity less
than 10% but greater than 2%; almost blind: visual acuity less than 2%). (a) Lower alpha band ERD/ERS. (b) Upper alpha band ERD/ERS. In
each subplot, outdoor scenes are depicted in the left panel and indoor environments are drawn in the right panel.

Table 3: Linear model type III Wald 𝐹-tests for ERD/ERS in the alpha-1 and alpha-2 bands, in the outdoor and indoor routes.

df 𝐹 𝑝 df 𝐹 𝑝

alpha-1, outdoor alpha-1, indoor
Intercept (I) 1, 7.91 620.84 <0.001 1, 8.21 1074.04 <0.001
Vision Impair (VI) 1, 6.02 2.61 0.157 1, 7.58 2.62 0.147
Scene (S) 7, 846.56 2.83 0.006 4, 916.92 14.58 <0.001
VI × S 7, 846.36 5.15 <0.001 4, 915.99 1.09 0.360

alpha-2, outdoor alpha-2, indoor
I 1, 7.97 1027.09 <0.001 1, 9.74 903.41 <0.001
VI 1, 6.05 7.38 0.035 1, 7.37 1.23 0.302
S 7, 833.86 5.39 <0.001 4, 888.74 20.92 <0.001
VI × S 7, 833.90 7.30 <0.001 4, 887.90 1.16 0.325
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Figure 2: Feature importances as emerging from the Gini criterion of each RF model. The error bars refer to the Gini value over 5-fold. Note
that EDA,mean tonic EDA (TM), and heart rate (HR) emerge as themost predictive biomarkers for the prediction of the cognitive load index
all the frequency bands showing the stability of the approach.

bands, which implies increased task difficulty.These cognitive
load “hotspots” are in full agreement with the scenes reported
as stressful by the participants themselves at the end of the
study.

5. Automatic Prediction of Cognitive Load

5.1. Classification Experiments. To automatically identify the
cognitive load of urban indoor and outdoor spaces experi-
enced by VIP while walking through it based only on their
biosignals, we postulated the study as a supervised classi-
fication process. A widely used ensemble learning method
for classification was employed, namely, Random Forest (RF)
classifier [42], selected due to its ability to deal with possibly
correlated predictor variables and because it provides a
straightforward assessment of the variable importances.

The ERD/ERS index of cognitive load was averaged over
all electrodes per frequency band per second. The resulting

averaged index was binned in three chunks, namely, “Low,”
“Medium,” and “High” load. We trained a RF model to
predict the aforementioned labels of cognitive load index per
each band, inferring on the features extracted from the skin
conductance and blood volume pulse sensor.The adjustment
of the two most important parameters of RF was performed
by means of grid search parameter estimation with 5-fold
cross-validation. We exploited the effect of the number of
estimators [150, 300, 600] and the effect of the maximum
number of features [.5, 1, 2]∗√Number Of Features. Overall,
the optimum number of estimators was 300 and the maxi-
mum number of features was set equal to the total number of
features for each experiment.

5.2. Results. Table 4 reports the classification results in terms
of AUROC weighted metric. Hereafter, we will refer to
AUROC weighted metric with the term “accuracy.” For each
frequency band, the average accuracy over 5-fold is reported,
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Table 4: Classification AUROCweightedmetric for all the environ-
ments across the various experiments. The reported numbers refer
to the mean AUROC over all folds in percentile and in parenthesis
the standard deviation is reported.

Frequency band AUROC weighted average (SD)
Delta 0.97 (0.00)
Theta 0.83 (0.00)
Alpha 1 0.85 (0.00)
Alpha 2 0.85 (0.00)
Beta 0.86 (0.00)
Gamma 0.84 (0.00)

along with the respective standard deviation.We note that for
all frequency bands the performance of the models is quite
accurate and robust.

As mentioned, the ERD/ERS index employed for the
definition of the classes was averaged over all electrodes; in
literature, there are many studies associating specific elec-
trodes to brain functions, for instance, 𝐶

𝑧
to memory recall

tasks; however, the Emotiv EPOC+ used for the experiments
does not provide a full coverage of the cranial surface so as to
focus on specific electrodes. Following the exact same scheme
for the classification of the cognitive load states (“Low,”
“Medium,” and “High”) from the separate electrodes per
band we obtained accuracy values identical to the averaged
results per band.

Figure 2 depicts the most predictive features of EDA
and heart rate of the cognitive load. Note that the order
of importance and the relative amplitude of the “Gini”
importance value are comparable for all the frequency bands
showing the stability of the approach. These findings are in
linewith the studies in the literature, where the skin resistance
is stated to be an important indicator of the cognitive load
[18–20].

6. Conclusions

This paper presents a framework for real-time automatic
assessment of cognitive load when visually impaired people
move and navigate in unfamiliar outdoor and indoor envi-
ronments. The objective is to demonstrate the feasibility of
real-time tracking of mentally demanding tasks which can be
used as on the fly feedback to assistive devices. Mobility aids
for visually impaired people should be capable of implicitly
adapting not only to changing environments but also to
shifts in the cognitive load of the user in relation to different
environmental and situational factors.

The proposed framework is based on multimodal fusion
of brain and peripheral biosignal features. Using stress-
related features of the EDA signal and an EEG index of
cognitive load based on event-related (de)synchronization in
the alpha band (ERD/ERS), we identified the most important
cognitively demanding “hotspots” for the generic VIP popu-
lation and for the specific categories of sight loss, pointing out
the particular needs/difficulties faced by each VIP category.
The high prediction rates in the multimodal classification
experiments (83–97% AUROC Weighted, Table 4) are very

encouraging of the proposed approach. Even if the chosen
urban and building sites did not represent all possible
different outdoor and indoor environments and situations in
terms of complexity and difficulty, the charted routes were
designed so as to combine most of the mobility challenges
faced by VIP.

Despite being promising, reported findings should be
considered with caution due to the limited number of
participants, which did not allow for an in-depth analysis of
specific stressors in each category of vision impairment. A
larger group study would need to be carried out to confirm
and quantify the trends obtained here. Furthermore, the
well-established Emotiv EPOC+ EEG headset has certain
limitations with respect to the quality of the recorded signal
during experiments involving physical activity “in the wild”
such as those presented here. Future steps of the present
study include refining the predictive model through explor-
ing novel multimodal biosignal features for cognitive load
assessment and comparing different classifiers. Such findings
hopefully pave the way to emotionally intelligent mobile
technologies that take the concept of navigation one step
further, accounting not only for the shortest path but also for
the most effortless, least stressful, and safest one.
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Patients suffering from life-changing disability due to Spinal Cord Injury (SCI) increasingly benefit from assistive robotics
technology. The field of brain-computer interfaces (BCIs) has started to develop mature assistive applications for those
patients. Nonetheless, noninvasive BCIs still lack accurate control of external devices along several degrees of freedom (DoFs).
Unobtrusiveness, portability, and simplicity should not be sacrificed in favor of complex performance and user acceptance should
be a key aim among future technological directions. In our study 10 subjects with SCI (one complete) and 10 healthy controls
were recruited. In a single session they operated two anthropomorphic 8-DoF robotic arms via wireless commercial BCI, using
kinesthetic motor imagery to perform 32 different upper extremity movements. Training skill and BCI control performance were
analyzed with regard to demographics, neurological condition, independence, imagery capacity, psychometric evaluation, and user
perception. Healthy controls, SCI subgroupwith positive neurological outcome, and SCI subgroupwith cervical injuries performed
better in BCI control. User perception of the robot did not differ between SCI and healthy groups. SCI subgroup with negative
outcome rated Anthropomorphism higher. Multi-DoF robotics control is possible by patients through commercial wireless BCI.
Multiple sessions and tailored BCI algorithms are needed to improve performance.

1. Introduction

Spinal Cord Injury (SCI) is a potentially life-changing condi-
tion, causing permanent disability, compromising the victim’s
physical and psychological well-being and impacting their
close environment as well. Brain-computer interfaces (BCIs)
are rapidly developing into a field-changing technology for
those patients, not only replacing motor functions [1, 2] but
even promising to alter the long-term outcome of the condi-
tion [3, 4].Wireless invasive (implantable) neural recording is
also an important development [5, 6], especially considering
that SCI has become the research target of several assistive
technologies [7] including functional electrical stimulation
[8] and robotics for neurorehabilitation [9].

On the other hand, noninvasive BCI technology is domi-
nated by the EEGmodality, which has great temporal but low
spatial resolution. EEG can detect rapid dynamics of the brain
but lacks source estimation. Consequently, a major limitation
of noninvasive BCI is the low signal to noise ratio (SNR)
which can be partially attributed to volume conduction
effect [10, 11]. Since the EEG signal measured at the scalp
is the superposition of all electrical signals, including those
generated by the cortex, discriminating brain activity from
artifacts and noise can be technically difficult.

In addition to these neurophysiological limitations, a
major drawback of traditional noninvasive BCIs is incon-
venience. The subject’s movement is typically constrained
by wires connecting the EEG electrode cap to the data
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acquisition unit, while the entire setup of wet electrodes
entails a time-consuming procedure. From the hardware per-
spective, the main challenges of noninvasive BCI technology
are portability and ease-of-use, rendering the wireless dry-
electrode cap a promising solution. Lessons could be derived
from the—otherwise immobile—MEG modality that boasts
contactless sensors and reduced preparation time [13]. In
terms of performance, the main challenge for noninvasive
BCI technology is to accurately control external devices
(multijoint robotic arms, drones, wheelchairs, etc.) that
can move along several degrees of freedom (DoFs), a task
which is necessary for performing complex operations in the
physical world. Such a feat requires highly accurate decoding
algorithms, able to discriminate multiple classes of Motor
Imagery (MI) under the limitations of low SNR and spatial
resolution. It has been demonstrated that the basic operation
of a robotic arm which fits the aforementioned description is
possible using noninvasive BCI [14].

Continuous advancements in electronics, from solid-
state transistors in the 1940s, integration of sensors and
powerful digital microprocessors in the 1970s, and other
developments in the following decades, such as switching
frequency, increased computing power, and programming
flexibility, decreased fabrication cost and power consump-
tion and steadily led to lighter and more agile, responsive,
and computationally complex robots. The demand in the
fields of Medical Rehabilitation and Assistive Technologies
(AT) leads to the first combined medical applications for
paralysis and stroke patients: robotic sleeves for assisted
living, powered orthotics, and even some initial attempts
at robotic manipulation arms [15, 16]. This nascent field of
Rehabilitation Robotics started taking shape in the 1970s
and 1980s, gradually emphasizing novel robotic manipulator
designs [17, 18] and attempts to adapt existing industrial
robotic manipulators [19].

Unobtrusiveness, portability, and mobility are clear
advantages for AT and Medical Robotics. Even though
affordable, power-autonomous, full-body robotic exoskele-
tons are yet to materialize, disabled patients now have a
variety of product options, some commercially available:
manipulator arms mounted on robotic wheelchairs [20, 21],
dexterous robotic prosthetics which can acquire their control
signals directly from the patient’s nervous system [1, 22], and
adaptations of aforementioned BCI technology specifically
for robotic rehabilitation [23–25]. Unfortunately, research in
optimal interfaces for Human-Robot Interaction (HRI) is
often overlooked in medical robotics development [12], with
a potentially significant impact on user acceptance and the
validation success rate for new technologies [26]. User per-
ception and overall satisfaction with a robot’s technological
interface has equal importance to hardware/software design
and quality standards, something that holds particularly
true in robotic-assisted rehabilitation. The need for patient’s
immersive experience and willingness to collaborate with
the robot, physiotherapist, and supervising physician should
meaningfully alter the criteria of success of a robot [27]. For
instance, acceptance of an external machine as part of one’s
own body schema can significantly impact the rehabilitation
process and should also be taken into account [15, 28].

In our previous work we have presented our progress
towards developing 8-DoF anthropomorphic robotic arms,
controlled by wireless off-the-shelf BCI, for AT and rehabili-
tation applications [12]. We have accounted for development
of the robotic arms and electronics, for implementation
of the BCI control module, and we have presented pilot
experimental applications of the Brain-Robot Interface (BRI)
on healthy and disabled individuals [29, 30].

In the remainder of this paper we present an elaborate
user-assessment study of our wireless BRI by subjects with
SCI and healthy individuals [31]. We focus not only on
performance assessment during multiple movements BCI
control, but on user perception of the assistive technology
as well, analyzed with regard to their neurological condition,
independence, imagery capacity, and psychometric evalua-
tion. In Materials and Methods, we briefly present the BRI
and we explain the experimental setup and statistical analysis
of our collected data, which we then present in Results. In
Discussion we attempt to interpret our results, comment on
the strengths, and underline the limitations of our approach.
We also discuss planned technological development in the
direction of robotics, BCImodule, signal analysis, and further
experiments, as well as the challenges we are yet to meet.

2. Materials and Methods

2.1. The Brain-Robotic Arms Interface. As both the interface’s
and robotics’ development have been thoroughly described
before [12, 32], we will briefly explain the system’s technical
characteristics here, emphasizing wireless capabilities. The
Emotiv EPOC is an easily applied wireless 14-saline felt-
electrode EEG system (Emotiv, USA), capable of detecting
brain activity at a bandwidth of 0.2–43Hz, employing digital
notch filters at 50Hz and 60Hz and built-in digital 5th
order Sinc filter. Meanwhile, due to being commercial class,
it costs significantly less and also is less obtrusive, simple
to use, and portable compared to traditional medical EEG
devices. Its technical characteristics are also on par with
the designated use case, so our team used this device for
the development of the BCI modality. The wireless chipset
transmits at a proprietary ultra-low energy (ULE) 2.4Ghz
Bluetooth Smart to a USB dongle connected to a dedicated
computing laptop. Internal sampling rate of the electrodes
is at 2 kHz (sequential sampling and single analog to digital
conversion) with 16-bit resolution and signal sampling rate
of 128Hz transmitted. Using the Cognitiv suite a resting state
and up to four different mental commands are classified
(using proprietary BCI algorithm) and then are appended
to key button input through the Emokey software. The
input then accesses a control MATLAB script corresponding
to movement commands for the robotic arms (Figure 1).
Movement coordinates are subsequently transmitted to the
robotic arms system through a serial port with a Baud Rate of
9600 bps.

The “Mercury 2.0” robotic arm is a stand-alone elec-
tromechanical manipulator system developed by our team,
capable of replicating most movements of a physical human
arm.The current version of the robot is capable of movement
along 8 DoFs [32]. Eight motors are attached in total on
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Figure 1: Brain-robot interface loop: using a wireless commercial EEG device for unobtrusiveness and simplicity of the system [12].

each arm, six of them being DC electric motors: two on the
robotic shoulder joint, responsible for horizontal (1) and for
vertical movement (2); one on the elbow joint, for horizontal
movement (3); one on the wrist joint, for horizontal move-
ment (4), one for rotation between the shoulder and elbow
(5); and one for rotation between the elbow and wrist (6);
finally, two servo motors add the ability of curling movement
of the thumb and palm fingers (7) and (8). These 8 DoFs
allow for responsive, fluid movement of the robotic arm
and provide it with the ability to grab and manipulate small
and light objects. Each arm functions with a single attached
microcontroller, responsible for motors, connected to the
dedicated computer system through a serial port at a Baud
Rate of 9600. The microcontroller translates the commands
the computer system transmits into positional coordinates for
each motor. System responsiveness has been measured to be
approximately 0.2 seconds.

2.2. Experimental Setup

2.2.1. Ethical Approval and Recruitment. The institutional
bioethics committee approved the experimental protocol [12,
31] and all subjects filled and signed an informed consent
form prior to their participation. Criteria for participation
included clinical diagnosis and radiological documentation
of SCI (evaluated by ASIA Impairment Scale (AIS) [33]
and/or neurological examination reporting the condition)
or healthy participants [31]. Exclusion criteria were other
neurological injury or disease (traumatic brain injury, central
nervous system tumors, epilepsy, etc.), recent participation in
an interventional study, other grave medical condition that
could affect participation or the safety, hearing and visual
impairments, illegal drug use, and chronic alcoholism.

Table 1: Descriptive statistics of age (mean and standard deviation)
for both groups (SCI group and healthy controls).

Group Age
Mean (std)

SCI 46.0 (17.64)
Healthy 46.2 (18.27)

Ten subjects with SCI (8 male, 2 female) and ten healthy
controls (with an effort for being gender and age matched to
the SCI group) were recruited in total. The SCI group had a
mean age of 46.0 years (range 28–74, standard deviation (std)
17.64), while the healthy group had a mean age of 46.20 years
(range 27–74, std 18.27), as shown in Table 1.The subjects had
no prior experience in BCI or robotics.

2.2.2. Subject Assessment. For both groups demographics and
medical history were collected including smoking habits, age,
height, weight, Body Mass Index (BMI), and education level.
BMI was calculated and the following classification was used:
underweight < 18.5, normal weight = 18.5–24.9, overweight
= 25–29.9, and obesity ≥ 30. For the SCI group, history data
was also collected including age at injury, weight at injury,
and cause of injury.Neurological examinationwas performed
by a specialist physician using the International Standards
for Neurological Classification of Spinal Cord Injury: severity
of injury (classification in AIS), Neurological Level of Injury
(NLI), motor scores for upper extremities (UEMS), lower
extremities (LEMS), and total (Moto-Total), and sensory
scores for light touch (LT), pin prick (PP), and total (Sensory-
Total) were recorded [33]. Spasticity, if present, was also
recorded using Ashworth [34] and Penn Spasm Frequency



4 Wireless Communications and Mobile Computing

Table 2: Subjects by group (SCI and healthy controls): basic demographic data for both groups and cause of injury, ASIA Impairment Scale
(AIS), and Neurological Level of Injury.

SCI group Age Gender Cause AIS NLI Healthy group Age Gender
CSI-02-001 28 f MVA ASIA C C4 CSI-04-001 27 f
CSI-02-002 52 m MVA ASIA D C4 CSI-04-007 51 m
CSI-02-003 42 m MVA ASIA D C8 CSI-04-003 43 m
CSI-02-004 70 m Fall ASIA D C5 CSI-04-006 71 m
CSI-02-005 60 m Fall ASIA E C6 CSI-04-009 63 m
CSI-02-006 28 m MVA ASIA D C5 CSI-04-004 28 m
CSI-02-007 30 m MVA ASIA E C5 CSI-04-005 31 m
CSI-03-001 47 m Fall ASIA A T7 CSI-04-008 47 m
CSI-03-002 29 f MVA ASIA B T4 CSI-04-002 27 f
CSI-03-003 74 m Other ASIA B T4 CSI-04-010 74 m
Mean 46.00 - - - - Mean 46.20 -
Std 17.64 - - - - Std 18.27 -

Table 3: Neurological evaluation scores of the SCI group.

SCI group Motor-Total UEMS LEMS Sensory-Total LT PP
CSI-02-001 48 24 24 224 112 112
CSI-02-002 84 39 45 183 94 89
CSI-02-003 98 48 50 224 112 112
CSI-02-004 98 48 50 223 111 112
CSI-02-005 100 50 50 224 112 112
CSI-02-006 100 50 50 222 111 111
CSI-02-007 100 50 50 224 112 112
CSI-03-001 56 50 6 121 58 63
CSI-03-002 50 50 0 156 78 78
CSI-03-003 54 50 4 156 78 78
Median 91.00 50.00 47.50 222.50 111.0 111.50
Interquartile range 47.00 4.30 44.50 68.00 34.00 34.00

Scales [35]. Both groups were assessed for everyday life
independence using the Spinal Cord Independence Measure
(SCIM-III) [36], translated in Greek (g-SCIM-III) [37]. Total
SCIM score and subscores for Self-Care (g-SCIM-III-SC),
Respiration and Sphincter Control (g-SCIM-III-RS), and
Mobility (g-SCIM-III-M) were recorded.

In the SCI group, 9 out of 10 patients had incomplete
injury. Four patients were classified as AIS D (40%), 2 were
AIS B (20%), 2 were AIS E (20%), one had complete injury
and was classified as AIS A (10%), and one patient was
classified as AIS C (10%). Regarding level, 70% were cervical
injuries whereas the remaining 30% were thoracic injuries.
Moreover, the predominant cause of injury, in 60% (6/10) of
patients injury, was motor-vehicle accidents (MVA), while
in 30% of participants the injury was induced by fall from
heights (Fall) and one patient reported other causes. Table 2
depicts age and gender distributions for both groups and also
cause of injury, AIS, and NLI by subject.

Based on neurological assessment, the 60% of patients
thatwere classified as eitherAISDorE showed approximately
intact generalmotor function and excellent UEMS and LEMS
(3/10 of patients scored 50 in both categories whereas 2/10
scored 48 in UEMS and 50 in LEMS). The remaining 40%

patients were classified as AIS A, B, or C and showed
motor deficits, as presented in Table 3. The SCI group was
therefore further grouped into positive outcome (60%) and
negative outcome (40%) for further analysis as described in
the statistical analysis section below. With regard to sensory
skills, the patients with good outcome scored as high as
the healthy controls in LT and PP sensory examination
(Table 3).

Subject assessment also included subjective reporting of
imagery capacity, using Vividness of Visual Imagery Ques-
tionnaire (VVIQ-II) [38] with eyes open that was assessed
for total score and for each of the four scenarios (VVIQ1-
VVIQ4). Psychometric evaluation also entailed answering
Beck Depression Inventory (BDI) [39] and Rosenberg Self-
Esteem Questionnaire (RSEQ) [40], both translated in Greek
[41, 42]. After the participation in the experiment, both
subject groups reported on HRI experience using the God-
speed robotics questionnaire [27], also translated in Greek
[43]. Godspeed total score (GDSPD-Total) and subscores for
Anthropomorphism (GDSPD-Anthr), Animacy (GDSPD-
Anim), Likeability (GDSPD-Like), Perceived Intelligence
(GDSPD-Int), and Perceived Safety (GDSPD-Safe) were
recorded.
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Figure 2: The experimental setup in Thess-AHAL. (a) SCI subject seated across the TV/computer monitor and between two robotic arms,
wearing a wireless commercial EEG device; (b) close-up to a “Mercury 2.0” house-built robotic arm; (c) the right robotic arm, showing
8 possible DoFs, grouped into proximal and distal movements; (d) the left robotic arm, showing DoFs that result in rotational or linear
movement. Each DoF allows movement towards two possible directions [12].

2.2.3. Experimental Procedure. As the experimental proce-
dures have been also described in detail [12, 29], we will pro-
vide an overview hereby. The subjects were asked to perform
Visual Motor Imagery (VMI), meaning they had to mentally
rehearse 32 different movements of the upper extremities,
while watching a set of arms performing randomly those
movements on a computer screen. Each movement was
shown 9 times in total. Randomly, walking and an oddball
video were also shown. This VMI experience was aimed at
preparing participants for the BCI classes they would have to
later perform.ThisVMI procedurewas also performed under
high-resolution EEG recording, which will not be further
elaborated hereby.The subjects had their arms, torso, and legs
coveredwith a black curtain duringVMI experience aswell as
during subsequent BCI training and BCI control to facilitate
registration of the projected arms (in the case of VMI) or the
robotic arms (in the case of BCI) into the body schema [28].
Also, in the case of VMI the projected arms were gender-
matched to the subject.

Following VMI experience, the subjects sat across a
computer monitor, between two Mercury 2.0 robotic arms,
located in theThessaloniki Active and Healthy Ageing Living
Lab technology showcase room (Thess-AHALL, member of
ENoLL) [44–46]. Subjectswore anEmotiv EPOCheadset and
they began training of the BCI modality using kinesthetic

motor imagery (KMI) of movements of the left and the
right arms. Action power threshold was set at 50% and all
subjects were above threshold during training [29]. Three
imagery classes were trained (resting state, left, and right).
Five training cycles were allowed for left and right, using
continuousmental rehearsal of allmovements of left and right
arm, respectively (as in the videos that subjects watched) [47].
Training skills (Train-L) (Train-R) classes were recorded.
Following BCI training, the subjects were given written
commands in the monitor to move a specific DoF towards
a specific direction. 32 different commands were given in
total and the subjects were asked to use the trained KMI
skill in order to control the robotic arms to perform those
actions. Each command was projected for 30 sec with a 5 sec
rest between them (Figure 2). During the 30 sec period the
subject attempted to perform themovement asmany times as
possible by giving the desired direction of imagery class (left
or right).The BCI detected as correct (desired) any activation
of the class corresponding to the arm currently targeted and
gave the output to move the arm as per the instruction
(positive feedback). Incorrect (undesired) activation that was
detected resulted in an opposite motion of the target robotic
arm (negative feedback). Desired and undesired commands
that were detected by the BCI program were recorded
through the MATLAB script.
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Table 4: House-developed performance rating scale for brain-robot interface control, tailored to the needs of the use case of the current
experiment.

Performance rating of brain-robot interface control based on ratio of desired to undesired detected & classified mental commands
Score Rating Description of rating
5 Excellent Arms were moving towards desired direction for most of the time
4 Very Good 5+ commands were detected, minimal undesired commands
3 Good 4+ commands were detected, only 2-3 undesired commands
2 Average 3+ commands were detected, but also up to +3 undesired commands

1 Minimal 1-2 commands were detected or 3-4 including undesired commands
or many commands were detected but most were undesired

0 No control No command or only undesired commands were detected

Performance was rated in each different movement with
a score from 0 to 5, based on the ratio of desired men-
tal commands to undesired mental commands that were
detected and classified (Table 4) [12]. A total score for
BCI performance (BCI-total) was then calculated for each
subject, adding the scores for each movement (max 160)
and the performance of each subject was also converted
to a percentage (BCI%). Subscores were calculated for the
16 movements of the left arm (BCI-L), the 16 movements
of the right arm (BCI-R), the 16 movements of wrists,
fingers, and thumbs (BCI-Distal), and the 16 movements of
shoulder and elbow (BCI-Proximal), with max scores of 80.
Subscores were also calculated for 24 linear movements and
8 rotational movements but, to allow comparison, an average
per movement score was calculated for both categories (BCI-
Li/24 and BCI-Ro/8).

2.3. Statistical Analysis

2.3.1. Statistical Tests. Statistical analysis was performed in
IBMSPSS Statistics (version 23) andwe set a significance level
of 0.05 for all statistical tests. The variables were explored for
normality assumption using two grouping schemes: (1) SCI
and healthy groups as grouping factor for all subjects and
(2) positive and negative outcome as grouping factor for SCI
subjects.

Normality was explored using visual inspection of his-
tograms, normal Q-Q plots and boxplots, skewness, and
kurtosis [48–50] as well as using the normality tests (Shapiro-
Wilk test and Kolmogorov-Smirnov Test) [51, 52]. The variable
age, in particular, was normally distributed for both groups
(skewness: 0.407 (SE = 0.687), kurtosis: −1.418 (SE = 1.334) for
healthy group; skewness: 0.651 (SE = 0.687), kurtosis: −0.752
(SE = 1.334) for patient group).

Normality assumption was not met (1) for motor and
sensory scores of neurological examination as well as SCIM
scores, (2) for VVIQ1 and VVIQ3 scenarios and BDI in SCI
and healthy groups, (3) for GDSPD-Safe in either grouping
scheme, and (4) for training scores in outcome grouping. All
other distributions met normality assumption. Depending
on normality assumption group differences were explored
using either Independent Samples t-test or Mann–Whitney
(U) test. Possible associations between quantitative variables
were explored viaPearson correlation coefficient or Spearman’s

coefficient depending on normality. Other specific statistical
tests or other specific groupingswere used as described below.
Please also refer to Supplementary Materials for a more
detailed report of statistical analysis (available here).

2.3.2. Demographics, Somatometric Data, and Clinical Eval-
uation. Initially, we planned comparisons of demographic
and somatometric data between SCI and healthy groups.
Comparisons regarding the education level (basic studies,
pregraduate level, graduate level, postgraduate level, and
Ph.D. holders) were performed by Mann–Whitney (U) test,
since our data are ordinal (Likert-type) [53]. Medical history
and neurological data were analyzed via descriptive statistical
methods. Moreover, we explored whether the smoking status
is independent of the group or not using chi-square test.

2.3.3. AssessmentQuestionnaires andUser Perception. Imagery
capacity (VVIQ) and psychometric questionnaires (BDI and
RSEQ) were analyzed between SCI and healthy groups,
as well as between SCI subgroups of positive and neg-
ative outcomes. The scores of Godspeed and its sub-
categories (GDSPD-Total, GDSPD-Anthr, GDSPD-Anim,
GDSPD-Like, GDSPD-Int, and GDSPD-Safe) were analyzed
between patient and healthy groups, as well as between
patient outcome groups. Finally, possible correlations were
explored between Godspeed scores and BCI performance as
well as Godspeed scores and VVIQ scores.

2.3.4. BCI Performance. BCI-total, BCI-L, BCI-R, and train-
ing skills (Train-L and Train-R) were analyzed between SCI
and healthy groups aswell as in SCI outcome subgroups. BCI-
Distal, BCI-Proximal, BCI-Li, and BCI-Ro were analyzed
using descriptive statistics. We further explored differences
in BCI performance and training scores between different
groups of neurological levels of injury (cervical, thoracic)
after testing for normality. Additionally, linear regression
analysis was used to model the possible relationship between
the independent variable BCI scores and the explanatory
variable NLI using linear regression analysis. Possible cor-
relations were further explored across groups (SCI/healthy)
between BCI performance and (1) age, (2) imagery capacity
(VVIQ), and (3) psychometric questionnaires (BDI, RSEQ)
for both groups.
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Figure 3: Scores of SCI and healthy groups at VVIQ test and its
scenarios show no significant difference between groups.

3. Results

3.1. Demographics, Somatometric Data, and Clinical Eval-
uation. Planned comparisons of age between groups did
not reveal any significant difference (Table 1). Regarding
education level, no statistically significant difference between
groups was shown. Group differences were not revealed
in somatometric data either. Most of the injuries (4/10)
happened when the participants were between 26.0 and 33.0
years of age.The secondmore vulnerable age range to injuries
(MVAs) seems to be the age range of 50.0–57.0 years. Explor-
ing whether the smoking status is independent of the group
or not, we observed a significant association (𝜒2 = 5.051, df =
1, p = 0.025), since 70% of the healthy group and only 20% of
the SCI group were smokers. Subjects with positive outcome
scored as high as the healthy subjects in g-SCIM-III test and
its subcategories. In the remaining group, deviation in the
performance at the g-SCIM-III test was found. Table 5 shows
aggregated the most important statistical tests we performed
and their results on demographics, clinical evaluation, and
assessment questionnaires.

3.2. Assessment Questionnaires. VVIQ did not show any
significant difference between SCI and healthy groups in
total score or any of the scenarios. SCI group scored lower
than healthy (Figure 3) but differences did not reach sta-
tistical significance. Regarding SCI outcome subgroups, no
considerable group differences were revealed inVVIQ scores.
Also, even though the SCI group showed increased depressive
scores and decreased self-esteem compared to healthy group,
group differences were not statistically significant (Figure 4).

3.3. BCI Performance. Planned between-group (SCI/healthy)
comparisons of BCI performance revealed a statistically
significant difference only in the control of right robotic arm
(BCI-R: 𝑡 = 2.592, df = 18, p = 0.018). Although BCI scores

of SCI group were generally lower than those of control,
group differences did not reach statistical significance. Also,
regarding performance in different types of robotic arm
movements (Table 6), based on the planned analysis, no
significant outcomeswere shown.Comparisons of BCI scores
between SCI outcome subgroups (positive, negative) did
not reveal any statistically significant difference (Figure 5).
However, subgroup with positive outcome seems to score
higher in total BCI control (Figure 6).

The ability of SCI subjects to control robotic arms did
not differentiate depending on the injury location (cervical,
thoracic). However, subjects with cervical injuries scored
higher than those with thoracic injuries in BCI control. BCI-
Total was marginally negatively correlated to NLI in the
SCI group (p = 0.064) (Figure 7). Negative correlations,
but not statistically significant, were found between the BCI
performance and the age (Table 6).

The training skill was not statistically different between
SCI and healthy groups neither for the right hand, nor for the
left hand, even if SCI subjects showed slightly lower training
scores in the right hand and higher in the left hand than
healthy participants. Comparing training scores between
SCI subjects grouped by outcome (Figure 8), a marginally
considerable difference was found only in training scores of
left hand (𝑈 = 3.5, p = 0.068). SCI subjects with negative
outcomes trained more efficiently in left hand compared to
the subjects with positive outcome (Table 6). SCI subjects did
not considerably differentiate their training scores depending
on the level of injury. However, it was noted that Train-L
was greater in thoracic SCI subgroup than those with cervical
injuries whereas the opposite was the case for Train-R.

Total BCI scores were significantly negatively associated
with VVIQ total scores (𝑟 = −0.727, p = 0.017) and VVIQ3
(𝑟
𝑠
= −0.948, p < 0.001) as well as the BCI-L scores and

VVIQ3 (𝑟
𝑠
= −0.665, p = 0.036) only in SCI group. However,

other subcategories of VVIQ such as VVIQ1, VVIQ2, and
VVIQ4 were not correlated to all BCI scores in SCI group
(BCI-Total-VVIQ1: 𝑟

𝑠
= −0.489, 𝑝 = 0.151; BCI-L-VVIQ1:

𝑟
𝑠
= −0.509, 𝑝 = 0.133; BCI-R-VVIQ1: 𝑟

𝑠
= −0.194, 𝑝 =

0.590; BCI-Total-VVIQ2: 𝑟 = −0.077, 𝑝 = 0.832; BCI-L-
VVIQ2: 𝑟 = −0.073, 𝑝 = 0.840; BCI-R-VVIQ2: 𝑟 = 0.005.
𝑝 = 0.989; BCI-Total-VVIQ4: 𝑟 = −0.312, 𝑝 = 0.380; BCI-L-
VVIQ4: 𝑟 = 0.026, 𝑝 = 0.943; BCI-R-VVIQ4: 𝑟 = −0.332, 𝑝 =
0.348). With regard to BCI performance depending on the
depressive symptomatology as assessed by BDI, significant
negative correlation was found only between total BCI scores
and BDI scores in healthy participants (𝑟

𝑠
= −0.719, p =

0.019). Correlations explored between all BCI scores and
scores at Rosenberg Self-Esteem Scale did not reach statistical
significance for both groups (Healthy-BCI-Total-Rosenberg:
𝑟 = 0.150, 𝑝 = 0.679; BCI-L-Rosenberg: 𝑟 = 0.054. 𝑝 = 0.882;
BCI-R-Rosenberg: 𝑟 = 0.115, 𝑝 = 0.751; SCI: BCI-Total-
Rosenberg: 𝑟 = −0.067, 𝑝 = 0.854; BCI-L-Rosenberg: 𝑟 =
−0.397, 𝑝 = 0.255; BCI-R-Rosenberg: 𝑟 = 0.369, 𝑝 = 0.294).

3.4. User Perception. Based on planned analysis of HRI
characteristics of the robotic arms, SCI and healthy groups
did not present significant differences in their answers in any
subcategory (GDSPD-Anthr: 𝑡 = 1.504, df = 18, 𝑝 = 0.150;
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Figure 4: SCI scores at Beck Depression Inventory are increased while at Rosenberg Self-Esteem Scale they are decreased, compared to
healthy controls, but findings are not statistically significant. ∗Extreme value.
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Figure 5: BCI performance (BCI-Total) in the control of robotic arms and in the control of the right robotic arm (BCI-R) was lower for SCI
group, but not statistically significant. ∘: outlier.

GDSPD-Anim: 𝑡 = 0.611, df = 18, 𝑝 = 0.549; GDSPD-Like:
𝑡 = −0.217, df = 18,𝑝 = 0.831; GDSPD-Int: 𝑡 = −0.047, df = 18,
𝑝 = 0.963; GDSPD-Safe: 𝑈 = 42.0, 𝑝 = 0.536) of Godspeed
questionnaire. Additionally, there was no difference between
groups in GDSPD-Total (𝑡 = 0.427, df = 18, 𝑝 = 0.675).

The scores are illustrated in Figure 9 (GDSPD (/120)
(mean (SD)), healthy: 80.80 (14.78); SCI: 78.00 (14.57);
GDSPD-Anthr, healthy: 13.60 (4.25); SCI: 10.80 (4.08);
GDSPD-Anim, healthy: 18.90 (5.11); SCI: 17.70 (3.53);
GDSPD-Like, healthy: 18.50 (3.87); SCI: 18.90 (4.36);
GDSPD-Int, healthy: 17.70 (4.60); SCI: 17.80 (4.92); GDSPD-
Safe, healthy (median = 12.0, IQR = 5.3); SCI (median = 13.50,
IQR = 4.5)).

Godspeed’s scores were further explored after grouping
by outcome (positive, negative). Marginally significant differ-
ence was found only in Anthropomorphism (𝑡 = 2.251, df =
8, 𝑝 = 0.054) (GDSPD (/120): 𝑡 = 1.918, df = 8, 0.091; GDSPS-
Anim: 𝑡 = 1.382, df = 8, 𝑝 = 0.204; GDSPD-Like: 𝑡 = 1.289, df
= 8, 𝑝 = 0.233; GDSPD-Int: 𝑡 = 1.343, df = 8, 𝑝 = 0.216;
GDSPD-Safe: 𝑈 = 10.50, 𝑝 = 0.741). More precisely, SCI
subjects with negative outcome scored higher than those with
positive outcome in this Godspeed’s subcategory (negative
outcome: 13.75 (3.30); positive outcome: 8.83 (3.43)).

Significant correlation between Godspeed’s and BCI
scores was not revealed for any group. GDSPD-Anthr and
GDSPD-Int were positively correlated to VVIQ4 and VVIQ1
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Figure 6: BCI scores of SCI subjects grouped by neurological out-
come. Subjects with positive outcome performed nonsignificantly
better in BCI control than those with negative.

scenario’s scores, respectively, only in healthy (GDSPD-Int,
VVIQ4: 𝑟 = 0.654, 𝑝 = 0.040; GDSPD-Anthr, VVIQ1: 𝑟 =
0.629, 𝑝 = 0.052). In SCI group, GDSPD-Safe was positively
associated with scores in VVIQ total (𝑟 = 0.696, 𝑝 = 0.025)
and VVIQ1 (𝑟 = 0.780, 𝑝 = 0.008).

4. Discussion

4.1. User Perception and Performance Assessment. Our results
show that healthy controls performed better (49.65%) than
the SCI group (41.65%) in BCI control and so did sub-
jects with positive neurological outcome (43.44%) when
compared to subjects with negative neurological outcome
(39.6%). Both those observations did not reach statistical
significance but their interpretation is not as straightforward.
Since no patients with complete tetraplegia were included,
these findings probably cannot be attributed to some type
of “thought extinction process” [54]. Indeed, self-reported
imagery capacity (as measured by VVIQ) was found to be
nonsignificantly lower in SCI group than in healthy subjects
but, on the other hand, subjects with cervical injuries fared
better than those subjects with thoracic injuries. Thus the
group with injury that could affect upper extremity neural
circuits outperformed those subjects that did not have direct
injury to those circuits. Moreover this finding was further
reinforced by a marginally significant (negative) correlation
of BCI performance to neurological level of injury, meaning
that the higher the level of injury, the better the subjects
performed.

Possible explanations for performance differences could
be explored along the lines of depression [55] andmotivation
[56, 57]. Indeed the SCI group showed increased depressive
scores (measured by BDI) and lower self-esteem scores (mea-
sured by RSEQ), despite both findings not being statistically
significant. Our research protocol did not include any official
questionnaire to assess SCI and healthy subject with regard
to motivation. Only by anecdotal evidence, during informal
debriefing discussions that we heldwith participants, subjects
with thoracic injuries tended to consider somewhat irrelevant
this experimental setup to their condition. While reciprocal

sensorimotor pathways and sensorimotor cortex representa-
tions are affected regardless of the level of SCI, those subjects
felt that their clinical condition and independence demands
were not addressed by robotic arms technology.

The HRI characteristics of the robot were measured
(after the participation) by Godspeed robotics questionnaire.
It seems that user perception did not differ significantly
between SCI and healthy subjects. While in Figure 9 we
show absolute values for the total questionnaire score and its
subscores, since no standard for direct comparison of those
can be identified, we feel that intergroup comparisons are
more useful. As such, we believe that this is a positive finding,
interpreting it as users with SCI appreciating the robot more
or less the same as their healthy counterparts. Among SCI
subgroups, those with negative outcome gave higher scores
to Anthropomorphism of the robot (mean 13.75 out of max
25) than those with positive outcome (mean 8.83 out of max
25), a finding that can be considered marginally significant
(see Figure 9(b)). Indirectly, since user perception did not
correlate with BCI performance and did not vary between
SCI and healthy subjects in all other comparisons, perhaps
this could be attributed to psychometric attributes of the
participants and it should be further investigated in an SCI
group with wider participation.

As we mentioned, no statistically significant negative
correlations were found between BCI performance and the
age of the subjects, a finding that also needs further study
in order to be validated. As much of the BCI research field
endeavors have been shaped around the issue of providing
affordable, acceptable, and useful assistive systems for the
benefit of the disabled, the particular characteristics of elderly
patients should be the focus of investigation [58, 59].

Finally, BCI performance was significantly negatively
associated (𝑝 = 0.017) with imagery capacity (as self-
reported by VVIQ), a seemingly nonsensical finding. That
could probably be attributed to one of the scenarios (VVIQ3
𝑝 < 0.001) skewing the total. We have insufficient data to
interpret this, but until further evidence our hesitant (since
this is an established tool [60]) suggestion would be to either
to use a different research tool to measure imagery capacity
or to omit the 3rd scenario of the VVIQ in the context of BCI
controlled robotic arm experiments.

Some correlation was also revealed between reported
imagery capacity and Godspeed questionnaire. SCI subjects
that had higher scores in VVIQ rated Perceived Safety
higher (𝑝 = 0.025). This finding was strongly influence by
VVIQ 1st scenario (𝑝 = 0.008) since it was not present
for the other scenarios. Said scenario asks of the subjects
to think of some relative or friend whom they frequently
see and consider their picture, a mental task that could
induce a sense of familiarity or attachment and perhaps
affect their answer on the Perceived Safety questions [61].
On the other hand, healthy subjects that had higher scores
in VVIQ 1st and 4th scenarios rated Perceived Intelligence
and Anthropomorphism higher too, findings that are not
explained by the content of those scenarios. Perhaps their
significance is marginal (𝑝 = 0.052 and 𝑝 = 0.040, resp.)
but whether these trends persist or not with a wider user base
is something that should be investigated before drawing an
accurate conclusion.
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Figure 8: Train-L and Train-R,mean values—grouped by SCI or healthy group (a) andmedian values—grouped by outcome (b). SCI subjects
with negative outcome performed marginally better than those with positive.

Our work adds onto an envisaged puzzle of BCI technol-
ogy and uses case scenarios with an emphasis on affordability
(off-the-shelf component system) and realism at a reasonable
accuracy. Multi DoF robotics control by users with SCI has
been proven to be feasible even by commercial-class wireless
BCI. Nonetheless, repeated training in several BCI sessions is
probably needed to improve performance by the end-users.
Although users with complete lesions by definition would
benefit more from ongoing research in robotics and BCIs,
the use of brain controlled assistive technologies holds special
importance for users with incomplete injuries too [62]. As

a result of preserved reciprocal neural pathway communica-
tion, robotic-assisted training and brain controlled functional
stimulation have been shown to improve armmotor function
of those patients [63, 64] but expectations from assistive
technologies and motivation to use them should be among
key targets for further user experience investigations.

4.2. Further Technological Development. Our main devel-
opment directions include (1) improving accuracy, speed,
responsiveness, fluidity, and efficiency; (2) enhancing the
integration of the system into the operator’s perceived body
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Figure 9: Answers provided to all Godspeed scores from SCI and healthy groups (a) showing no significant difference between groups.
Anthropomorphism (b) was rated marginally higher by SCI subjects with negative outcome than those with positive.

mental image [17]. The pipeline that we overview below
is tested offline, since several aspects, such as the solution
of the inverse problem, entail high computational cost and
are planned to be realized with dedicated processing units
and use of artificial intelligence (AI) [12]. We are currently
developing and testing a novel BCI decoding algorithm.
Our goal is to increase discriminative ability to multiple
MI classes projecting sensor data to cortical source domain
[65, 66]. The COLIN27 anatomy is used [67], but tests
are also made on individual head models. Our approach
is based on studies indicating that the features extracted
from the source domain enhance the discrimination [68–70],
since the higher dimensional space of sources incorporates
anatomical and physiological information. Spatial features
are extracted in predefined Regions of Interest (ROIs) [12]
and Common Spatial Pattern (CSP) filters [71] are calculated
on each ROI. Tuning and feature selection using a linear
classifier (LDA) are a crucial part in order to determine the
most valuable ROIs and improve BCI performance. The use
of time-frequency and connectivity features in conjunction
will also be explored.

4.3. Limitations. Aswe have alreadymentioned [12], multiple
MI class discrimination is a challenge that state-of-the-art
noninvasive BCI technology has yet to meet with success.
Depending on a proprietary BCI algorithm, such as in our
case, further underlines this problem, as it was not tailored to
our specific needs. While the commercial-class device meets
the use case needs and will be retained in future implementa-
tions, the proprietary BCI algorithm will be substituted with
the one currently under development, in order to explore

and reach practically usable performance of the entire system.
This setup will be used in future experiments, including tests
on the EEG data that have been already recorded. In general,
off-the-shelf BCI technology seems to be able to meet the
demands set by the field for unobtrusiveness, portability, and
simplicity but it is possible thatmulti-DoF controlmay be not
feasible or impractical without extensive use of supportive AI
and advances in electronics charged with decision-making.
Finally, from the investigation’s perspective, although our
study is one among those featuring adequate sized sample of
disabled end-users for BCI technology [72, 73], our approach
would benefit from wider subject participation for validation
and extraction of statistically significant—and relevant to the
advancement of the research field—results.

5. Conclusions

Much of the BCI research endeavor has been shaped around
the issue of providing affordable, accurate, and real-time
assistive systems for the benefit of the disabled. This piece
of research adds onto that envisaged puzzle, but tackling
affordability (off-the-shelf component system) of realistic
scenarios at a reasonable accuracy. Healthy controls, SCI
subjects with positive neurological outcome, and subjects
with cervical injuries performed better in BCI control.
Depression and motivation could play significant roles in
BCI and robotics control. Reported imagery capacity was
nonsignificantly lower for SCI subjects. User perception of
the robot did not differ between SCI and healthy subjects,
but, among SCI participants, those with negative outcome
rated anthropomorphic characteristics higher. More BCI
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sessions are expected to improve performance of SCI and
healthy subjects. The herein results demonstrate that by
developing BCI decoding algorithms capable of true control
of multiple DoFs and addressing the computational cost
of online implementation of such an approach, it could be
within short-term reach.Whilemaintaining requirements for
wireless, unobtrusive solutions constitutes challenges yet to
be met, the exploitability of such a system by real patients
at a reasonable accuracy cannot be understated. Improving
electronics, fluidity, and accuracy of the robotic system,
enhancing HRI experience, and implementing a source-
based BCI algorithm for multiple class control, as well as
further investigationswith disabled users, are among our next
steps.
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This article describes a proposal and case study based on mobile phones and QR Codes to assist individuals with cognitive
disabilities in their labour training and integration. This proposal, named AssisT-Task, is a full functional mobile application for
Android smartphones and offers step-by-step guidance, establishing a learning method through task sequencing. It has been tested
with a group of 10 users and 2 types of labour tasks. Through 7 recorded sessions, we compared the performance and the learning
progress with the tool against the traditional assisting method, based on paper instructions. The results show that people with
cognitive disabilities learnt and performed better and faster when using AssisT-Task than the traditional method, particularly on
tasks that require cognitive effort rather than manual skills. This learning has proved to be essential to obtain an adequate degree
of personal autonomy for people with cognitive impairment.

1. Introduction

Autonomy is the main goal for people with any type of
cognitive impairment. In order to achieve a fulfilling life,
support is critical [1]. In this article, we focus on people with
cognitive disabilities susceptible to be recruited to work in
a company and, particularly, people with Down syndrome.
These people are usually educated in labour centres, where
special education teachers and labour tutors train them in
several skills, adapted to their profiles.Their curricula usually
include internships in companies, and eventually, they are
hired afterwards. Therefore, educators have to teach their
students a large number of skills, including stationery, office
managing, and reception or cleaning service.

The traditional way to train and teach these skills is task
repetition for a long time. During this process, caregivers
monitor users’ performance and provide oral or textual infor-
mation. Although they usually provide direct supervision and
support, they have to let the student progressively complete
the task without any help. This way, instruction-based sup-
port is usually provided, so that they can consult it and
complete the task [2]. Traditionalmethods of support include
verbal instruction, cards with text, and/or pictures or lists.
Although this support is carefully developed by caregivers

and experts, they present some challenges to people with
cognitive disabilities: they often have difficulties to read, to
relocate themselves within a text when they get lost, to look
for specific information of a certain instruction, and even to
understand them.

These issues motivated researchers to study how to
introduce technological aids for daily-life activities perfor-
mance, both in the learning process and in their houses or
workplaces. In the literature, we can find that most of the
researchers proposed new devices that provide instructions
and offer prompting-based interfaces.This approach involves
that users must learn how to use a new device—usually wear-
able screens or specifically developed interfaces—and then
use them to do the tasks. In otherwords, this training involves
a new challenge, using an unknown device, which entails a
new learning process and changes in their learning paradigm,
and its success might be jeopardized again.

Studies such as [3, 4] run different interviews with people
with cognitive disabilities and tried to find a common pattern
of technology usage among them. Additionally, Hallgrenn et
al. [5] applied the ETUQ (Everyday Technology Use Ques-
tionnaire) to 120 users with different level of cognitive impair-
ment. It showed that the perceived difficulty of technology use
among these people is directly proportional to their cognitive
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impairment severity, with a slight influence of the interest of
the user in the device or the topic it covers. Lancioni et al. [6]
considered that progress on assistive technologies should not
be taken apart from progress on common technologies and
defended new strategies of intervention so the users get the
most of innovative technologies.

Therefore, it would be far better for them to use their
well-known devices, in a less intrusive manner, instead of
introducing in their lives new and unknown devices. As it will
be presented in latter sections, smartphones are very popular
among them and fit perfectly these requirements. Even if they
had not any previous experience with them before, learning
how to use them would be advantageous, since these devices
will become useful in some moment of their lives. Besides,
Holzinger et al. [7] discussed the acceptance of technology
and the tolerance of individuals to introduce a new device in
their routine. A person with cognitive disability, yet having
been trained in its use, will not use the device in his/her real
life if there is no total acceptance of it.The authors concluded
that acceptance is strictly related to previous exposure to
technology, so smartphones remain as an optimal choice for
our study. In fact, choosing a device of high acceptance level
decreases the risk to become an abandoned device through
time, a problem that occurs with almost 35% of assistive
developments, as some studies pointed out [8].

On that basis, we chose smartphones as the developing
platform. Our approach was based on an intuitive and un-
complicated way to assist doing tasks. Users only need their
smartphones, launch the application, and follow the previ-
ously prepared sequence of instructions. Thanks to the ubiq-
uity of these devices, the assistance would be available any-
time they need it. The process can be divided into two steps:
task selection and task execution. As it will be detailed in
further sections, task identification can be challenging so
different approaches should be considered. In our case, we
decided to release users from this work, tagging the environ-
ment with identification codes, easily readable by the device.
The cheapest,mostwidespread, error-safe tagging technology
nowadays is QR Codes [9]: task information is coded into
a visual mark, which is printed and put near the places
where tasks must be done, providing pervasive assistance
[10]. Current smartphones are able to read them through
the camera and the capturing-decoding procedure is easily
includible in applications. On the other hand, the assistance
to perform the task will be offered as a prompting sequence of
instructions, supplemented with visual and audio cues. This
way, users would receive the stimulus by different channels.
Besides, thanks to the navigation controls, users would be
able to go forward and backward as they need.

In order to validate our development, we run an eval-
uation with 10 young adults with Down syndrome from
a labour training course. We used a hybrid methodology,
combining elements from inquiry (e.g., Direct observation
during the trials) and testmethodologies (e.g., Focus groups),
which provided us with objective information about users’
performance and knowledge acquisition.

This article is organized as follows: after the introduction,
we present a review of the related work in the literature
in Section 2. Then, in Section 3, the AssisT-Task system is

described in detail. After that, the evaluation carried out
is explained in Section 4 and the results are discussed in
Section 5. Finally, we summarize the conclusions extracted
from the experience and outline some future work lines in
Section 6.

2. Related Work

Cognitive disabilities are related to mental and intellectual
functioning and can be caused by several factors, such as
genetics, congenital, and environmental factors. A wide
accepted definition is the one by the American Association
on Intellectual andDevelopmental Disabilities (AAIDD) [11]:
“intellectual disability is a disability characterized by sig-
nificant limitations in both intellectual functioning and in
adaptive behaviour, which covers many everyday social and
practical skills.This disability originates before the age of 18.”
Intellectual functioning refers to mental capacity (reasoning,
learning, and problem solving), while adaptive behaviour
refers to conceptual, social, and practical skills (such as activ-
ities of the daily living, occupational skills, and schedules).

Therefore, cognitive disabilities include different diagno-
sis, such as Alzheimer disease, traumatic brain injury, Down
syndrome, autism spectrum disorders (ASD), and attention
deficit hyperactivity disorder (ADHD). In this article, we will
focus on people with Down syndrome; however, some of
the ideas and studies are easily adapted to other cognitive
disabilities.

Most of the works related to assistive technologies for
people with disabilities are rarely focused on cognitive im-
pairments. Despite this hurdle, the literature still provides
some interesting works. Particularly, in this review, we fo-
cused on assistive technologies to help people with cognitive
disabilities to do different tasks. Due to the wide variety of
activities and contexts, we classified the works in three
groups: daily-life activities at home, related to education, and
related to workplace.

2.1. Daily-Life Activities at Home. As daily-life activities at
home, we usually consider every task or basic capability
related to personal care (hygiene, dressing, food, etc.), instru-
mental activities (cleaning, meals preparation, transport,
and money management), and the relations with relatives,
neighbours, and flat/residence mates. This context provides
a basic level of independency and it is narrowly related
to age. Therefore, many researches have been working on
the empowerment of users at this level. Particularly, a good
example of project related to our work is “Memory Aiding
Prompting System” (MAPS) [12]. It uses mobile technologies
(i.e., PDAs) as assistive devices to present an interactive guide
to do activities at home. The guides could be composed of
pictures, images, and videos that caregivers prepared with a
PC tool. Additionally, the system was extended to MAPS-
LifeLine in [13] to provide assistance in the workplace and
also feedback to caregivers.

Another interesting project is ARCHIPEL [14], an intelli-
gent kitchen equipped with sensors and actuators developed
to help people with specials needs in their daily lives. Thanks
to visual and audio cues, users are guided to prepare meals
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and alerted in case of dangerous situations (e.g., missing a
stove on). Additionally, the environment has a touch screen
to guide users doing the activity by providing recipes, videos,
and help. Related to this, “The TEeth BRushing Assistance”
(TEBRA) project also employs intelligent systems to help
users brushing their teeth [10]. It uses sensors, cameras, and
complex decision systems to recognize the action that the
user performs and automatically provide the next instruction.

Finally, PREVIRNEC is a distributed telerehabilitation
system based on virtual environments that allow caregivers
to design and adapt activities and rehabilitation programs to
users’ needs [15]. This process can be done manually by the
caregiver or automatically, thanks to the reports generated
and the subsequent analysis.

2.2. Related to Education. Another key area that researchers
in assistive technologies usually focus on is education. It
includes the whole learning process in all stages, from
kindergarten to higher education, as well as the relations with
other students, teachers, and centres’ staff. Besides, innovative
technologies are commonly integrated in their curricula as
part of the learning areas.

Thus, we found projects such as Artifact-AR [16], an aug-
mented reality system for cognitive rehabilitation. It uses a
three-dimensional structure with tags and pointers to work
on memory, sequencing, and images identification. The sys-
temwas evaluated by therapists, who reported its suitability to
the rehabilitation and learning processes but also highlighted
some limitations of the system, such as its performance-
dependency to external illumination and the need of pointers
with adapted fasteners.

Related to the use of mobile devices, we found Picaa
[17], a mobile platform specifically designed to help people
with special needs in their educational process. It takes
advantage of the iOS features, such as the touch screen,
accessibility, and the ubiquitous access to the Internet to
offer four types of activities: visual exploration of content,
association, puzzles, and sorting activities. One of the features
of Picaa is including the authoring tool and users’ activities
in the same application, so educators can develop the content
directly on the user’s device. From the evaluation, the authors
concluded that Picaa helped in the development of basic
skills, such as perception, attention, or memory.

Another interesting work that uses iOS devices (particu-
larly, iPads) was presented in [18]. In this article, the authors
contribute an empirical vision of the iPad as amobile learning
tool for students with cognitive disabilities in postsecondary
education. To do that, they distributed devices, previously
loaded with applications, among a group of students, and
asked about their usage after a period of time. From the
surveys and interviews, the authors concluded that, although
all users were satisfied, they found difficulties to choose,
configure, and test the most suitable application. However,
once they found the proper one they reported to be very
satisfied.

2.3. Related to the Workplace. One of the problems that
people with cognitive disabilities have to address is the lack of
autonomy. Authors such as Taylor and Hodapp [1] stated that

their real independency relies directly on economic factors.
Therefore, finding and keeping a job is a key factor to promote
their autonomy. Thus, the workplace context includes all the
necessary skills to get, keep, and develop a remuneratedwork,
as well as the personal relations with partners, supervisors, or
suppliers.

Thanks to the possibilities that current technologies offer,
we can find novel examples of assistive developments such as
ARCoach [19], which uses augmented reality to train people
with cognitive disabilities in work tasks. Particularly, the
authors presented an evaluation of the system applied tomeal
preparation in a restaurant. To do that, participants had to
prepare a menu by selecting four different plates, represented
by tags, and putting them in a tray in the appropriate order.
A cenital camera recognized the tags and presented a virtual
model of each plate on a screen.Then, themenuwas automat-
ically analysed by the system, attending to the selection of the
plates and their position in the tray. From the evaluation of
the system, the authors validated it since participants learnt
the activity and this knowledge was retained.

Another example of labour task training based on tech-
nology is Kinempt [2].This system used theMicrosoft Kinect
camera to identify the action the user performed and com-
pared it to the one that had to be done to complete the task
(previously recorded). Once the action is performed cor-
rectly, the system automatically provides the next instruction
until the user finishes the task. Therefore, no direct supervi-
sion is required.The systemwas validatedwith real users with
cognitive disabilities in a pizzeria environment. They were
asked to prepare pizzas with different ingredients with the
Kinempt support and the results demonstrated the possibili-
ties and suitability of this kind of developments to make the
training period easier and cheaper.

Finally, the literature also provides novel examples of
mobile technologies applied to work inclusion, and training.
Smith et al. presented in [20] a study of the viability of
mobile technologies as self-instruction devices. To do that,
three users with cognitive disabilities did a labour related
task (upgrading a PC memory) with the support of a mobile
phone loaded with videos explaining the procedure. From
the data collected, the authors validated these devices as
appropriate for labour training. Another interesting work
presenting a study of mobile devices (i.e., the iPod touch)
as vocational task support was carried out by Gentry et al.
[21]. In their article, they present three studies in which
participants used an iPod touch loaded with commercial
applications as a system of support. During the experiments,
the authors measured different time variables, such as the
time working, the time they need direct supervision, and
external support. In general, thanks to the iPods, the time
employed by the labour trainer was drastically reduced as
long as the experiment advanced.

In summary, we found that mobile devices (such as
smartphones or PDAs) are one of the promising technologies
for assistance. Although other technologies such as computer
vision or smart environments have been studied, they require
an additional and expensive infrastructure. In contrast, the
familiarity of users with smartphones, their high penetration
level in society, and the increasing capabilities they offermake



4 Wireless Communications and Mobile Computing

them suitable for task assistance in the three contexts: home,
education, and workplace. Besides, they act as a motivation,
which may help to reduce the high abandonment rates of
assistive technologies [8, 22, 23].

In general, the assistance is delivered by different chan-
nels or modes: audio, images, video, and so on that can
be prompted automatically or by user interaction. That is,
some works make the user ask for the next step, while
others provide the next instruction automatically. Although
both have their advantages and disadvantages, the manual
approach would make users more conscious about their
progress doing the task, since they have to identify when the
step is completed to ask for the next one. This empowers
the assistance-training duality [24]. In this sense, the MAPS
project fits perfectly with this idea but it has strong limitations
with the new devices and interaction possibilities.

Besides, as it has been demonstrated in different studies,
mobile devices reduce the supervisor’s load, which may lead
to costs reductions (both time and human resources).

3. Materials

In the previous section, we have presented a view on people
with Down syndrome and current developments for their
assistance. Aswe said before, therewere a few approaches that
could fit their needs, but they have limitations. Therefore, we
decided to design, develop, and evaluate a novel application
for Android smartphones.

AssisT-Task is a mobile system based on task-sequencing
and QR Codes that provides pervasive guidance to do
daily-life activities. To do that, we employ smartphones as
prompting devices and performance recorders.

The operation has been simplified as much as possible.
First, the caregiver defines the task by means of the set of
steps that compose it.This is possible thanks to the authoring
tool provided. Once the task definition is ready, a QR Code
containing its information is printed and tagged in a proper
place (e.g., close to the washing machine for the “doing the
laundry” task). Then, users only have to open the application
on their phones, point at the tag, and follow the steps to
complete the task. Moreover, this guidance is adapted to the
task, the user, and his/her needs.

During the activity, the smartphone records every inter-
action that takes place. This way, caregivers would be able to
reproduce and analyse users’ performance.

3.1. Data Model and Architecture. The system is based on a
client-server architecture. The server stores all the informa-
tion related to users and activities but the client also has a
local copy of the information to provide offline assistance.

Activities (or tasks) are modelled as a set of steps
(instructions) and other activities. They also have a name
and a unique id, which is coded into a QR so they can be
easily identified. On the other hand, each step is represented
by a textual instruction and a descriptive image. Besides,
they have sorting relations with other steps or tasks to define
the sequence. In order to adapt the task to the user and
his/her needs, these relations are tagged and two additional
features are included into steps: repetitions and branches.

Figure 1: Authoring tool screenshot.The viewpresents the steps that
compose the “prepare coffee” task.

This way, the sequence can be adapted in execution time (the
sequence adaptation options are explained in detail in the
next subsection).

Caregivers can develop tasks and edit them with a pro-
vided authoring tool. It consists of a graphical user interface
which allows viewing all the available tasks, modifying
them (changing images, descriptions, features as branches,
repetitions, or user-labelling), creating new tasks, deleting
others, and exporting the QR Code. These features have
been implemented into a drag-and-drop environment. An
example of the interface is shown in Figure 1. As can be seen,
the screen is divided into two parts: a left side bar showing a
tree scheme of the available tasks and a right frame presenting
the steps that compose the selected task. In this example, the
“make coffee” task is composed of seven steps.

Additionally, a toolbar is included in the upper part. It
includes drag-and-drop icons to add tasks and steps and
buttons to delete and save the work, access user adaptation
mode, and generate the task’s QR Code.

3.2. Sequence Adaptation. Each user has a unique set of abili-
ties, and his/her cognition level is very difficult to measure.
Unlike other disabilities, the level of “cognitive prosthesis”
given depends on a varying number of factors, where some
of them are quite subtle [8]. Therefore, there is an imperative
necessity to have flexible tools to assist people with cognitive
disabilities. With that idea in mind, AssisT-Task allows
caregivers to decrease the prompting level for each user: when
designing tasks, each step is chained to the next step by
default, but it is possible to label a step specifying what the
next step for a certain user is, skipping all steps between
them. The intention of this feature is that the designer of the
task (usually the caregiver or the job responsible) makes it
as granulized as possible, so users with lower cognitive levels
have an adequate assistance, whereas users with higher levels
can do the same task with less steps, since they do not need
somuch help.This feature not only covers variability amongst
cognitive levels, but also avoids prompting dependency [25]
and decreases prompting level a long time. This way, users
have an adapted version of the task during their learning
process: their caregivers would program to skip steps in their
tasks as long as they progress and become able to perform the
task with less assistance.
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On the other hand, the system also provides mechanisms
to adapt the sequence to users’ and tasks’ contexts. To do that,
we developed two mechanisms: repetitions and branches.
Under some circumstances, it would be interesting to do a
step for a number of times repeatedly. Besides, this number
could be specified while designing the task or users should
be asked in execution time. This feature is supported by
the benefit that people with cognitive disabilities get from
mechanical instructions instead of complex or numerical
instructions, inmost cases. For example, it is preferable to say
seal the next envelope repeatedly instead of seal ten envelops
for the “prepare the mail” task, for example. The former
way makes the step atomic, clear, and understandable by the
user, whereas the latter introduces conditional and complex
information that can become difficult to understand by some
users with a lower cognitive level. In fact, the user will likely
assume the complex component of these indications by the
time, in a more natural way than a complex instruction.

The other adaptation mechanism is branching. In some
daily-life activities, the sequence of steps varies depending
on some events during the performance or factors affecting
the nature of the activity. For example, doing the laundry is
different if clothes are coloured, white, or delicate. With a
linear model of steps, caregivers would have to design three
different tasks, generate three QR Codes, and put them near
the washing machine. With three options, it does not seem
very problematic, but with other many activities, photo-
copying, regarding all the options of paper, zoom, density,
and arrangement, it is rather impractical. Therefore, the
application allows creating branches in the sequence, through
steps that ask the user to choose an option to continue. For
example, doing the laundry would have a step asking what
kind of clothes youwant to wash, with three possible answers:
white, coloured, and delicate. Every option would lead to
different subsequences of steps, converging before the end,
not necessarily, depending on the activity we want to design,
with the steps to turn off the washing machine.

3.3. Interface Design. The interface design process was an
expert-centred approach. That is, we had the support of
experts and therapists of the Down Syndrome Foundation
of Madrid and discussed different versions of the interface.
It finally took three iterations until we designed the last
version of the interface. Figure 2 shows two screenshots of the
interface. In (a), the user selection screen is presented. In the
first steps of the design, we did not consider the smartphone
to be shared by different users but educators suggested that it
would be very useful in the class. This way, all users would
have the opportunity to use it. Therefore, we decided to
include this optional screen to ask the user about who he/she
is in order to identify him/her and provide a personalized
assistance and registry. As can be seen, the interface has been
simplified as much as possible. On the top of the screen, the
interface presents users’ names and their photographs. Then,
there are two arrows to go to the next/previous user and
an OK button to get in the application. Additionally, an exit
button has been included at the bottom of the screen.

Once the user selects himself/herself, the QRCode screen
is launched. It loads a view of the camera and automatically

(a) (b)

Figure 2: Screenshots of users’ selection interface (a). Note that
user’s photograph has been blurred in order to preserve his privacy.
And “open the tray” step (b).

detects and decodes the QR it is pointing at. After that,
the system requests the related information and loads the
sequence of steps. An example of it is shown in Figure 2(b).
On the top of the screen, right under the black title bar,
the instruction is shown. The font selected is clean and big
enough to be read easily. Right under the text, the descriptive
image is included, taking most of the available space. On
the bottom of the interface, we included two navigational
buttons, to go to the next or the previous step. They have
distinct colours, colour-blind-proof, and with a subtle inten-
tion: the next button is green, as a metaphor of positive
reinforcement, since pressing means advancing within the
whole task, whereas the previous button is yellow, meaning
a neutral connotation; it is not negative to go back and retry
if you feel lost but you have not advanced in the process.
The meaning of both buttons is given by the arrow symbols
on them. Educators explained that users tend to respond
well to arrow indications representing directional messages.
Finally, in addition to the textual instruction and the image,
the interface can be configured to automatically read aloud
the instruction on load.

As it has been said, all the design process and elements of
the interface have been carefully studied and discussed with
experts in special education. Thus, we have the following.

Texts: theymust be shown in a simple and natural style, as
recommendation for the caregiver in charge of modelling the
task, so it does not become a challenge to the user to under-
stand it. Studies such as [26, 27] showed that, in a moderate
level of cognitive disability, text-based instructions become
more useful than others that require interpretation of the
information ormetaphor understanding, if given properly. In
fact, nontechnology support for daily-life activities is often
given in text-only instruction format. Finally, reading also
increases focusing and attention.

Pictures: unless they are clear enough by themselves, they
should be highlighted at the zones that the user must pay
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(a) (b)

Figure 3: Repetitions screens. (a) Shows the number of repetitions
selection interface. (b) Presents the screen of the step that has to be
repeated.

special attention [28]; for example, if the step is turning on
the copier, the attached picture would be the control panel of
the copier, with a highlighted area around the on/off button.

Audio: when users reach a certain step, the text shown
with the description is also read by a text-to-speech engine.
It is also read when they touch the screen and when a certain
amount of time passes and they have not interacted with the
application. Spoken instructions are proved to be the most
helpful prompting source in several study cases [27, 29].

Vibration: the device vibrates slightly when a config-
urable timeout expires. Although some studies tried to build
prompting systems only based on vibration of the device,
Mechling et al. [27] showed that vibration works better as a
supplement of prompting systems based on multimodal sup-
port, so here it is used only to notify the user that there has
passed some time.

There are two particular cases related to steps’ interfaces:
repetitions and branches. As it was said before, the number
of repetitions can be asked in execution time or set in design
time. In the first case, we first present a new screen asking for
the number of times to repeat the step. An example of this
interface is shown in Figure 3(a). As can be seen, the system
asks the user about the number of times she has to do the step:
in this example, “press copy button.” With the blue buttons
with up and down arrows they can choose the appropriate
number and then press OK to continue. After that, the step
screen is presented. It is pretty similar to the standard one, but
a new message has been included, indicating the number of
remaining repetitions. The corresponding example is shown
in Figure 3(b). As can be seen, under the instruction the
system indicates the number of additional repetitions, in a
smaller and lighter font.

On the other hand, branches are implemented as lists.The
interface shows the instruction as any other step and, instead
of the image, we included a list with the options the caregiver
designed. An example of an interface is shown in Figure 4.

Figure 4: User interface of a branch step. It includes the instruction
(select copy type) and the list of options, “one side” and “double
sided.”

On the top of the screen, there is the instruction: in this case
“select copy type.” In general, it is advisable to write it as a
selection order. Under it, the list of options is shown. In this
case, as part as the “make photocopies” task, users would have
to choose between one or double-sided copies. Depending on
their decision, the sequence would be different.

3.4. Interaction. The interaction with the application has
been designed to be the simplest and the most intuitive
possible. Apart from theworkload required to understand the
information that represents a step, users only have to navigate
to the next or previous step, in a natural way. The buttons’
layout has been designed to be handy and comfortable while
holding the mobile phone with both hands or one hand; it is
a desirable option for users that had acquired good handling
level with the device and are able to perform a task with one
hand, while holding the device with the other.

During the early stages of the design process, we run
different trials to test whether our designs were suitable for
the users. One of the main issues we observed was that some
users pressed the next button repeatedly, even without read-
ing or listening the information, thinking that it would allow
them to finish earlier, leading them tomisunderstandings and
errors in the performance. Therefore, we introduced a short
delay before the navigation buttons are enabled: users cannot
quickly press the next buttons and finish the task; they have
to wait for two seconds (this value can be configurable) to be
allowed to go to the next step. This way, they are forced to
wait and to pay attention to the information presented on the
screen.

People with cognitive disabilities often get stunned when
they have to remember how to do a task or when under-
standing an instruction is a bit more complex. Even more,
they usually get blocked and cannot continue; therefore, the
caregiver has to intervene and provide some stimuli for the
user to continue. Regarding that, the application has been
designed following a proactive philosophy, so the device not
only expects interaction from the user but also requests it.
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If certain time has passed since step information is given,
the device vibrates and reads aloud again the information;
this behaviour is also configurable. This way, we encourage
the user to try again to complete the step or draw his/her
attention.

4. Evaluation

Even though the design process was assisted by experts,
which reduces the probability of technology rejection, we
decided to carry out an evaluation with users with cognitive
disabilities. We wanted to evaluate the system from two
perspectives: the first one was related to its suitability in users’
daily lives and the quality of the assistance provided. On the
other hand, we wanted to compare users’ performance with
our system in contrast to traditional support. In general, these
methods include paper or cards with actions and pictures,
verbal instructions, and direct supervision. They present
advantages but, as we said before, many disadvantages, such
as the costs (in terms of human resources) and the difficulties
that many users present to find information or to recover
from an error.

4.1. Methodology. The methodology carried out can be con-
sidered as a hybrid between inquiry and test methods [30].
The former involves interacting and observing users during
the experiments, group sessions, surveys, and statistical
analysis of record files (typically log registries). The later
focuses on retrospective tests, such as video analysis, thinking
aloud, coaching method, and analysis of users’ actions. In
general, inquiry methods involve interacting and observing
users during the experiments, which may lead to new design
ideas and allows a better initial adjustment of the design and
usability issues avoidance. On the other hand, test methods
involve analysing the results to obtain general conclusions.

The evaluation process took place in a real working place
setting. Specifically, all the sessions took place in a labour
training centre. It is furnished as an office, with computers,
bookcases, file cabinets, and shelves. Additionally, there are
office-related devices, such as photocopiers, bind and lami-
nation machines, and recycling points. This setting improves
the training activities in the common tasks usersmay develop
in their working places.

In order to reduce the carry-over effect during the ses-
sions, we prepared an incomplete factorial experiment design
[31], based on the Latin-square [32], but including repeated
measures; this is, participants repeated the tasks several times,
in order to get trained as they usually do with traditional
methods of support. To do that, we asked the educators and
labour trainers of the centre for two different tasks. They
selected make photocopies (including configuration options)
and documents archiving (according to different criteria).
Regarding users profiling, we asked to recruit participants so
they could be divided into two equivalent but heterogeneous
groups (A and B) to avoid age, gender, or level biases.

Therefore, following the Latin-square experiment design,
we assigned tasks, users, and support alternatively. Table 1
summarizes the distribution of tasks, support, and groups.
As can be seen, each group did each task using one support

Table 1: Tasks, support, and groups distribution.

Task 1 Task 2
Group A AssisT-Task Paper support
Group B Paper support AssisT-Task

Table 2: Tasks, support, and groups distribution during the experi-
ments’ weeks.

1 2-3 4 5-6 8
T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

A X X AT PS X X AT PS X X
B X X PS AT X X PS AT X X

alternatively.This way we ensured that results were not biased
by users’ distribution or the task assigned.

Each user did each task once a week, during an eight-
week period. We arranged with the centre to program the
sessions during their workshop classes. This way it would fit
perfectly with their curricula and users would not feel under
pressure or persuaded. Therefore, we agreed to program
photocopies sessions on Monday mornings and archiving
sessions on Wednesday mornings. Each participant did the
task individually so there was no interference or interaction
between participants.

Although supportwas previously assigned,we introduced
some modifications in order to get reference values: during
the sessions of the first, the fourth, and the eighthweeks, users
performed the taskswithout any support but oral instructions
at the beginning. Moreover, we left one week (number 7)
without training before the last session to check whether the
knowledge was acquired and kept in time or not. Therefore,
the distribution of tasks support and groups is summarized in
Table 2. Each week (from 1 to 8) is divided into two columns,
the first corresponding toTask 1 (photocopies) and the second
to Task 2 (documents archiving). Each row corresponds to
a group (A or B) and the cells present the support used (X
means no support, only oral instructions; PS, paper support;
and AT, AssisT-Task). All the sessions were recorded and two
observers took notes about users’ performance and any other
relevant issue.

The number of repetitions came determined by the
educators of the centre. After reviewing users’ performance
on week 6, they decided that most of the users were doing
their best so we could conclude the experiment. Despite
the limited number of sessions, educators reported that they
usually program the same number of sessions but, due to time
limitations, they cannot do each task once a week and they
have to extend the time between sessions up to once every two
weeks for each user. Therefore, we already add a value to our
system: it allowed a more efficient way of training regarding
time resources.

4.2. Tasks. As it was said before, we carefully chose the tasks
by asking experts about the most suitable ones. Thus, we
prepared a list of requisites:

(1) These tasks should be interesting for users, both from
the user point of view (enjoyable) and from the



8 Wireless Communications and Mobile Computing

formation curricula point of view.Thisway, usersmay
understand the experiment as part of their studies
which may avoid biases.

(2) They should be easily arranged as a sequence of steps
and standardized as much as possible. This is, they
should be appropriate for all the participants.

(3) Tasks should be different enough to avoid carry-over
effects, but relative similar in terms of difficulty or
time needed.

(4) As far as possible, tasks should not have been trained
before.

According to these requisites and experts’ criteria, the first
task (T1) consisted of making photocopies and the second
one (T2) was archiving documents. Both tasks fulfilled all
the requisites but the fourth. Since the formation course takes
two years and many of the participants were on their second
semester, they had already been trained on photocopies and,
some of them, also on sorting documents (but not archiving).
Therefore, we decided to increase T1 difficulty by introducing
features configuration on the photocopier: users had to make
one (and only one) copy of a map of the subway, but it had to
be reduced from a DIN-A3 size to a DIN-A4 and the density
had to be increased exactly 3 points. This task was modelled
as a sequence of 10 steps, including a branch step: users had
to decide the type of copy from a list (simple, double sided,
enlargement, or reduction). On the other hand, T2 consisted
of documents archiving. In this case, educators prepared a set
of contracts and put them unsorted on a desktop tray. Users
had to put one of them in a proper file, regarding the following
criteria: the document date had to be 2012-2013; then, they
had to look for theWOPcode (an invented array of letters and
numbers). Depending on it, they had to choose the proper
folder (therewere three possibilities). Finally, they had to look
for a company name on the first paragraph of the contract and
archive the document alphabetically depending on it. This
taskwasmodelled as a sequence of 9 steps, including a branch
as well (asking for the folder name).

Although both tasks were pretty similar in terms of
number of steps and time to be completed, they were
intentionally different regarding the skills required: while T1
required manipulative skills to handle the paper, open and
close the machine, and so on. T2 required strong cognitive
skills since users had to read, look for concrete information
within a text, and sort alphabetically.

Support materials for both tasks were also developed by
the educators. For the traditional support (paper based), we
used the materials they already employed in their courses.
Task 1 manual included instructions to do different type of
photocopies on the same sheet of paper. They used high-
lighted fonts to separate the type of photocopies and num-
bered the steps of each activity. The traditional support
for documents archiving was more elaborated and included
examples and colours to highlight relevant information (such
as one colour for each folder). On the other hand, AssisT-Task
support was developed specifically for this evaluation. They
were based on the traditional support (same instructions) but
we included photographs as well for both tasks.

4.3. Users Profiling. Participants of labour training programs
usually have mild to moderate cognitive disabilities. In many
cases, they also have other disabilities, such as reduced vision
or mild motor impairments. Despite their disabilities, most
of them are able to read, understand simple instructions,
do basic calculus, and have social manners and politeness.
All these skills are usually acquired in previous stages, and
now they focus on the abilities and capabilities typical of the
workplace.

Thus, we asked educators to recruit participants regarding
each one’s capabilities and the possible benefit they could get
from the experience. In order to get a wide vision of the field
and attend to the diversity, we asked them to select users of
different levels so we had some heterogeneity, both genders,
and typical age range (around 20 years old).Hence, they chose
10 users, 5 males and 5 females, who were 23.8 years old
on average (SD = 4.77). The certified degree of disability
oscillates between 33% (the minimum required according to
current law) and 75%. Although the certificate is necessary
to access special education centres and government support,
many educators and specialists rate their users according to
different abilities regarding four dimensions: cognition, social
skills, handling capabilities, and attitude. Each dimension has
a set of characteristics and, each one, is usually rated from
1 to 3 (lower values mean lower capabilities). In relation to
this study, the most important characteristics are the ones of
cognition and handling capabilities dimensions, which are as
follows.
Cognition

(i) Attention: the ability to keep concentrated on an
object/action/task

(ii) Memory: the ability to hold and manipulate informa-
tion in the short or long term

(iii) Instructions comprehension: the capability to under-
stand andprocess simple and/or complex instructions

(iv) Flexibility

Handling Capabilities

(i) Mobility
(ii) Rhythm
(iii) Cleanliness

The distribution of users in groups and their profiles are sum-
marized in Table 3.

As can be seen, most of the job profiles are office assis-
tants, so they are usually trained on the typical tasks they
will have to develop in their work. Therefore, tasks fitted
perfectly to their curricula and were very interesting for their
formation.

In order to get their technological profile and their
familiarity with mobile devices we made an interview. From
their answers, we concluded that all participants had amobile
phone, but only 6 out of 10 considered it as a smartphone.
Besides, tablets were also popular, but not all of themhad one.
Someof them reported they used a relative’s one. In relation to
Internet access, all participants reported they had connection
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at home and part of them also in their phones. Related to
smartphone usage, the most popular purposes are instant
messaging (i.e., WhatsApp), photography, multimedia repro-
duction, and videogames. Besides 9 out of the 10 participants
reported they use their email frequently and social networks
(i.e., Facebook).Thus, and despite their disabilities, they have
similar technological profiles to people without disabilities of
their same age.

5. Results and Discussion

In order to evaluate AssisT-Task in terms of the qual-
ity of assistance and suitability (regarding users’ perfor-
mance improvement), we made a retrospective analysis of
the records, phone registries, and observers’ notes. Tradi-
tionally, experts in special education value users’ perfor-
mance regarding two factors: completion and time needed:
that is, if they finish the task properly and in less time. In
our case, in agreement with the educators, all users had to
finish the task. This is, in case they made a mistake that
would not allow them to finish the task correctly, the observer
helped them to recover from the error. This decision was
made in order to act as they usually do in the centre (with
the traditional support).

Regarding data collection, we focus on the following
measurements during the analysis:

(1) Completion time: measured as the time between the
start and the end of the performance.This factormust
be taken into account carefully, due to its weak repre-
sentativeness when comparing between subjects: the
fact that one user takes one minute against another
one who takes five minutes does not show an actual
difference between performance qualities. In general,
some users simply take more time to complete a
task than others, regardless of their success in the
task. However, this measure becomes an invaluable
progress indicator when it is used within subjects,
in other words, when comparing the time taken to
complete a task in the first session with the last one.

(2) Errors: we counted an error when users did not
follow the specified instruction. For example, in T1
we considered an error to make two copies instead
of one: the instructions ordered specifically one copy.
Considering T2, a typical error was filing a document
into an incorrect tab of the folder.

(3) Help requests: that is, the number of times users asked
the observers for assistance. In some cases, users did
not know how to continue, got lost, or hesitated at
some point of the task and asked directly. In other
cases, they looked for approval or made gestures
to indirectly call the observer (on the view of the
experts).

These measurements were analysed for each user and session
to study their advance individually (within-subjects analysis).
The evolution of each measurement along the sessions is rep-
resented in Figures 5, 6, and 7 (completion time, errors, and
help requests, resp.). These figures are composed of 4 graphs

each, one for every group, task, and support combination.
Completion time is shown in Figure 5: (a) corresponds to
Group A, T1, and AssisT-Task as support; (b) shows time
results as well for T1; but in this case, it corresponds to Group
B, who used paper support; and (c) and (d) correspond to
T2 and the proper support for both groups. As can be seen,
most of the users present a decreasing curve, which means
they needed less time to do the tasks as sessions progressed.
The exception is graph (c), where this decrease is not so clear.
We consider that this issue camemotivated by the complexity
of the task and the fact that they got confused with the
paper instructions. As we will see in later analysis, the other
measurements are also unclear for this combination (Group
A, T2, and paper support).

In relation to errors, we can observe similar behaviours
in Figure 6. There is a tendency to decrease the number of
errors made. The exception again is the (c) graph, which is
blurry and there is no clear trend. In this case, participants
who used AssisT-Task did less mistakes than the other group.
At this point, we want to remind that the number of errors
(or just the presence of errors) can make users not complete
the task correctly, which is one of the most relevant factors to
consider.

Finally, help requests are presented in Figure 7. As can
be seen in the graphs, there were only a few requests during
the sessions. Moreover, as we observed directly and later
on the videos, most of them were very subtle and looking
for approval. Again, and for both tasks, users who were
supported by AssisT-Task asked less for help. This could be
motivated by the fact that participants did not get lost when
using AssisT-Task.

On the other hand, if we analyse the behaviour between
subjects, we can observe that there is evidence of the influence
of the support on the results. In Table 4, we have summarized
the statistical analysis of the measurements for both tasks.
As can be seen, for T1 there is no statistical evidence of the
influence of the support, while in T2, it exists. The number
of errors and help requests is significantly lower for AssisT-
Task (𝑝 < 0.05). As it was said before, time factors are not
as representative by themselves as other factors (such as
errors). Makingmistakes may lead to not completing the task
correctly and it is even more important than doing activities
fast. However, due to the limited number of users, statistical
analysis should be considered carefully and as an illustrative
result.

As it was presented in Methodology, in sessions 1, 4, and
7, users did not have any support but oral instructions at the
beginning. InTable 5, we have summarized the average values
of time and errors measurements for both tasks and groups
(see Table 1 for task, support, and group distribution). Help
requests were also analysed, but due to the reduced number
of values, it has not been included in this part of the study.
Regarding the time needed, there is an improvement for both
tasks and groups, except for T2 and group A. That is, on
average, all users improved except the ones that trained the
cognitive task with paper support. Therefore, paper support
seemed to be the less appropriate support to train tasks that
require higher cognitive load. On the other hand, if we focus
on the average number of errors and T2, there is also a slight
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Figure 5: Completion time measurements along the sessions for each user. (a) and (b) present T1 values, while (c) and (d) correspond to T2.

Table 4: Statistical analysis of the data.

Paper support AssisT-Task p value
Task 1: photocopies

Time (s) 160.75 (115.34) 162.78 (86.36) 0.463
Errors 0.80 (0.90) 1.11 (1.02) 0.154
Help req. 0.77 (1.46) 0.49 (1.04) 0.248

Task 2: documents archiving
Time (s) 198.38 (112.44) 178.87 (83.33) 0.601
Errors 1.8 (1.47) 0.77 (1.06) 0.001
Help req. 0.46 (0.74) 0.2 (0.63) 0.032
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Figure 6: Number of errors along the sessions for each user. (a) and (b) present T1 values, while (c) and (d) correspond to T2.

improvement in Group B, the one that was trained using
AssisT-Task.

From the recordings, observers’ notes, and focus groups
with educators and labour trainers we made a qualita-
tive analysis. In general, all users handled the smartphone

properly. That is, all of them hold the smartphone in portrait
mode, as the application was designed.

Regarding the QR scanning, all of them understood
perfectly the process. Many of them named it as “taking a
picture of the code.” Therefore, it was easy for them to point
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Figure 7: Number of help requests along the sessions for each user. (a) and (b) present T1 values, while (c) and (d) correspond to T2.

at the code with the phone and wait for the application to
capture it.

Finally, another interesting conclusion we extracted from
the recordings and educators and labour trainers was the

motivational component of the application. As young adults,
most of them are very interesting in new technologies.
Therefore, using them as part of their formation made them
keener to participate and do their best.
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Table 5: Average values for time and errors measurements of sessions 1, 4, and 7.

S Task 1: Photocopies Task 2: Documents archiving
Group A Group B Group A Group B

Time
1 147.20 (55.74) 191.39 (77.91) 155.94 (61.94) 199.545 (91.60)
4 132.31 (74.98) 105.73 (50.15) 156.05 (101.19) 145.12 (73.96)
7 101.97 (56.47) 58.62 (13.89) 192.14 (137.89) 94.46 (40.03)

S Task 1: Photocopies Task 2: Documents archiving
Group A Group B Group A Group B

Errors
1 0.8 (0.84) 1.2 (1.04) 1.8 (0.84) 1.4 (1.14)
4 1.6 (1.34) 0.8 (0.45) 2 (1.41) 0.8 (0.84)
7 1.6 (0.89) 0.4 (0.55) 1.8 (1.92) 0.6 (0.89)

6. Conclusions

Although the evaluation revealed promising results, they
should be carefully considered: we tried to include users with
different capabilities and levels, which introduces value to
the experiment, but due to the limited number of users and
variation (in terms of type of disability) and the number of
sessions we cannot universalize the study for all people with
cognitive disabilities. However, we think it is representative
for a particular group: people with Down syndrome who are
being trained to get a job.

First of all, we would like to highlight the variety of the
results. As can be seen in Table 4, in some measurements the
standard deviation is relative high. This denotes the presence
of many atypical values and lack of normality. On the other
hand, the statistical analysis (presented on the same table)
demonstrates the influence of the type of support in relation
to the number of errors and help requests in the T2 case.
In contrast, we did not find any evidence for T1. This may
be motivated by the nature of both tasks: while T1 requires
higher manipulative capabilities, T2 requires cognitive skills.

Secondly, and as it was said before, the completion time
is usually related to knowledge acquisition although it is not
the most representative. We did not find any evidence of the
influence of the support in this factor in our study.

In addition to the retrospective analysis, we carried out
focus groups with educators and labour trainers. In their
opinion, AssisT-Task fitted perfectly for higher and lower
profiles. Higher profiles are usually more impulsive and try
to finish the tasks quickly, regardless whether they are doing
it right or wrong. Moreover, they are reluctant to follow fixed
and repetitive orders. This issue can influence their chances
to get a job. On the other hand, AssisT-Task was ideal for
them. In fact, as it was reported by the educators after the
experiment, one of the users (U9) was selected to participate
although she had a very low profile and was not valued for
cognitive tasks. Surprisingly, she was able to do the archiving
task perfectly with the support, and satisfactory without any
kind of help.This fact demonstrates that AssisT-Task provides
new opportunities for these users.

As future work, we propose to extend the trials, including
more users and settings, as well as different tasks. Moreover,
it would be very interesting to test the system in a real setting
(company) and evaluate the impact of AssisT-Task in the
work-inclusion process.

Additionally, educators suggested improving the author-
ing tool to make it available on tablets.This way all the design
process could be done on-site.
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