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Abstract. Telerehabilitation in older adults is most needed in the pa-
tient environments, rather than in formal ambulatories or hospitals. Sup-
porting such practices brings significant advantages to patients, their
family, formal and informal caregivers, clinicians, and researchers. Sev-
eral techniques and technologies have been developed aiming at facilitat-
ing and enhancing the effectiveness of telerehabilitation. This paper gives
a quick overview of the state of the art, investigating video-based, wear-
able, robotic, distributed, and gamified telerehabilitation solutions. In
particular, agent-based solutions are analyzed and discussed addressing
strength, limitations, and future challenges. Elaborating on functional
requirements expressed by professional physiotherapists and researchers,
the need for extending multi-agent systems (MAS) peculiarities at the
sensing level in wearable solutions establishes new research challenges.
Employed in cyber-physical scenarios with users-sensors and sensors-
sensors interactions, MAS are requested to handle timing constraints,
scarcity of resources and new communication means, which are crucial
for providing real-time feedback and coaching.
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1 Introduction

Healthcare institutions are facing the strain of a significantly larger elderly pop-
ulation [1]. Lengthening life expectancy is met by an increasing demand for med-
ical and technological contributions to extend the ”good-health”, and disability-
free period.

The major factor catalyzing the elderly’s impairing process is the progres-
sive reduction of mobility, due to the natural aging process, inactivity, dis-
eases such as osteoarthritis, stroke or other neurological conditions, falls with
its consequences, such as fear of falls (leading to inactivity), or fractures (need-
ing surgery).Despite the emergence of less-invasive surgical techniques, post-
intervention rehabilitation still requires extended periods and tailored therapies,
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which usually involve complications. Performing traditional rehabilitative prac-
tices is leading to a significant increase in public-health costs and, in some cases,
a lack of resources, thus worsening the services’ quality. Rehabilitation is often
a long process and needs to be sustained long after the end of the acute care.
Simplifying the access to health services [2] can raise the number of patients,
maintaining (or even increasing) the quality of care. For example, patients re-
quiring support, such as continuous or selective monitoring, can benefit from
systems that automatically transmit the information gathered in their domestic
environment to the health clinics, thus enabling telemonitoring on their health
conditions [3].

Although in traditional solutions telemonitoring is a self-contained practice
limited to passively observing the patients, the need for remote sensing is cru-
cially coupled with the need for coaching older adults in their daily living [4,
5].

For example, a critical activity such as telerehabilitation cannot be limited
to observing the patients’ behaviors. Indeed, patient adherence and acceptabil-
ity of rehabilitative practices need to be actively enhanced, overcoming pitfalls
due to motor (e.g., endurance), non-motor (e.g., fatigue, pain, dysautonomic
symptoms, and motivational), and cognitive deficits. According to Rodriguez et
al. [6], telerehabilitation can be formally defined as:

“the application of telecommunication, remote sensing and operation tech-
nologies, and computing technologies to assist with the provision of med-
tcal rehabilitation services at a distance.”

Patients, physiotherapists, and health institutes can gain several benefits
from an extensive adoption of telerehabilitation systems [7]. Considering the
economical point of view, Mozaffarian et al. [8] figured out that the total cost
of stroke in the US was estimable to be 34.3 billion dollars in 2008, rising up to
69.1 billion dollars in 2016.

Even though to date they are not precisely quantifiable due to insufficient ev-
idence [9], Mutingi et al. [10] presented as “inevitable advantages” (i) a substan-
tial cost saving primarily due to the reduction of specialized human resources,
(ii) an enhancement of patient comfort and lifestyle, and (%) improvements of
therapy and decision making processes. Moreover, Morreale et al. [11] mentioned
one of the most appreciated benefits: the increase of adherence to rehabilitation
protocols.

The multitude of scientific contributions fostering telerehabilitation exploits
new technologies and various architectures to better understand and serve user
requirements. However, due to technological or technical limitations, physiother-
apists’ needs have not yet been completely satisfied. To fill this gap, a system
evolution is required. For example, telerehabilitation systems cannot offer the
same behavior to users with diverse conditions. Viceversa, according to the en-
vironment condition, they must rather be able to adapt themselves to the user
needs [6].

Telerehabilitation is characterized by a very delicate equilibrium between
environment, devices, and users. Thus, the capabilities such as self-adaptation,


https://www.researchgate.net/publication/301627757_Developing_Multi-agent_Systems_for_mHealth_Drug_Delivery?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==
https://www.researchgate.net/publication/281645833_Contextualizing_Tasks_in_Tele-Rehabilitation_Systems_for_Older_People?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==
https://www.researchgate.net/publication/279850187_Non-intrusive_Patient_Monitoring_for_Supporting_General_Practitioners_in_Following_Diseases_Evolution?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==
https://www.researchgate.net/publication/23187099_A_systematic_review_of_clinical_outcomes_clinical_process_healthcare_utilization_and_costs_associated_with_telerehabilitation?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==

flexibility, and ubiquity are crucial to facilitate and promote the usability and
then the actual practices.

Contributions
This paper provides the following contributions:

— It summarizes the most relevant results provided by telemonitoring solutions,
with particular emphasis on multi-agent systems (MAS).

— It details the requirements expressed by the physiotherapists about rehabil-
itation practices, which to date require the most technological supports.

— It connects the above-mentioned requirements with the offered and potential
peculiarities of the envisioned real-time multi-agent systems.

— It discusses innovative challenges for MAS, such as deploying intelligent
agents in wearable sensor nodes while facing compliance to strict timing
constraints.

Paper structure

The rest of the paper is organized as follows. Section 2 elaborates the state of the
art providing a complete overview of both conventional and agent-based telere-
habilitation systems. Section 3 presents practices and still unmet requirements
expressed by professional physiotherapists. Section 4 discusses strengths and
limitations of current agent-based telerehabilitation systems, introducing and
detailing the future challenges to be faced by MAS to enhance performance and
applicability in rehabilitation scenarios. Finally, Section 5 states our conclusions
summarizing the lesson learnt and presenting some future work.

2 State of the art

Telerehabilitation solutions primarily target the elderly and patients from ru-
ral areas unable to reach medical centers [12]. Moreover, even in countries with
excellent and capillary healthcare systems, telerehabilitation systems are firmly
required. For example, in Switzerland, after a surgical intervention, only a lim-
ited number of assisted therapy sessions are provided. Thus, employing telere-
habilitation systems during unassisted sessions, the follow-up can be fastened
enhancing the healing process.

Telerehabilitation is often described as having three primary components ()
training and counselling, (i7) assessment and monitoring, and (ii7) point of de-
livery. Occupational therapy, physical therapy, and speech-language therapy [11]
are the most provided. However, due to the lack of adequate studies, the inter-
pretation of particular patient groups is restricted [13].

A recovery period, usually about six to eight weeks, can follow an acute
trauma (e.g., fall of a fragile elder) or surgical intervention (e.g., joint replace-
ment). This is the most critical period for patients who are luckily still not
chronic. Nevertheless, even for the latter, the scientific community provided tai-
lored solutions to relieve pain and maintain or slowly recover physical and/or
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mental capabilities. Indeed, telerehabilitation targets not only physically im-
paired [14], but also cognitive impaired patients [15, 16] within an average age
of 76 (56 ~ 91) [13].

The broad range of available technologies enabled the development of various
techniques and approaches.

The main category of applications they have generated are based on:

— wideo analysis - mostly involving stereoscopic cameras and image processing
algorithms;

— wearable technology - mostly focusing on embedded devices and inertial sen-
sors supported by kinematic algorithms;

— robotics - mostly focused on in monitoring and motivation involving hu-
manoids or basic robots;

— distributed sensing - mostly involving monitoring and reasoning exploiting
environmental sensors;

— gamification - mostly involving coaching techniques and persuasive technolo-
gies.

Despite the considerable availability of extremely precise and complex solu-
tions, telerehabilitation systems have to face user (patients and physiotherapists)
acceptability.

The amount of similar proposed solutions suggests that the requirements
set from physiotherapists and patients have not yet been entirely met. Factors
such as setup, costs, maintenance, safety, easy usage, minimal set of options
and functionalities, and effectiveness primarily impact on general acceptance or
refusal [13].

Tarlori et al. [17] proposed a computer-vision based system applied to patients
affected by Alzheimer’s disease. The diagnosis of the illness’s stage is performed
monitoring elderly in their private environment and analyzing personal daily-care
activities. Observing the actions listed in the Direct Assessment of Functional
Status (DAFS) index and detecting performance’s anomalies helps to define
the dementia stage. The authors analyzed teeth brushing and hair grooming
exploiting a Microsoft Kinect to collect data about the actions observed, tracking
and supervising the user’s gestures. Thus, the patient can receive an immediate
support when incorrect or incoherent behaviors are detected.

Among all of the above, to obtain clinically relevant information, wearable
technology gained great relevance, being considered as the possible leader of
further improvements in both preventative and rehabilitation approaches, while
camera-based applications still generate concerns. A study targeting patients in
an elderly-care facility revealed that the 93% of the patients accepted body-
worn sensor systems, defining them as non-invasive and not affecting normal
daily activities [18].

Bergmann et al. [13] reported a surprisingly high consideration among the
patients about the aesthetic of wearable sensors, mainly concerned about not
appearing “stigmatized”. Regarding the physiotherapists, major concerns arose
for a restricted recording time due to limited storage capacity, wearability, and
reliable real-time feedback.
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According to Smith et al. [19], the current wearable devices successfully em-
ployed in telerehabilitation can be classified into 3 categories:

— Microsensors - capturing health information by using small, intelligent, and
low-energy active devices;

— Wrist devices - monitoring health information by using combined sensors,
display, and wireless transmission in a single solution, which is very conve-
nient for common physical activities;

— Smart clothes - capturing information by using thin and flexible health sen-
sors, which have to be compatible with textiles, or made using textile tech-
nologies, such as new fibers with specific (mechanical, electrical and optical)
properties.

For example, Cesarini et al. [20] provided a highly customizable solution for
supporting therapists and patients from the pre-surgical to the rehabilitation
phase. Furthermore they presented a particular implementation of a framework,
involving two wearable inertial sensors and a tablet, which can precisely monitor
the angular position and velocity of the knee joint. Physicians and therapists can
define specific exercises and related requirements (e.g., the number of repetitions,
the number of steps and angular extension) characterizing the therapy. The
system guides the patient during the exercises execution providing a real-time
visual feedback on the tablet and evaluating the obtained performance at the
end of the session.

Another study presents a real-time feedback system of aquatic-space actions
(e.g., performed by swimmers or rehabilitating patients) in the form of a func-
tional sound, exploiting the so-called sonification procedure [21]. In particular,
such a system is composed of pressure sensors placed on the palmar and dorsal
sides of the swimmers hands, and a water-proof embedded system placed on the
back of the swimmer. The pressure signals produced by the swimmer motion are
processed by the embedded system and provided in real-time to both swimmer
and trainer/therapist. Furthermore, such a system can also be exploited in the
context of rehabilitation activities and has already been presented in a special-
ized conference on aquatic therapy [22]. Therapists have widely accepted it as a
promising tool for training and recovery of motor and coordination functions.

Similar solutions, but involving robotic devices in the automation of reha-
bilitation procedure have been considered helpful in reducing training and re-
habilitative sessions of both upper and lower extremities (well-known limitation
of conventional methods) [23]. Indeed, task-oriented repetitive movements have
a direct positive effect on improving muscle strength and movement in patients
with neurological injuries, and automated robotics solutions can acquire a higher
number of exercises’ repetition compared with conventional approaches [24].
Eriksson et al. [25] realized an autonomous assistive mobile robot that provided
monitoring, encouragement, and reminders to aids rehabilitating stroke patients.
Navigating autonomously, it monitors the patient’s activity of the extremity sup-
posed to be rehabilitating, reminding the patient to follow the program in the
case of miss-behaviors. They shown experiments involving post-stroke patients.
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The proposed approach achieved positive responses about the increasingly active
and animated robot behavior. The control system they have used is behavior-
based. Such behaviors were characterized as pre- and post-conditions to provide
proper real-time feedback.

Jacobs et al. [26] implemented a serious game to support arm-hand rehabili-
tation for stroke survivors. The main objective was to make the training effective
and enjoyable. Exploiting task-oriented training principles, this game requires to
manipulate every-day objects, dynamically adapting its difficulty based on the
patient’s performance. Both physical and cognitive capabilities were involved,
and the authors evaluated of two stroke patients over a week.

From a technical and technological point of view, telerehabilitation systems
are complex solutions, which have to face context-rich scenarios and uncertainty,
handle distributed sources of information, operate in highly dynamic environ-
ments with mutual interdependencies and sophisticated distributed controls.

Although classic approaches have been shown as potentially effective, they
lack in crucial features such as compatibility, collaboration, coordination, and
communication [6].

Indeed, Miranda et al. [27] refer to common incompatibility problems such
as data formats (e.g., storing format of 3D images) and different communication
protocols. Such systems are either subject at an inevitable abandon, or require
integrative upgrades (often unfeasible or requiring a worthless/unaffordable ef-
fort).

Therefore, studies such as Bergenti et al. [28] consider multi-agent systems
(MAS) a suitable “technology” to realize such applications. Section 2.1 presents
the most relevant agent-based telerehabilitation systems.

2.1 MAS for telerehabilitation

MAS are composed of several agents which are able to communicate with their
neighborhoods for computational and decision-making tasks. The agents can
share their information using the network interfaces to concur reaching a shared
goal. The goal might be consensus, synchronization, or surveillance [23]. Due to
these characteristics, MAS have been adopted in several rehabilitation solutions
which tried to cope with physical and cognitive rehabilitation or providing spe-
cialized models or tools.

Physical rehabilitation

Roda et al. [29] treated elderly motor impairment employing specific devices
to control patients movements. Exploiting techniques typical of the Ambient
Intelligence (Aml), they proposed a context-aware system integrating diverse
devices. Thus, the MAS can react accordingly to the context, supporting phys-
iotherapists in developing new, or adapting already existing therapies precisely
tailored to the actual patient needs. Using a Microsoft Kinect, all the motor tasks
performed by a patient during the rehabilitation are under control. Moreover,
employing third-party sensors they were able to gather oxygen level, posture,
gesture, stress, BPM, and mood. Combining such values indexes such as pain or


https://www.researchgate.net/publication/281645833_Contextualizing_Tasks_in_Tele-Rehabilitation_Systems_for_Older_People?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==
https://www.researchgate.net/publication/276062225_A_Multi-Agent_System_in_Ambient_Intelligence_for_the_Physical_Rehabilitation_of_Older_People?el=1_x_8&enrichId=rgreq-0ce6fd428df384810e98b5f92e4953b4-XXX&enrichSource=Y292ZXJQYWdlOzMxNjc5MDMyNjtBUzo0OTIxMjM4NTg0MDMzMjhAMTQ5NDM0Mjg3OTUxNQ==

fatigue could also be detected. Physiotherapists expressed fuzzy rules, for exam-
ple providing a natural way to express how transitions should be made by using
linguistic values rather than numerical values. A specific agent equipped with
an inference engine elaborates such data while respecting isolation and privacy
requirements.

Performing cardiac rehabilitation during its second (sub-acute) and third
(intensive outpatient therapy) phase, a large amount of cardiac data (complex
and arguably) has to be analyzed in a short period of time. The system proposed
by Mesa et al. [30] provides support in data analysis, event classification, and
visualization. Such a MAS has been involved in rehabilitative tests such as (i)
walking on a treadmill at different speeds and with different slopes; (i) cycling
on a stationary bike at different speeds; (i) upper body workout; and (iv) lower
body workout.

Data and context awareness is considered paramount to establish actual col-
laboration while interacting with remote participants. Dealing with rehabilita-
tion systems magnifies this challenge. Hence, for both cognitive and physical
rehabilitating users, the information awareness is a crucial element to provide
patients with a rehabilitation path as tailored as possible. [31]

In the context of Upper Limb Rehabilitation (ULR), Rodriguez et al. [6]
proposed an agent-based system to customize exercises to assist different patients
providing a bespoke ULR. A noteable peculiarity of such a system is the context-
awareness, which enables run-time adaptability. Hence, the system “performs”
three abstract concurrent tasks: (i) while the patient is executing the exercise
for the upper limb, the movements are recorded and monitored; (%) analyzing
specific patient’s parameters (e.g., BPM, skin conductance) an agent is in charge
of defining the level of stress/fatigue; (iii) the agent behaving as a “virtual
therapist” adapts ULR’s parameters such as number of repetitions and target
area limits according to the current level of stress.

Felisberto et al. [32] developed a MAS that recognizes human movements,
identifies human postures, and detects harmful activities in order to prevent risk
situations (e.g., sudden diseases and falls). The authors exploited wireless sensor
nodes and energy harvesting technologies to realize a wireless body area network
(WBAN). On top of that, an intelligent agent constantly analyzes possible pro-
files variations, aiming at identifying physical and posture deterioration causing

accidents.

Robotic manipulators have also been employed in agent-based solutions.
Trainees’ learning phases may be supported by formalizing and enhancing the
precision and the input to be understood [23]. Relevant contributions have been
provided to the interaction between therapist, trainee, and patient.

In telerehabilitation scenarios, drugs assumption correlated to a highly dy-
namic environment can be a recurrent situation. Mutingi et al. [10] presented an
agent-based decision-making solution for drugs delivering. The bio-physiological
signals the authors took into account are blood-pressure, BPM, and respiration.
Elaborating the combination of such parameters and drugs therapy may pro-
vide to the medical staff important indications about patient and pathology’s
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evolution. Other benefits provided by this solution are staff’s workload reduc-
tion, increasing resources availability, facilitating the understanding of patients
requirements and data collection.

Cognitive rehabilitation

In the scenario of cognitive rehabilitation, Abreu et al. [16] proposed a set of 3D
games to rehabilitate neuropsychiatric disorders. They proposed an automatic
agent-based control to facilitate the management of the software processes while
the patient is playing.

Known as “the elderly silent epidemic”, the Acquired Brain Injury (ABI) re-
quires rehabilitation practices such as visuospatial, memory, functional commu-
nication, language, attention, and comprehension training [33]. Roda et al. [34]
designed a MAS to (i) support the execution of the above-mentioned ABI re-
lated therapies, (i¢) monitor and finally evaluate the performed activities and
patient’s state (e.g., stress, emotional state, BPM, and oxygen level).

Smith et al. [19] proposed another agent-based solution for functional re-
habilitation involving gamification. In an environment away from rehabilitation
centers, such a solution promotes a continuous, fun, and stimulating rehabilita-
tion. Such “games” have to carefully consider a higher number of variables (e.g.,
incorporating expertise and motivational capacities of rehabilitation practition-
ers). Thus, they result in being more complex than the ones offered by off the
shelf, which are typically too physically and cognitively challenging for rehabili-
tation patients. Information about patient compliance and progress are collected
and made available to the healthcare specialists for further analysis and consid-
erations. Moreover, the gamification technique has been exploited seeking for an
enhancement of the engagement, while performing monitoring and promoting
smart learning mechanisms [35].

Other proposed solutions

Providing a platform for interactive learning, Su et al. [36] developed an ontology
defining vocabulary, entities and their relationships in rehabilitation medicine.
Exploiting an inference engine, existing data can reveal new knowledge having
an “asserted model” as input and “inferred model” as output. Another example
of agent-based reasoning is presented in [37]. The authors faced two main chal-
lenges: (i) scalability - by distributing the reasoning on mobile devices, and (i)
penalization by supporting medical staff with a graphical application simplifying

the definition of temporal patterns of physiological values.

Liao et al. [38] addressed reliability and security of an agent-based platform
for telemonitoring.

Finally, Lai et al. [39] proposed a study involving a community scenario
rather than the conventional single patient scenario. The authors evaluated the
use of rehabilitation techniques for the post- or chronic-stroke survivors involving
video-conferencing solutions. In conclusion, the authors praised efficacy, feasibil-
ity, and acceptability of telerehabilitation in community-dwelling stroke clients,
recording improvements in both physical and psycho-social wellbeing.
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3 Telerehabilitation:
practices and requirements

Despite the increasing awareness about the effectiveness of telerehabilitation,
there is still a lack of high-quality studies evaluating types, components, modality
and duration of a therapy, and the long-term functional outcomes [40].

Physiotherapists gain significant experience throughout education, training,
and practice. However, the quality of a physiotherapy mainly relies on their expe-
rience. The absence of errors, information reproducibility, and simple knowledge
sharing [23] still cannot be guaranteed.

According to the study conducted in collaboration with the Institute of
Health in Leukerbad, a considerable amount of practices are still carried out
with conventional and non-technological methods. Unfortunately, both opera-
tors and patients have experienced how easily errors or biases can be introduced
in the execution (patient’s side) or measurement (physiotherapist’s side) of a
therapy. Moreover, the use of inadequate tools or systems only complicate the
rehabilitation sessions and follow up.

In order to better understand this discrepancy between current practices and
physiotherapy with the support of technology, we conducted a study concluding
with a questionnaire summarizing several in-person meetings.

The meetings were attended by physicians, therapists, patients and researchers.
Their points of view were openly discussed focusing on various rehabilitation
practices and current or desired technological supports. The questionnaire con-
sisted of fifteen open questions (listed in the Appendix A) about the most recur-
ring and relevant issues. The topics covered by such questions were organized in
five groups:

. joints requiring rehabilitation, related practices and adjacent limbs involved;

. rehabilitation environment, and initial causes and conditions;

. values and parameters that must / might / would be useful to observe;

. common errors and limits of patients, physiotherapists, current practices and
technological solutions;

5. envisioned and desired technological supports.

W N

The outcomes of such a questionnaire are addressed, respecting the structure
of the groups above.

First group
The obtained results revealed the body parts that require the most technological
support that are the knee, hip, shoulder, neck and back.

Second group

To better understand pre-surgical conditions, rehabilitation environment, and
what a system might be required to identify during a prevention phase, the
most common causes generating the need for rehabilitation have been inves-
tigated. Lifestyle and aging have proven to be the most predominant causes.



For example, a sedentary lifestyle might facilitate the development of arthri-
tis/osteoarthritis and early joint degeneration, whilst an intense sportive lifestyle
would cause anterior-cruciate ligament or menisci rupture and lower back pain.

Third group

Studying dynamics and physical structures, every body part that might re-
quire rehabilitation is connected or contiguous to some other regions. A crucial
task is to identify which joints or limbs are eventually involved in the rehabilita-
tion process and require observation. For example, by monitoring the movements
of femur and tibia, it is possible to determine the angular interval of the knee dur-
ing flexion, extension, and abduction. Summarizing the expectation expressed by
the physiotherapist community, they require comprehensive solutions support-
ing the most significant rehabilitation practices and providing measurements if
not or enhancing them to better understand:

— therapy and practice adherence;

— performance and correctness of the movements;

— possible adjustments, errors or compensations;

— coaching, encouraging and motivating the patient;

— motivation, commitment, and fatigue measurements;

— specific parameters per practice (e.g., quantification of varus or valgus thrusts
during gait or jumps analysis).

Fourth group
Current available solutions in the market present critical lack of usability or in-
formation. Devices such as the kinetec [41] help the patient’s knee in performing
passive and continuous movements. Such a device is usually employed twice per
day for a total of two hours during the acute phase*. However, the provided
information on the knee angle is not precise, because the angle of the machine
does not exactly correspond to the angle of the knee. Such a lack of alignment is
mostly due to structural reasons, limbs misplacement or attempts to compensate
the movement performed by the patient trying to reduce an undetectable pain.
Hence, the system does not offer the possibility of understanding important
information such as pain, muscular resistance and patient improvement. More-
over, except for the initial assisted setup, the use of the kinetec is supposed to
be unsupervised, thus enabling the propagation of all the aforementioned errors.

Fifth group

The “trust” in scientific research is a common element emerging in all the partic-
ipants’ answers testifying the firm believing that enhancing traditional practices
with technological supports can propel patients towards a faster and better heal-
ing process. However, several functionalities are not yet available on the market.

4 first phase after a surgical intervention on the knee. It is considered over when the
patient is able to passively perform a 90° extension



Without any form of special commitments, the most required technological in-
terventions are the (i) quantifying movements during rehabilitation or sports
sessions, (i) accurately measuring joint motor behavior pre-, during, and post-
therapeutic intervention, (ii) qualitative assessment of the movements comple-
menting quantitative analysis, and finally (iv) the measurement of physiological
processes (e.g., cells regeneration, muscle growth and activation, blood circula-
tion, and immunosystem condition).

Finally, to better understand the concrete possibilities of technical and tech-
nological interventions, it is worth recalling that in the context of rehabilitation,
a therapy is composed of activities, an activity consists of tasks, and a task is a
set of steps to be performed (e.g., gestural, postural) [34];

Considering their involvement in telerehabilitation systems, interaction tasks
can be classified into four categories:

— Individual task - a task performed by a single actor (not the system).

— Collaboration task - a task carried out by two or more actors, with different
or the same roles, in a collaborative way (e.g., the task could not be done
without the explicit participation of each actor). Among these actors, we
may find the system and/or agents, both humans and non-humans.

— Communication task - a task performed by two or more actors, with different
or same roles, to exchange information. As in the previous case, among these
actors, we may find the system and/or agents, both humans and non-humans.

— Coordination task - a task performed by two or more actors, with different
or the same roles, that proceed in a coordinated way. As previously, among
these actors, we may find the system and/or agents, both respectively human
and non-human. [6]

To meet the physiotherapists’ requirements and thus foster the adoption of
MAS in telerehabilitation solutions, Section 4 discusses current MAS limitations
and future challenges.

4 MAS for Telerehabilitation: Discussion

Although incorporating new technologies into rehabilitation and clinical services
delivering achieved a high users’ satisfaction [42], this was consistently higher
for patients rather than for therapists [9].

Promised advantages brought alongside them several drawbacks. For exam-
ple, deliberation time seemed to be longer, observation of physiological param-
eters in several solutions was neglected and was still delegated to the operator.

Fatigue, pain and overall physical state are still not easy to detect and ana-
lyze, either by a physiotherapist or a simple embedded system. Thus, a critical
analysis can be: “embedded systems can read and perceive in-loco both vital
and kinematic parameters mainly related with step and task execution (see Sec-
tion 3), but in the case where further analysis is required, heterogeneous and
proprietary (so closed) solutions have to be involved. Viceversa, expert agent-
based systems can easily provide sophisticated analysis supporting therapies and
activities (see Section 3), but cannot be deployed yet on embedded devices”.
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4.1 Strength

Different patients may represent completely different scenarios. Expert agent-
based systems are particularly good at modeling real-world and social systems,
where problems are solved in a concurrent and cooperative way without the need
of reaching optimal solutions [29]. Therefore, MAS are potentially able to dy-
namically relate and contextualize vital parameters and rehabilitative practices.

The adoption of MAS is crucial for activities such as decision making. Re-
mote diagnosis, treatments adaption and planning, identification of potentially
dangerous situations, and knowledge representation and manipulation are the
key features common to most rehabilitative scenarios and pervasive cares [29)].
Hence, such transparent and intelligent mechanisms might embed in a single
comprehensive solution a broad variety of services, only limited by the “num-
ber” and “expertise/capabilities” of the involved agents.

Combining all those features, emergency mechanisms could even make deci-
sions in the absence of a human decision maker [10]. The response time (e.g., in
terms of data analysis) would be significantly reduced, especially if considering
possible accuracy and consistency. However, time guarantees are still a weakness
of current MAS.

The next section presents some limitations and their consequences.

4.2 Limitations

Current MAS cannot yet be predictable and respect strict timing constraints.
The multi-agent paradigm has been embraced to solve several types of problems.
However, it introduces drawbacks related to both the single application and the
agent technology itself. For example, in the case of solutions involving robotic
operators [23], one of the major problems is represented by a possible need to
increase units.

Regarding the multi-agency, the common disadvantages already claimed in
the scientific literature [10] are:

— complexity - the higher level of the systems’ complexity requires more ex-
pertise and training;

— human-relationship - dealing with “virtual entities”, patients are concerned
about the risk of being disconnected/abandoned by the therapist;

— security - named as “possible technology perversion”, this issue refer to ethical
and security concerns.

Moreover, analyzing the contributions collected in Section 2.1 it is possible
to notice the major problems of MAS which inhibit their adoption and limit
their benefits.

Figure 1 schematically illustrates the general composition of agent-based re-
habilitation systems. Indeed, MAS only appear in the “higher levels” of every
system. For example, in [30] and [32] the only sections exploiting agents are the
data handler, visualizer, and alert manager. In other contributions, such as [29],
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Fig. 1. Rehabilitation MAS structure.

references or details about how the agents get information from wearable sensors
or embedded devices are missing or omitted.

Finally, a study involving a mobile robot hosting a multi-agent platform
presented difficulties and barriers related to the use of MAS in embedded de-
vices [43]. The authors presented a mobile robot composed of a Pandaboard,
a Discovery STM32, two DC motors and a camera. The MAS running on the
Pandaboard was realized using JADE [44] and was in charge of performing all
the dynamics related to vision and intelligent planning. However, the robot’s
motion was managed by the Discovery board (unable to run the MAS and JVM
due to limited resources). The “best” solution identified by the authors was to
wrap the motion functionality within one of the agents, implementing a custom
protocol of communication.

The limitations identified by the authors refer to:

— the need for custom communication protocols unable to respect the FIPA
standard [45];

— the impossibility of running java-based agent on embedded devices;

— the difficulty of guaranteeing the respect of strict timing constraints;

— the current impossibility of running agent-based systems on real-time oper-
ating systems (e.g., Erika [46]).

Some radical changes are required to address the limitations listed above.
The next section presents the critical challenges specifically required for the tel-
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erchabilitation domain.

4.3 Future challenges

The main challenge, involving a set of different interventions, can be stated as
follows:

“bring the agents capabilities and proprieties at the sensing level.”

Moving from the current rehabilitation MAS (Figure 1), which only partially
exploits the agents’ capabilities, towards a solution that employs agents at any
level, would represent a crucial step for the multi-agent community.

For example, Figure 2 shows a possible agent-based wearable system for knee
rehabilitation endorsing such a radically new challenge.

Sensing rehabilitation has to be performed at different levels, requiring di-
verse tasks and sensors for different situations. Delegating the sensing directly
to a set of agents, spread on the wearable sensors, can produce concrete bene-
fits. However, sensing implies understanding and correlating the exact sensors
position at the exact time for the entire execution of the exercises. Employing
intelligent agents in such a process mainly implies the strict consideration of
constraints such as:

— timing constraints;
— scarcity of resources;
— communication means.

Timing constraints

Current MAS do not yet have mechanisms to deal with “strict timing con-
straints”. In fact, in current implementations, their inner functionalities and
interactions do not provide the possibility of facing safety-critical scenarios. As
a consequence, a critical failure could lead to injuries, environmental damage,
or financial losses. In the case of telerehabilitation, a delayed feedback might in-
crease the risk of a serious injury (e.g., the patient could be requested to continue
a movement over the limit of its safety range). To prevent such risks, the agents
involved must be able to respect the timing constraints related to several aspects
of their internal functions, as the scheduler, the negotiation and communication
protocols.

Scarcity of resources

Most wearable devices have limited resources, such as memory and computa-
tional capability, to have a contained impact on the battery lifetime. Moreover,
they are also subject to dimensional restrictions due to wearability and intru-
sivity factors. Thus, most of the conventional multi-agent frameworks cannot
be deployed on such devices. Intervention to lighten agents and communication
protocols are envisioned, to finally remove the barriers from the employment of
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Fig. 2. Agent-based sensing: future challenge for telerehabilitation MAS.

MAS in embedded devices.

Communication means

Wearable devices for telerehabilitation are usually characterized by low-energy
consumption communication means, as Bluetooth low-energy (BLE) [47] and
Zigbee [48]. Standard communication protocols (e.g., FIPA ACL [45]) need to
be updated to suite such new channels of communication. Indeed, broadly used
in Ethernet or WiFi connection, such protocols need to take into consideration
a new (and more constrictive) set of constraints. Finally, to ensure the respect
of strict timing constraints, the new communication protocols must take into
account boundaries and theories typical of distributed real-time applications.

Facing these new challenges require a substantial intervention within the in-
ner mechanisms of traditional MAS. Nevertheless, the operating principles and
basic protocols will still be respected, thus enabling interactions and collabora-
tions with agents implemented according to the current policies. For example,
MAS performing long-term reasoning and data handling operate in non-safety
critical scenarios, which still might be implemented in the traditional way. Al-
though incapable of guaranteeing the compliance with the newly presented con-
straints, such traditional agents can elaborate data provided by the real-time
agents running on the wearable devices.
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5 Conclusions

This paper presented a comprehensive review and analysis of solutions empow-
ering telerehabilitation. Particular emphasis has been given to agent-based sys-
tems, presenting their features, limitations, and new challenges.

Physiotherapist needs and requirements for telerehabilitation have been pre-
sented and formalized. Furthermore, the needs still left unsatisfied, with respect
to conventional non-technological practices, and inadequate systems on the mar-
ket, have been highlighted.

Finally, elaborating on existing rehabilitation MAS, the identified strengths
are the possibility of (i) easy scenarios contextualization, (i) facing uncertainties
related to planning and problem solving, (ii) coordinating distributed sources
of information, and sophisticated distributed controls. Beside these com-proved
positive features, limitations such as (i) incompatibility with real-time operat-
ing systems, (i) impossibility of running agents in embedded devices, and (%ii)
neglect of timing concepts within the agents’ ecosystem, claimed the need for
new contributions.

The most important new challenges identified in the MAS’s future steps are
(i) implementing time-aware mechanisms into agents’ internal scheduler, com-
munication and negotiation protocols, (ii) coping with scarcity of resources, and
(i4i) implementing standard protocols for new communication means.

Future work

According to Amatya et al. [40], rigorous studies are still needed for future
research in appropriate outcome measures, optimal intensity, frequency, and cost
effectiveness of telerehabilitation intervention over a longer period. Thus, by
tightly collaborating with professional physiotherapists and researchers, we aim
at facing the identified new challenges bringing the multi-agent features at the
sensing level. The first expected outcomes will be primarily a fully distributed
and real-time compliant MAS for knee rehabilitation, to then be employed in
clinical trials and deliver appropriate studies over an extended period of time.

A Questionnaire

1) Which human joints and limbs are your (physiotherapists’) primary interest?
2) What are the most typical causes/conditions? (e.g., pre-post-surgical, post-
stroke, or just aging-related)

Concerning the joint-limbs, you mentioned in the first question:

3) How are they treated along the four phases (acute, subacute, chronic, and
maintenance)?

4) Which body parts are involved in the rehabilitation practices?

5) Which body parts must be (or should be) monitored?

Concerning the previous answers:



Generally, and in your department, which are the most performed/required
rehabilitative practices? (e.g., per body part - type & n. Of test)

Are they more frequently performed in ambulatory/hospital or a home/home-
like environment?

In such practices, what is possible to observe? (e.g., extension, flexion, n. of
repetitions, punctual accuracy)

In such practices, what is not possible to observe? (e.g., pain, fatigue, accu-
rate evolution trend)

In such practices, what should and what shouldn’t the patient do? (e.g.,
regarding position, execution-speed)

What are the most common errors typically performed by the patients? (e.g.,
compensation)

What are the most common errors typically performed by the physiothera-
pists? (e.g., misreadings)

What are the (human) patient limits (what should they perceive or under-
stand, but cannot)?

What are the (human) physiotherapist limits (what would you like, but you
cannot perceive or understand)?

Concerning the technological research, what do you feel is missing and needs
to be implemented?
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