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ABSTRACT

Stroke is one of the main causes of long-term disability worldwide. Conventional upper limb
physiotherapy programs can be tedious, expensive and require physical transportation. Video
games can help solve these problems. In fact, recent studies show that health professionals are
increasingly interested in using computer games for post-stroke rehabilitation. However,
commercial possibilities can be inaccessible and inadequate to the needs of patients and
therapists. Also, among academic research solutions, there is a prevalence of: exoskeletons,
inertial, magnetic and ultrasonic sensors, all electronics of significant cost and difficult to obtain
(imported). In Brazil, it is important to remember that financial conditions can be minimal. In
this work, a solution for the following problems: time (for the proper set up of every session;
lack of time of the therapist to accompany the rehabilitation sessions), space (for equipment to
be stored; for some camera systems to capture the full movement properly), and cost (for private
clinicians and patients themselves, some systems can be inaccessible, because they can require
sophisticated electronic devices) was attempted, trying to develop a very accessible post-stroke
rehabilitation exergame alternative. Thus, a video game with an innovative alternative for
tracking the 3D movement of the upper limb was made, after reviewing the bibliographic and
patent literature and identifying the needs directly from an occupational therapist and her stroke
patients, which uses optical capture with a regular camera and colored sphere markers, while
maintaining lightweight real-time processing on mobile devices. The game has 2D and 3D
versions, for both Windows and Android, simplified interface and progress monitoring. The
fact that the controller can be handcrafted by the users makes the game very low-cost, possible
to be distributed worldwide, reaching a large number of people, and possible to be played and
monitored remotely. The proposed system was tested in order to find out how accurate it can
be, compared to a gold standard system (a goniometer). It has been found that the system has
limitations, such as low accuracy at obtuse angles, illumination variation, small spheres (the
type of marker utilized), occlusions, camera distortions and motion blur. Still, it can be faster
than using fiducial markers or Deep Learning, since it is a simpler algorithm, leading to a higher
frame rate, which was demonstrated in this work, and can be very accurate when respecting the
aforementioned problems. In conclusion, the system seems promising, due to its accessibility,
very low cost, customization to the needs of patients and therapists and good tests results, as a

complementary alternative for post-stroke rehabilitation.
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INTRODUCTION

1.1 Context

Stroke is a major cause of long-term disability. In Brazil, in 2013, it has been estimated
that 568,000 people had very severe limitations after a stroke, with the prevalence of post-stroke
disability being 29.5% in men and 21.5% in women (Bensenor et al., 2015). In addition, this
number was not statistically different according to sociodemographic data, being able to reach
any part of the population (Bensenor et al., 2015).

Despite encouraging data on the recent decline in the incidence of stroke, on a global
level, the aging population and the accumulation of risk factors contribute to an increasing risk
of stroke throughout life (Feigin et al., 2018). According to the Global Burden of Disease 2016
Lifetime Risk of Stroke Collaborators, the mean global lifetime risk of stroke has increased
from 22.8% in 1990 to 24.9% in 2016 (Feigin et al., 2018). In 2020, on average, every 40
seconds, someone in the United States suffered a stroke (Virani et al., 2020). In addition, studies
indicate that in 30% (Heller et al., 1987) to 66% of patients (Sunderland et al., 1989; Wade et
al., 1983), the affected arm remains without function for at least 6 months later, while only 5%
to 20% demonstrate complete functional recovery (Heller et al., 1987; Nakayama et al., 1994),
which has a highly negative impact on the quality of life, social and daily activities.

A physical therapy routine can improve motor function of the upper limb. However,
conventional programs can be time-consuming, labor- and resource-intensive, and dependent
on patient compliance. They also can have limited availability depending on geography, modest
and delayed effects, be tedious, expensive and require physical transportation (Saposnik &
Levin, 2011). Video games can help solving these problems, as they are engaging for players,
generate entertainment, motivation, in addition of being able to be played at home, without the
need for transportation of the patient (Pyae et al., 2015; Saposnik, 2016). In 2011, a meta-
analysis of randomized and observational clinical studies concluded that, indeed, these

applications are potentially useful and can be combined with conventional rehabilitation for the
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functional improvement of the arm, cognition and quality of life after stroke (Saposnik & Levin,

2011).

1.2 Justification

For these reasons, recent studies show that health professionals are increasingly
interested in using computer games for post-stroke rehabilitation. To this end, commercial
alternatives, such as games that use the Wii Remote and Kinect sensors, which capture the
physical movement of players, are the most sought after, due to their relatively accessible
hardware and exercise games (Thomson et al., 2016). Regarding the difficulties of transferring
these technologies to the public, a 2016 study found that gaming was currently used by only
18% of therapists, but 61% (68/112) stated that they would use this intervention should
equipment be available and other barriers, such as time (for the proper set up of every session;
lack of time of the therapist to accompany the rehabilitation sessions), space (for equipment to
be stored; for some camera systems to capture the full movement properly), and cost (for private
clinicians and patients themselves, in Brazil, some systems can be inaccessible, since they can
require sophisticated electronic devices) (Thomson et al., 2016). These barriers were also
observed in Brazil after a previous study (Cyrino et al., 2018), when it was tried to distribute
the developed gaming system to local clinicians and patients. As it was necessary to have a
computer device with gaming specifications to play the heavy processing video game and an
inertial sensor device for 3D orientation tracking of the arm, it was not possible to transfer it to
the public, since all the equipment ended up being too expensive (Figure 1). For comparison
between the cited devices, a full Nintendo Wii system “can easily cross the magic US$1,000
mark” (Guina, 2020), an Azure Kinect (sensor only) had an official price tag of US$399 in 2019
(Warren, 2019), cheap gaming laptop options usually run between $700 and $1,000 (Goldman,
2020) and the Myo inertial sensor armband, currently out of production, had an official cost of
USS$199 in 2015 (Mack, 2015). In addition to the conversion of the currency to Brazilian Real,
which is more devalued, heavy taxes on imports also apply, on a population with a low
purchasing power already. These costs can be inaccessible to private practitioners and patients
that do not have access to more expensive solutions, taking in consideration all financial
conditions.

Also, although commercial games, for being readily accessible, are used in clinical

rehabilitation by therapists around the world, most of them are not well-designed for stroke
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patients and their motivational needs in rehabilitation (Pyae et al., 2015), for it should be noticed
that they are designed for young and healthy people and for entertainment purposes only. In
this way, there are some problems in using commercial games for rehabilitation, which can be
defined: the difficulty of the game can be excessive and is not adjustable for different levels of
disability; games do not transmit feedback on motor progress; the therapist's participation in the
follow-up is not considered; the theme and motivational content are not directed at stroke
patients; and the movements required may not be suitable for post-stroke physical therapy (Pyae
et al., 2015). Regarding post-stroke rehabilitation games developed in research, even though
they generally access the previous needs, it is also found a prevalence of reasonably complex
electronic devices, which can be high-cost, and the fact that these systems have a low

probability to be worldwide available, thus, oftentimes, not reaching the final customers (Y.

Chen et al., 2019).

Figure 1 — The system developed previously was expensive to some private practitioners and patients.

Gaming laptop

\->2’:_3l

Expensive!

Source: The author.

Therefore, these gaps between rehabilitation and motivational needs of stroke patients
and existing game technologies must be bridged. To this end, a new alternative for tracking the
3D movement of the upper limb was developed, using optical capture with a regular camera
and a special algorithm that enables real-time capture on mobile devices, for use in a custom-
made game taking into account the needs of post-stroke patients and their therapists. The main
advantage of this system is the fact that it is very low or zero cost, since it uses artifacts that the
patient already has at home or are easily obtainable, that is, either a smartphone, tablet or

computer with a webcam, even some of the most basic models, which 79.3% of the Brazilian
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population has access to (IBGE, 2018), and small colored spheres, which can be made using
craft materials. Also, the developed system requires a low set up time for each session; allows
the patient to do a higher number of exercises, at any moment, anywhere he/she desires, without
the therapist being present at every training session; does not need a big space to store
equipment; does not need the patient to be standing; does not need a large distance to be
captured by the camera; can be used in a large range of processing devices, even without
specific gaming specifications, i.e. a graphics card; and does not need any wearable electronics.

Therefore, this work describes the development and preliminary tests of this system,
hoping it can achieve a good tracking accuracy, simplified use, practicality to private

practitioners and patients, and a greater accessibility than commercial solutions.

1.3 Objective
1.3.1 General Objective

The general objective of this work is to develop a post-stroke physiotherapy video game
system, seeking a high accessibility, and an improvement in terms of time (for the proper set
up of every session; lack of time of the therapist to accompany the rehabilitation sessions),
space (for equipment to be stored; for some camera systems to capture the full movement
properly), and cost (for private clinicians and patients themselves, in Brazil, some systems can
be inaccessible, since they can require sophisticated electronic devices), in order to effectively

reach a large number of users, and test its accuracy and performance.

1.3.2  Specific Objectives

In order to achieve the main objective, some specific objectives were stipulated. They
are:
e Research applications for post-stroke rehabilitation using Virtual Reality;
e Define the 3D tracking method that best suits the requirements of the application;
e Define the Virtual Reality game requirements for patients and therapists;
e Investigate techniques, currently adopted, that use similar 3D tracking methods;
e Develop improvements in this type of tracking, following the requirements of the

application;
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e Develop a software that uses the developed tracking method, to command a custom-
made game;
e Test the technical accuracy of the developed system;

e Analyze the results obtained in the applied tests.

1.4 Chapter Organization

The methodology used to achieve the main objective of this work is described in the
subsequent chapters, which follow the structure below:

In Chapter 1, an introduction and general contextualization of the topic is presented,
highlighting the current reality of the application of rehabilitation technologies using Virtual
Reality and exercise games to assist in post-stroke rehabilitation.

In Chapter 2, a theoretical foundation is presented on 3D tracking of the upper limb,
concepts of computer vision tools and post-stroke motor rehabilitation stages.

Chapter 3 discusses the bibliographic and patent revision, which brings together a set of
works that were selected and consulted, according to their relevance and contribution regarding
the topic under study.

Chapter 4 presents the materials, tools and technologies used to develop the system,
including the methodology adopted, its theoretical explanation and how the final application
was tested.

Chapter 5 shows the result of the technical testing process, exposing the advantages and
limitations of the system, with a graphical analysis of the results obtained.

Chapter 6 presents the final considerations, concluding the research on the proposal to
create an application for post-stroke rehabilitation through an exercise game with a new form

of 3D motion capture, bringing possible improvements and adaptations for future works.
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THEORETICAL FOUNDATION

In this chapter, some theoretical foundations that are the basis for the correct
understanding of the development of this work will be presented and briefly commented,

namely the concepts of exergames, Computer Vision, OpenCV and post-stroke recovery stages.

2.1 Exergames

“Exergame” is a term used to define a video game which integrates exercise and gaming
(Reis et al., 2016). Examples of exergames popular with the general public include "Just Dance"
for Xbox 360 Kinect (Xbox, 2021) and "Wii Sports" for Nintendo Wii (Wii, 2021). These
games, besides providing entertainment, can generate health benefits and also positive effects

in increasing the recovery process in some diseases, such as after a stroke (Reis et al., 2016).

2.2 Computer Vision

For an exergame (exercise through a video game), it is necessary to use some form of
motion tracking as input. Many technologies and devices have been tested in recent years in
post-stroke rehabilitation games (da Silva Cameirdo et al., 2011; GestureTek, 2016; Kwon et
al., 2012; Pyae et al., 2015; Q. Wang et al., 2017). They can be summarized in mechanical,
magnetic, vision, inertial and ultrasonic trackers (Billinghurst, 2013) (Figure 2).

Bearing in mind all the possible motion tracking categories, it is necessary to choose
one that fits a research objective. All categories use electronic sensors, as follows:

e Mechanical: potentiometers, exoskeletons;

e Magnetic: magnetic transmitters and receivers;

e Vision: some type of camera, infrared, stereoscopic, retro-reflective;
e Inertial: inertial sensors, accelerometers, compasses, GPS;

e Ultrasonic: ultrasonic sensors.
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Figure 2 — Motion tracking device categories.
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Source: The author.

Undoubtedly, all these categories of sensors add higher or lower cost to the system.
However, in one of these categories, there is an opportunity. In the Vision category, there is the
possibility of using only one regular RGB camera, which is a device that most people probably
have in their homes (IBGE, 2018). Furthermore, the video game could be made lighter to
process, in order to run on a regular computer or smartphone, which is already integrated with
such a camera, resulting in a potential zero cost to the system.

Vision trackers depend on capturing a video frame through an optical system, such as a
regular monocular RGB (color) camera, an infrared (IR) camera or a more specialized depth
camera, such as Microsoft Kinect, which has a software to estimate the pose, based on the depth
map generated by the RGB camera and IR sensors (Figure 3). To help the tracking, a marker
can be used as a specific texture pattern, IR diodes or a distinct colored object. Yet, the tracking
can be markerless, depending on Artificial Intelligence techniques, by detecting edges, shapes
and other interest points. Then, the computer processes the captured frame and estimates the
upper limb position in space. This technology of detecting position through camera frames is

called Computer Vision.

Figure 3 — (a) Kinect sensor and (b) depth map with skeletal estimation.

(a) (b)
Source: (a) Evan-Amos, Public domain, via Wikimedia Commons;

(b) Sang1938, CC BY-SA 3.0 license, via Wikimedia Commons.
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2.3 OpenCV

After choosing to develop a 3D tracking method with only a 2D regular camera, it was
necessary to select a Computer Vision algorithm. As a result, the OpenCV library was used,
since it is the most complete and popular library to have the searched algorithm. OpenCV (Open
Source Computer Vision Library) is an open source Computer Vision and Machine Learning
software library, that has a permissive license and more than 2500 optimized algorithms, both
classic and state-of-the-art (OpenCV, 2020b). These algorithms can be used to detect and
recognize faces, identify objects, classify human actions in videos, track camera movements,
track moving objects, extract 3D models of objects, produce 3D point clouds from stereo
cameras, follow eye movements, etc. (OpenCV, 2020a). However, every use case can be very
particular, so it is nearly impossible to develop a universal tracking algorithm. Therefore, before
developing the system, all the OpenCV algorithms that can track gross movements of the upper
limbs and are suitable for post-stroke rehabilitation exergames were briefly tested, and a deeper
comparison was made between the three most promising, as part of the research prior to the

development of this work, the results of which will be presented in the next chapters.
2.4 Post-stroke Recovery Stages

After a stroke, survivors go through recovery stages, which Brunnstrom (1966)
classified as follows:
1. Flaccidity.
Dealing with the appearance of spasticity.

Increased spasticity.

2

3

4. Decreased spasticity.

5. Complex movement combinations.

6. Spasticity disappears.

7. Normal function returns (Brunnstrom, 1966).

Spasticity or hypertonia is an abnormal increase in muscle tone and stiffness. It is
present in most of the recovery stages (2 to 5). It frequently affects the flexor muscles in the
arm area, producing 5 stereotypical postural patterns, as observed by Hefter et al. (2012) (Figure

4):
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Figure 4 — Five typical arm spasticity patterns.
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Source: (Gomes et al., 2019) — CC-BY license.

1. Internal rotation and adduction of the shoulder, flexion at the elbow, supination in
the forearm, and flexion at the wrist resulting in the arm being fixed in a posture
across the chest.

2. Internal rotation and adduction of the shoulder, flexion at the elbow, supination in
the forearm, and extension at the wrist.

3. Internal rotation and adduction of the shoulder and flexion at the elbow coupled with
a neutral positioning of the forearm and the wrist. The neutral position of the wrist
potentially results from simultaneous contracture of the flexor and extensor muscles.

4. Internal rotation and adduction of the shoulder, flexion at the elbow, pronation in
the forearm, and flexion at the wrist. Some variation in the degree of elbow flexion
may occur.

5. Internal rotation and retroversion of the shoulder, extension at the elbow, pronation
of the forearm, and flexion at the wrist resulting in the arm being fixed in a position
behind the body. This pattern of spasticity was frequently observed in connection
with a dystonic component (Hefter et al., 2012).

Therefore, it should be taken into account, for the movement tracking algorithm, that

patients generally do not open their hands easily and cannot sustain the arm up for a long time,

tending to always keep it close to the torso.
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2.5 Final Considerations

This chapter presented the theoretical foundation and the main concepts necessary to
understand this work, namely: exergames, Computer Vision, OpenCV and post-stroke recovery

stages.
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LITERATURE REVIEW

In order to identify the state-of-art in post-stroke rehabilitation video games using
Computer Vision and regular RGB cameras, a systematic literature and patent review has been

made.

3.1 Sources and Search Strategy

For the literature review, two searches were made. One before the system was developed
and other after. They will be referred to as “first” and “second” reviews. The first review was
performed to identify what has been achieved before in games for post-stroke rehabilitation
using regular RGB cameras. The second one was a patent review, to check whether the
developed system was patentable or not, and produced more refined results.

Therefore, firstly, a systematic search was carried out, using PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) protocol (Moher et al., 2009).
The IEEE Xplore, PubMed and ACM Digital Library databases online were screened using a
keyword combination (Table 1). It is understood that there are more databases to be consulted,

however, it was considered that a sufficient number of works was selected for this preliminary

assessment.
Table 1 — Search strategy.
Stroke stroke
Games AND

(game OR gaming OR "virtual reality" OR "augmented reality" OR "mixed reality")
Upper limbs AND
(arm OR upper OR motor OR forearm OR shoulder OR elbow)
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Excluding factors: NOT
other body parts, (trunk OR finger OR lower OR legs OR knee OR ankle OR spine OR gait OR balance
other types of OR haptic OR robot OR exoskeleton OR inertial OR magnetic OR accelerometer OR

tracking, reviews "meta-analysis" OR review)

Source: the author.

The search terms in the “games” category were chosen trying to include all types of
games, even Augmented Reality ones, as the search focus was on motion capture strategies
currently in use, regardless of game type. The “excluding factors” search terms were chosen
because they returned better quality of results than very specific including factors, such as when
trying to use “color”, “camera” or “Kinect” as search terms. The only search term restriction
was to be in the English language. The beginning of the search time frame was not restricted,
because this is a fairly recent paradigm. The search time frame ended on April 16, 2020. The
questions to be answered were: Q1: What are the most popular devices and technologies used
for Computer Vision gross upper limb motion tracking in post-stroke rehabilitation exergames?
Q2: In what categories can they be classified? Q3: Is regular RGB one of the popular devices?
Q4: Are the commercial ones still widely available?

For the patent review, a regular search for anteriority was carried, using keywords that

identified the creation, both in English and Portuguese. The chosen words are in Table 2. The

search string was formed with a Boolean addition of the words.

Table 2 — Keywords for the patent search.

Keyword in Portuguese Keyword in English
1. Cor 1. Color

2. Rastreamento de movimento 2. Motion tracking

3. Derrame/AVC 3. Stroke
4. Reabilitagao 4. Rehabilitation
5. Camera 5. Camera

Source: The author.

The Websites screened were (Table 3):

Table 3 — Websites screened for the patent search.

Institution Website

1. INPI - Instituto Nacional de Propriedade Industrial  https://gru.inpi.gov.br/pePI/servlet/LoginController?a

ction=login
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2. EPO — European Patent Office https://worldwide.espacenet.com/advancedSearch?lo
cale=en EP
3. Derwent Innovations Index http://apps-webofknowledge.ez34.periodicos.capes.

gov.br/DIIDW_AdvancedSearch_input.do?SID=1A]
QhvLIVrSKN6IT1W2&product=DIIDW &search_mo
de=AdvancedSearch

4. Google Patents https://patents.google.com/advanced

5. USPTO: United States Patent and Trademark Office  https://www.uspto.gov/patents/search
Source: the author. Links last checked on 2/14/2021.

3.2 Inclusion Criteria

Studies included in the first review should be about post-stroke rehabilitation exergames
or simulations and use Computer Vision motion tracking, that is, with some sort of camera.
Assessment or product evaluation studies were also considered if they offered motor tests and
outcomes. Only were included studies that tested on more than one stroke subject. Only gross
upper limb movement assessment was considered, therefore balance and gait assessments were
excluded, as well as hands and fingers. A PICOS (Population, Intervention, Control, Outcome
and Study Design) approach was used (Moher et al., 2009):

1) Population: Patients enrolled in post-stroke rehabilitation video games or simulations.

2) Intervention: Computer Vision gross upper limb motion tracking in these games or
simulations.

3) Control: Not taken into account, because several studies with good ideas do not make
controlled clinical trials.

4) Outcome: Any measurements related to physical activity and motor control before
and after intervention were included.

5) Study design: Randomized controlled trial, cohort and single-session studies.

A flow diagram of the selection process is shown in Figure 5.

In the patent review, all patents, patent applications and utility models found on the
websites were screened, and those with the most similar claims to the proposed system were

chosen.



Figure S — PRISMA flow diagram of study selection.
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In the first review, the following information was extracted from the selected studies:

country, conference or journal, year, device brand or model and tracking type. Then, the devices

found were classified into 5 categories:

1) Depth skeletal tracking: RGB-D cameras;

2) RGB object tracking: RGB cameras that track object or marker features, such as color

and texture pattern;

3) IR marker tracking: IR (infra-red) detecting cameras with markers;

4) LeapMotion tracking: unique device technology; and

5) RGB markerless body tracking: RGB cameras for movement tracking without

markers (using Artificial Intelligence).

LeapMotion was placed in a separate category, because it has a unique technology that

is not fully disclosed by its manufacturer, therefore not being able to be categorized properly,

but it involves IR stereo markerless tracking and a monochrome camera, and does not generate

depth maps.

All the studies that used any regular RGB camera were detailed in a table, regardless of

specific brands.
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3.4 Correlated Work

After the PRISMA process, 95 articles were obtained, citing devices 103 times. These
studies were from different parts of the world: America (n = 42), Asia (n =29), Europe (n = 20)
and Oceania (n = 4). Twenty-seven percent (26/95) of the studies were from the USA.
Moreover, 63 of them came from journals and 32 from conferences. Regarding the year of
publication, the first study was published in 2006. Since then, the number of publications had
increased from one publication in 2006 to 15 in 2018 and 2019, followed by a slight decrease
in 2014 and 2017 (3 and 7 publications, respectively).

The brands or models of optical devices found each year are shown in Figure 6. Thirteen
different commercial optical systems or devices for motion capture were found. The most
widely used was Kinect, an RGB-D camera that has a markerless skeletal tracking SDK
(Software Development Kit), corresponding to 47% (48/103) of all study devices, of which
71% (34/48) were from journals. In second place, unspecified or regular RGB (color) cameras,
with 19% (20/103). It is also possible to note that Kinect has been found in studies every year
for the past 8 years and RGB cameras for 10 non-consecutive years, while some systems, such
as Optotrak, PrimeSense and PlayStation Eye stopped being found in later studies, due to the

evolution of these technologies or their withdrawal from the market by their manufacturer.

Figure 6 — Devices employed in selected studies by year (some studies used more than one device).
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The categories of devices found, as described previously, ended up having the following
commercial devices:

1) Depth skeletal tracking: Intel RealSense, PrimeSense, Kinect and Creative Senz 3D;

2) RGB object tracking: regular/unspecified RGB and IREX;

3) IR marker tracking: regular/unspecified IR, Optotrak, Optitrack, Edmund Optics
CMOS and Motion Analysis;

4) LeapMotion;

5) RGB markerless body tracking: regular/unspecified RGB, Playstation EyeToy,
Playstation Eye and GestureXtreme.

The devices categories and frequencies can be seen in Figure 7. It has been identified
that most studies used depth skeletal tracking (52% - 54/103), mainly due to Kinect. This is far
more than the second placed category, RGB object tracking (25% - 26/103) and third, IR marker
tracking (10% - 10/103).

Initially, a generalized search was made to understand the state of the art in games for
post-stroke rehabilitation using Computer Vision. After that, the regular RGB object tracking
category, which is the one that generated the most interest for future investigation, was exposed,
with all 26 studies in Table 4, from the first review.

Moreover, the patent review revealed the studies from Table 5. Also, in Table 6, the
differences from the proposed method and the related studies are shown. Three comparison
categories were chosen:

1) 3D position tracking using only one regular RGB camera;

2) In-game progress monitoring; and

3) Real-time joint angle measurement by one regular RGB camera.

These categories were chosen because it is considered that they are the main innovations
of the developed system, in relation to other studies in the games category using a common
RGB camera, which would compare precisely to the system proposed here. For instance, if
games that utilize depth cameras, that provide joint angle measurements much more easily,
were included in this comparison, it would not be fair to compare them with the proposed

system.
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Figure 7 — Commercial devices categories and frequencies.
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Table 4 — Summary of related studies — first review.

No. Reference

Tracking method

1 AHMED et al., 2020

A commercial system called IREX (Interactive Rehabilitation and Exercise

System) was tested, which consists of an RGB camera that tracks a colored

glove.

2 CIDOTA; BANK; In one of the games, the game controller is a haptic device with five markers
LUKOSCH, 2019 on top, held by the player, that determines the position of a virtual basket.

3 JAYASREE- A cup was decorated with contrasting color and extra features, such as a
KRISHNAN et al., distinctive base. The 3D position and orientation of the cup was estimated

2019 via neural networks and pose estimation algorithms.
4 SEYEDEBRAHIMI; A webcam was used to capture the subject’s hand movements through a
KHOSROWABADI;  color marker.

HONDORI, 2019

5 BANK et al., 2018 The virtual world was aligned to the real world using the Vuforia tracking

library and a webcam. However, the 3D hand and arm coordinates were

captured by LeapMotion and Kinect.

6 FARIA, Ana L et al.,
2018

A handle with an AR tracking marker was used.

7 ASSIS et al., 2016

Participants wore a glove on the injured arm and AR markers on the

shoulders.

8 CAMEIRAO et al.,
2016

The interaction with the computer was made through 2D arm movements
with a camera-based 2D color tracking software (AnTS) and a colored

glove.

9 HONDORI et al., 2016

Subjects were seated at a table and asked to perform reaching tasks while
holding a small plastic cup, which served as a color marker that was tracked

by the camera.
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10 FARIA et al., 2015 Same as CAMEIRAO et al., 2016.
11 HUNG; CROFT; VAN The PlayStation Move controllers were used, one on each hand, one
DER LOOS, 2015 controlling the cursor’s vertical movements and the other, the horizontal
movements. The PlayStation Move motion controller features an orb at the
head which can glow in any of a full range of colors using RGB LEDs. The
colored light serves as an active marker, the position of which can be
tracked along the image plane by the camera.
12 LEE, 2015 Same as AHMED et al., 2020.
13 LEE, Sook Joung; Same as AHMED et al., 2020.
CHUN, 2014
14 SUCAR et al., 2014 Same as GUTIERREZ-CELAYA et al., 2011.
15 LIN; KELLEHER; The Wii Remote was used to detect the participants’ shoulder and arm
ENGSBERG, 2013 motions. A webcam and a colored tracking object were also used to detect
and track the participants’ shoulder and arm movements.

16 VOURVOPOULOS et Same as CAMEIRAO et al., 2016.

al., 2013
17 KWON etal., 2012 Same as AHMED et al., 2020.
18  RUBIO BALLESTER; Same as DA SILVA CAMEIRAO et al., 2011.

BERMUDEZ I
BADIA,;
VERSCHURE, 2012
19 SAMPSON; SHAU;  The movement of the affected arm is picked up via a color patch which the
KING, 2012 computer vision software uses for real-time matching of the hand to the
games.

20 SHIRI et al., 2012 The patient wears a black sleeveless vest over a white robe and sits against a
blue background. His real arm is segmented out of the frame and replaced
by a virtual one, which he controls by using a mouse, trackball or a joystick.

21 AUNG; AL- A colored marker was used to track the current position of the patient’s

JUMAILY, 2011 hand.
22 DA SILVA This vision-based tracking system detects color patches located on the wrists
CAMEIRAO et al., and elbows of the patients. A biomechanical model of the upper body allows
2011 the reconstruction of the patient’s movements.
23 GUTIERREZ- Webcam tracks hand/gripper movements, through a colored ball, and
CELAYA etal., 2011 translate that into commands to control the games. The 2D tracking is based
on particle filters. The variance of the distribution of the particles is used to
estimate the distance of the object to the camera, that is the depth, z.
24 KIM et al., 2011 Same as AHMED et al., 2020.
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25 RAND; KATZ; Same as AHMED et al., 2020.
WEISS, 2009
26 SUCAR et al., 2009 Same as GUTIERREZ-CELAYA et al., 2011.
Source: the author.
Table 5 — Summary of related studies — second review.
Patents
Patent number
No. Reference and status Tracking method
US 20200197744  The user wears three passive fiducial markers, on the arm,
SCHWEIGHOFER, Al (pending); forearm and torso, which enable the detection of 3D
: 2019 WO 2020132415 motions using a regular RGB camera, aided by Kalman and
Al (application)  other predictive algorithms.
WO 2015/139750 A glove with a different color at each fingertip is tracked by
5 MAURO et al., Al (pending); a normal RGB camera and a depth camera. A processing
2014 US 10,092,220 unit processes both color frames and depth frames for
B2 (active) reconstructing the 3D positions of the markers.
The user moves around a handling element with 2
SUCAR-SUCCAR  CA 2731775 A1  distinguishable spheres. The author claims that a regular 2D
. etal., 2011 (active) uncalibrated camera is capable of tracking this handle in 3D,
but doesn’t describe how.
WILLMANN etal, US 20090259148 The user wears three sensors or markers on the upper limbs.
4 Then, a series of calculations is used to estimate to position
2007 A1l (abandoned)
in 3D space and angle joints.
Research articles, dissertations and theses
No. Reference Tracking method
The system is for full upper body motion capture. It uses one or more RGB
WANG, Robert; cameras and a colored shirt. The processing pipeline consists of several steps.
1 PARIS; POPOVIC, First, the multi-colored shirt is located and cropped from the frame using its
2011 histogram. Then, a robust pose estimation process is performed, using Deep
Learning from several photos from a database.
YAQIN TAO;
5 HUOSHENG HU, Belts of different colors are attached to different body joints of the subject. The
2004 estimated centers of these belts are regarded as the 2D joint positions.

HIENZ; GROBEL;
OFFNER, 1996

The user wears a glove with multiple colors, and colored markers on the upper
limb. The missing third dimension is calculated using a geometric model of the
human hand-arm arrangement, based on the 2D projection of upper and lower

arms on the screen.

Source: The author.
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Table 6 — Comparison study.

Studies from first review

3D position tracking Real-time joint angle
In-game progress
No. Study using only one regular measurement by one
monitoring
RGB camera regular RGB camera
1 AHMED et al., 2020 X X X
2 ASSIS et al., 2016 v X X
AUNG; AL-
X X X
JUMAILY, 2011
4 BANK etal., 2018 X X X
CAMEIRAO et al.,
5 X X X
2016
CIDOTA; BANK;
6 v X X
LUKOSCH, 2019
DA SILVA
7 CAMEIRAO et al., X v v
2011
8 FARIA et al., 2015 X X X
FARIA, Ana L et al.,
v v X
2018
GUTIERREZ-
10 v X X
CELAYA etal., 2011
HONDORI et al.,
11 X X X
2016
HUNG; CROFT;
12 VAN DER LOOS, X X X
2015
JAYASREE-
13 KRISHNAN et al., v X X
2019
14 KIM et al., 2011 X X X
15 KWON et al., 2012 X
16 LEE, 2015 X X X
LEE, Sook Joung;
17 X X X
CHUN, 2014
LIN; KELLEHER;
18 X X X

ENGSBERG, 2013
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RAND; KATZ;
19 X X
WEISS, 2009
RUBIO
BALLESTER;
20 BERMUDEZ I X v
BADIA;
VERSCHURE, 2012
SAMPSON; SHAU;
21 X X
KING, 2012
SEYEDEBRAHIMI,
22  KHOSROWABADI; X X
HONDORI, 2019
23 SHIRI et al., 2012 X
24 SUCAR et al., 2009 v
25 SUCAR et al., 2014 v X
VOURVOPOULOS
26 X v
etal., 2013
Studies from second review
Patents
1 MAURO et al., 2014 X v
SCHWEIGHOFER,
2 X v
2019
SUCAR-SUCCAR et
3 v v
al., 2011
WILLMANN et al.,
4 v X
2007
Research articles, dissertations and theses
HIENZ; GROBEL;
1 v X
OFFNER, 1996
WANG, Robert;
2 PARIS; POPOVIC, v X
2011
YAQIN TAO;
3 HUOSHENG HU, X X
2004

Source: The author.
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All the articles found and their respective category according to the brands or models of

optical devices are specified in Table 7. It is important to note that some of these studies used

more than one type of tracking device.

Table 7 — Classification of device tracking types of the selected studies.

Motion tracking
Category
device category

Camera brand or

model

Selected studies

RGB-D skeletal

tracking

RealSense,
PrimeSense,
Kinect, Creative

Senz 3D

(Richard J Adams et al., 2019; Afsar et al., 2018; Askin
et al., 2018; Belen Rubio Ballester et al., 2015, 2016;
Bank et al., 2018; Boone et al., 2019; Borstad et al.,
2018; Brokaw et al., 2015; Cameirao et al., 2016;
Cargnin et al., 2015; Castano et al., 2014; C. Chen et
al., 2017; Cidota et al., 2019; M Demers et al., 2017;
Marika Demers et al., 2019; Ding et al., 2018; Dukes
et al., 2013; Funabashi et al., 2017; Gauthier et al.,
2017; George et al., 2017; Hoermann et al., 2017;
Huang & Chen, 2016; Ji & Lee, 2016; Johnson et al.,
2018; Kairy et al., 2016; Kato et al., 2016; Kelly et al.,
2018; Kizony et al., 2013; Kutlu et al., 2016, 2015;
Lauterbach et al., 2013; G. Lee, 2013; M. Lee et al.,
2016; Mobini et al., 2015; N Norouzi-Gheidari et al.,
2013; Nahid Norouzi-Gheidari et al., 2020; Proffitt et
al., 2018; Roy et al., 2013; Schaham et al., 2018;
Schiiler et al., 2013; Shin et al., 2014, 2015; Sin & Lee,
2013; Thielbar et al., 2020; Vourvopoulos et al., 2013;
Wairagkar et al., 2017; Yang et al., 2018; Yeh et al.,
2019)

RGB object

tracking

Regular/unspecified

RGB, IREX

(Ahmed et al., 2020; Aung & Al-Jumaily, 2011; B
Rubio Ballester et al., 2012; Cidota et al., 2019; da
Silva Cameirdo et al., 2011; A L Faria et al., 2015;
Gutiérrez-Celaya et al., 2011; Hondori, Khademi,
Dodakian, McKenzie, Lopes, & Cramer, 2016; Hung
etal., 2015; Kim et al., 2011; Kwon et al., 2012; K.-H.
Lee, 2015; S. J. Lee & Chun, 2014; Lin et al., 2013; D
Rand et al., 2009; Sampson et al., 2012; Seyedebrahimi
et al., 2019; Shiri et al., 2012a; Sucar et al., 2009;
Vourvopoulos et al., 2013)




36

(R J Adams et al., 2018; Assis et al., 2016; Banifia et
Regular/unspecified al., 2013; Bank et al., 2018; Baran et al., 2015; X. Chen

. IR, Optotrak, et al., 2007; M Duff, Chen, Attygalle, Herman, et al.,
IR marker
3 . Optitrack, Edmund = 2010; M Duff, Chen, Attygalle, Sundaram, et al., 2010;
tracking
Optics CMOS, Margaret Duff et al., 2013; Faith et al., 2011; Ana L
Motion Analysis Faria et al., 2018; House et al., 2016; Prange et al.,
2008; Rabin et al., 2011; Subramanian et al., 2006)
(Bank etal., 2018; Choi et al., 2019; Cidota et al., 2019;
J. Dias et al., 2019; P. Dias et al., 2019; McDermott &
4 LeapMotion LeapMotion
Himmelbach, 2019; Ogun et al., 2019; D Rand et al.,
2009; Vanbellingen et al., 2017)
Regular/unspecified ) )
) (Cameirao et al., 2016; Jayasree-Krishnan et al., 2019;
RGB markerless RGB, Playstation ) ) )
5 Levin et al., 2012; Debbie Rand et al., 2017; Reinthal

body tracking EyeToy and Eye,
et al., 2012; Yavuzer et al., 2008)
GestureXtreme

Source: the author.

3.5 Final Considerations

Even though the use of games in post-stroke rehabilitation is relatively new, this review
shows that it has already been tested using diverse types of Computer Vision movement
tracking devices. Most published studies used Kinect in tests, but RGB object tracking had 25%
of all studies, being the second most popular device category. Kinect’s popularity may be due
to its relatively low cost, broad availability, ready-to-test commercial games and relatively good
tracking accuracy (Karbasi et al., 2016), including angle joint estimation, while not depending
on markers, any additional objects or special setups. The main drawbacks of Kinect are: limited
distance to detect depth, inability to capture reactions of less than 0.5 seconds, sensitivity to
sunlight and unsuitability for outdoor applications (Karbasi et al., 2016).

Regarding the availability of commercial devices found, some of them are still being
manufactured as they were or in newer versions. LeapMotion and PrimeSense companies were
sold to other companies, but redesigned versions of the same products are still on the market.
Kinect ended production in October 2017, but a newer version, called Azure Kinect, was
introduced in March 2020 by Microsoft, for a different target audience: “developers, not

consumers”, according to the Microsoft team (Microsoft, 2021).
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Moreover, positive and negative points were found for all devices, several of them
qualitative remarks that did not specifically address the quality of motion capture, making it
impossible to generalize if one device is better than the other.

Analyzing the related studies, the most similar one to the present application was the
one by Schweighofer (2019) (Figure 8). Fiducial markers provide 3D position and orientation.
However, the problem with this approach is that it is a detection algorithm, not a tracking one,
therefore, it is not optimized to be used with video. As the author marks himself, “relatively
long periods of marker loss can occur relatively frequently”. This is due to motion blur of the
camera. The person wearing the markers must move incredibly slow for it to work. To minimize
that, the author used Kalman filter and other prediction algorithms, which adds several
calculations to the processing, since both Kalman filter and regular fiducial marker tracking
algorithms are heavy to process. The author claims that the system performs real-time on a
mobile device. Milovanovic (2019) said that this approach may be capable of operating at a
frame rate of 30 frames per second (fps) with input images having a resolution of 640x480,
which will be reduced much further when adding Kalman filter and graphics game processing,
corroborated by this author personal experiments. It is commonly known around programmers
that games should, ideally, maintain the fps above 30, because, a bit below that, the human eye
perceives a video as a sequence of images.

Also worth mentioning are the solutions that use projection tracking through colored
bands on the upper limb (Hienz et al., 1996; Willmann et al., 2007) (Figure 9). They don’t
mention taking camera distortions into account. Also, the armband center can be estimated
incorrectly, if partially occluded or if they are different sizes, so this probably produces a flawed
estimate when not in the center of the camera and with all bands fully visible.

Therefore, there is a lack of an economically viable alternative in motion capture games
for post-stroke rehabilitation with a regular RGB camera, but at the same time, that fulfills the
requirements presented above, that is, 3D position tracking, not detection; in-game progress
monitoring; and real-time joint angle measurement by one regular RGB camera at the same
time. It is also important to remember about the game performance and angle, which must be
efficiently read without performance lapses and sufficiently precise, also without losing game

display performance, to effectively be a widely accepted and used low-cost game.
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Figure 8 — Related work by Schweighofer (2019).
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Figure 9 — Projection tracking using colored bands.

Source: (Willmann et al., 2007) - Public domain.
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MATERIALS AND METHODS

This chapter deals with the materials and methods used for the complete development
of the system proposed here. First, the section "Determination of the Tracking Algorithm" is
presented, which shows the investigation that was carried out in several motion tracking
algorithms of OpenCV, in order to choose the most suitable one for this application.
Furthermore, in the "System Development" section, the actual development of the system is
presented, starting with the theory that supports the operation of this new motion capture device,
passing through the software tools used, then explaining step-by-step the interface with the user
and how the difficulty settings, data collection and other interactions are given. Finally, the
"System Tests" section presents the tests that were performed on the system, in order to verify

the preliminary values of the main variables influencing its functioning, accuracy and usability.

4.1 Determination of the Tracking Algorithm

4.1.1 OpenCV tracking algorithms

As previously discussed, all OpenCV algorithms that needed only a single RGB camera
were briefly tested. The findings are discussed in this subsection. The three chosen ones for a
deeper comparison are explained below.

In the OpenCV library, several different approaches to object or body tracking can be
found. They have evolved substantially in the past two decades, from traditional statistical or
Machine Learning approaches to Deep Learning approaches based on Convolutional Neural
Networks (OpenCV, 2020a).

Object tracking is not the same as object detection. In object detection, each frame is
processed independently and the objective is to identify and classify the objects in that particular
frame. Object tracking, on the other hand, needs to follow a specific object throughout the

video, in subsequent frames. Therefore, it is necessary to gather space-time features (Maiya,
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2019). Thus, algorithms meant for object detection tend to be much slower and are not ideal for
object tracking. An example of this is ArUco fiducial markers (i.e., Augmented Reality
markers) detection algorithm, present in the OpenCV library. The slow response was verified,
during a rapid test. As a result, no further investigation was pursued in this approach.

In addition, OpenCV approaches based on Deep Learning can be adapted for both object
tracking and detection. For example, they can be trained to track a hand, some object or a
complete 2D skeleton, without using markers. However, they require several calculations and,
therefore, a very powerful and expensive machine to run at an acceptable frame rate (Dibia,
2019; Kimyoon-young, 2020). In general, markerless body tracking algorithms have a very
high processing cost and need high-cost machines. This breaks the low-cost requisite intended
here, so they were considered unsuitable for the application to be developed.

With that in mind, other approaches to real-time, lightweight and effective object
tracking algorithms were searched. The objective is that any holdable or wearable objects in the

user’s home makes them capable of interacting with the post-stroke exergame (Figure 10).

Figure 10 — Schematics of the intended application: the movement of an object, held by the patient, is

captured by a camera and, through a tracking algorithm, translated into game commands.
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Source: The author.

So, first of all, the most basic options for object tracking were surveyed:

1. HSV color threshold: Among all the features of an object, color is one of the most
widely used for tracking (Yilmaz et al., 2006). In fact, such technique is even found
in commercial post-stroke rehabilitation gaming solutions (GestureTek, 2016). It
relies strictly on basic image processing concepts, namely color thresholding. First,

it is necessary to define an upper and lower range in a given color space (such as
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RGB and HSV). After that, several functions are used to generate a mask in which
only the pixels with the desired color are white and all background pixels are black.
Then, the white pixels can be tracked through the frames by restricting the area of
the object, searching for a closed contour or fitting a rectangle over it, as shown in
Figure 11. This algorithm is very fast and can run in super real-time even on resource
constrained devices (Rosebrock, 2020). Drawbacks include the necessity to
recalibrate the exact colors once in a while, sensibility to illumination variation and

the color of the object should not be present anywhere else in the frame.

Figure 11 — Color tracking thresholding works by defining an upper and lower range in a given color space,

in this case, HSV, (left) and then masking this color (right) from the original image, detecting the object

(center).
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Source: The author.

Moreover, in OpenCV, there is a long-term optical tracking API, which is a unique
interface useful to plug several tracking algorithms and compare them. They provide eight
already implemented algorithms: Boosting, CSRT, GOTURN, KCF, MedianFlow, MIL,
MOSSE and TLD (OpenCV, 2020b). All of those were coded and a quick pretest was conducted
with a variety of objects. When there was fast motion, all algorithms lost track at some point,
except the CSRT, which was the only one that generated interest in further testing:

2. Discriminative Correlation Filter with Channel and Spatial Reliability (CSRT):

This is an algorithm introduced in 2018 that joins the channel and spatial reliability
concepts to discriminative correlation filters tracking. The spatial reliability map
adjusts the filter support to the part of the object suitable for tracking. Consequently,
both allow to enlarge the search region and improves tracking of non-rectangular
objects. Reliability scores reflect channel-wise quality of the learned filters and are
used as feature weighting coefficients in localization. The authors claim that this

algorithm can run in real-time on a CPU (Lukezic et al., 2017).
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Besides those algorithms, in the “Video Analysis” module of the OpenCV library, more
object tracking algorithms can be found, such as Mean shift and Cam shift. When testing them
quickly, it was decided to further test the Mean shift algorithm. This algorithm was proposed
in 1975, but had been ignored until Cheng’s revisit (Cheng, 1995), developing a more general
formulation and demonstrating its potential uses in clustering and global optimization. Over the
years, the Mean shift algorithm received more improvements (Yilmaz et al., 2006):

3. Mean shift: Mean shift tracking requires that a portion of the object is inside the
circular region of interest (ROI) when the tracker is initialized. Then, a histogram is
generated with the first frame information of the object, such as spatial and color
information. For histogram generation, a weighting scheme defined by a spatial
kernel gives higher weights to the pixels closer to the object center. Then, the
algorithm compares the histograms of the object and the window around the
hypothesized object location. At each iteration, the Mean shift vector is computed
such that the histogram similarity is increased, thus moving the window closer to
the object. This process is repeated until convergence is achieved (Yilmaz et al.,
20006).

In the next session, the tests with these three algorithms are described.

4.1.2 Algorithm testing methods

As tracking can be used for various different purposes, in many different environments
and situations, doing a deep comparison of tracking algorithms can be tricky. There are also
several variables that can influence results on tracking comparison, such as rotation or partial
occlusion of tracked object, changing light conditions, blurred frame due to a fast camera
movement, etc. Large standardized datasets exist and can be used to test new algorithms in
relation to existing ones (Wu et al., 2013). However, the color algorithm is not suitable for these
benchmarks, because it needs color calibration for each video and a background free of the
same color to be tracked. Thus, a small dataset was created specially to test the three trackers
analyzed in this study: Color, CSRT and Mean shift. A total of nine videos were produced, each
representing one of the major problems that have to be dealt with when implementing a good
tracking algorithm (Table 8), as described in the standard benchmarks (Wu et al., 2013).
Therefore, each algorithm was tested through nine variables, during the exact same video
reproduction. Even though a large standardized dataset would be more reliable, this preliminary

test was already fitted for its purpose, which is to help in the development of the system.
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Table 8 — List of problems for tracking algorithms.

Abbr. Name Description
The background near the target has similar color or texture as the
BC Background Clutters
target.
IPR In-Plane Rotation The target rotates in the image plane.
v [llumination Variation The illumination in the target region is significantly changed.
) The number of pixels inside the ground-truth bounding box is
LR Low Resolution o
below limit.
The target region is blurred due to the motion of target or camera/
MB/FM Motion Blur/ Fast Motion ) ] o
The motion of the ground truth is larger than limit.
occC Occlusion The target is partially or fully occluded.
OPR Out-of-Plane Rotation The target rotates out of the image plane.
ov Out-of-View Some portion of the target leaves the view.
The ratio of the bounding boxes of the first frame and the current
SV Scale Variation

frame is out of the range.

Source: The author.

In all videos, the same object was used, in the same location. The chosen object was an

ArUco marker, due to its very defined black square with a very distinguishable white pattern,

which would facilitate the ROI visualization. A paper cube was used as support for the marker

(Figure 12).

Figure 12 — Schematic of the algorithm test.
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Source: The author.

After filming every video, the ground truth, that is, the desired ROI output, was

generated through the multi-paradigm numerical computing environment MATLAB Ground

Truth Labeler application (MatLab, 2021), with some manual adjustments. Then, the three
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algorithms were tested on each of the nine videos and evaluated in relation to ground truth,

starting all of them with the same exact ROI as the ground truth in the first frame and using the

following metrics:

1.

2.

Success evaluation: Following (Janku et al., 2016) and (Wu et al., 2013) evaluation
metrics, a success plot was made. Given the ROI rectangle of the tracking algorithm

(r¢) and the ground truth (7y), the area of the intersection between them was divided

by the area of the union between them. The number of successful frames in which
this ratio was larger than a threshold, in this case, 0.5, was counted and divided by

the total number of frames. The formula can be summarized as: ngs = number of

|A(renTg)l

frames in which
|A(reurg)|

> 0.5, where ngf is the number of successful frames and

A is the area of the rectangle. Then, S = %, where S is the success and ny is the
f

total number of frames.

Precision evaluation: To evaluate the precision, it was decided to use the arithmetic

|A(renTg)

, because
|[A(reUrg)|

mean of the intersection over union value of each frame, IoU =

it takes into account the scale of the bounding boxes and not just their centers. When
there is a perfect overlap, the score is equal to 1.

Time per frame evaluation: In order to check how fast the algorithms were, the
arithmetic mean of the time taken to process every frame was calculated for each

video.

The notebook used to process the frames had a 17-9750H CPU, with 32 GB of RAM

and a NVIDIA GTX 1660 Ti graphics card. The Python programming language was used. To

display the results, the box-and-whisker plot was used. The box identifies where 50% of the

most likely values are located, the line inside it is the median of the values and the extreme

values are delimited by the whiskers.

4.1.3 Algorithm tests results

1.

Success

The total success plot can be seen in Figure 13. It represents the percentage of frames

that had a tracked and ground truth ROI overlap over 50%. The values are between 0.00 and

1.00, the higher the better. It can be seen that the CSRT algorithm had a median success of 1.00,

or perfect, followed by the color algorithm, which scored 0.95 and the Mean shift, with 0.48.
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Nevertheless, the minimum success of CSRT was lower, with 0.38, but it was still the best of
the minimum values. Overall, it was significantly better than the Mean shift algorithm. Both
the color and the CSRT algorithms achieved good results, with the color algorithm being more
inconsistent.

Figure 13 — Success chart.
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Source: The author.

2. Precision

The precision plot is shown in Figure 14. It shows that the color algorithm was the most
precise of all, with 0.88 median, followed closely by the CSRT algorithm, with 0.74, both good
results. The color algorithm had a bit more consistent results inside the box than the CSRT
algorithm this time, but a very dispersed result in the extremes, scoring a 0.00 in the BC test

and 1.00 in the OPR test. Mean shift had a low median of 0.41.

Figure 14 — Precision chart.
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3. Time per frame

The time per frame chart is shown in Figure 15. It shows that that the color and the Mean
shift algorithms were really fast, with the first having an average of 0.0071 seconds to process
each frame, which results in a fps (frames per second) of 1/0.0071 = 140.8 fps, and the Mean
shift, 0.0069 seconds, that is, 1/0.0069 = 144.9 fps, thus achieving the real-time requirement
for the game. It was desired at least 30 fps. The CSRT algorithm did not achieve real-time in
the 17 notebook, having an average of 1/0.0795 = 12.6 fps, because, at this framerate, the human
eye can distinguish the different frames of the video. The fps value obtained with the CSRT is
similar to the one the authors claimed in the original paper, 13 fps on a 17 processor (Lukezic

etal., 2017).

Figure 15 — Time per frame chart.
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Table 9 displays all the 27 precision results, for each type of problem and solution tested.
It can be seen that the color algorithm presented a better performance in five opportunities: in
the In-Plane Rotation, Motion Blur/Fast Motion, Out-of-Plane Rotation, Out-of-View and Scale
Variation. The color algorithm won in the rotation tests because it was able to change the ROI
scale exactly like the actual scale change, while the other two algorithms varied the scale
beyond the limits of the object. Some algorithms were completely lost, such as the Mean shift
during the Out-of-Plane rotation, which was not expected, as this algorithm also uses color for
tracking.

The fact that the color algorithm won in most of the tests was expected, because, even
with great motion blur, the color is still there, while the other features that the other trackers

generally depend on, such as texture pattern, can no longer be trusted. Therefore, the tests have
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Table 9 — All precision results.

Problem Color CSRT Mean shift
BC 0.00 0.95 0.88
v 0.77 0.90 0.30
IPR 0.94 0.74 0.74
LR 0.92 0.95 0.69
MB/FM 0.71 0.70 0.24
OCC 0.54 0.35 0.59
OPR 1.00 0.62 0.39
ov 0.88 0.62 0.11
SV 0.97 0.91 0.41

Source: The author.

shown that color is the most reliable feature to be tracked. It also, as a bonus, has the lowest
processing cost, and, therefore, was chosen for the application to be developed. A video of the

tests can be seen at https://youtu.be/ICY YaRB9apU.

4.2 System Development

4.2.1 Theoretical base

An exergame rehabilitation system consists of its software, the game itself, and the
hardware, the device that will assist in capturing body movement and translating it into virtual
movements. Seeking system accessibility (low cost and wide availability), the following

requirements were considered:

1. The software must be easily distributed. This is only possible if the software is
made for popular operating systems, such as Windows and Android, and for
devices that people usually have at home, such as a smartphone (IBGE, 2018).
For this reason, the system was developed for both Android and Windows
platforms, being possible to be used on smartphones, tablets, notebooks and
desktops;

2. The hardware should have the lowest possible implementation cost, and the most

accessible materials. For this, a hardware totally free of electronic devices and
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possible to be reproduced with handmade materials (e.g., Styrofoam, paints,
fabric) has been chosen.

Based on these requirements, it was decided that the 3D tracking, the main innovation
of this system, would be done as follows: two colored spheres, of the same diameter, of uniform
color and distinct from the surrounding environment, would be affixed to the body of the user,
using masking tape, for instance, so that they are at the same distance from a central joint. For
example, if this joint is the elbow, one ball should be affixed to the hand and the other to the
user's shoulder. Then, the software will turn on the webcam or front camera of the device used
to display the game, capturing frame by frame. In each frame, the software will segment each
sphere of the rest of the environment, through its colors, calibrated by the user. Then it will
identify the 3D position of each sphere for calculating the angle of the joint, which is used to
control the game (Figure 16).

This is achieved as follows:

1. Compensating for camera distortions

First, it should be noted that all traditional cameras will produce distortions in their
images. Since the lens is curved, the center of the photo is slightly enlarged more than the edges.
This makes the straight lines appear to curve around the edge of the image. The wider the lens,
the more extreme the optical distortion. This is due to the physical shape of the lens glass.
However, a camera lens from the same device, in the same position, will always create the same
type of lens distortion. Therefore, it is possible to reverse this effect, by using a correction
algorithm based on the specific lens model. The two main types of distortion are radial
distortion and tangential distortion. Radial distortion makes straight lines look curved. The
radial distortion becomes greater as the most distant points are from the center of the image.
Radial distortion can be represented through the following formulas:

Xaistortea = X(1 + ky1? + kpr® + k3r®)
Yaistortea = Y(1 + kg2 +kpr® + kegr®)

Likewise, tangential distortion occurs because the image captured by the lens is not
perfectly aligned parallelly to the image plane. Therefore, some areas of the image may appear
closer than expected. The amount of tangential distortion can be represented as follows:

Xaistortea = X + [2D1xy + po(r? + 2x7)]
Yaistortea = ¥ + [p1(r® + 2y?) + 2ppxy]
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Figure 16 — The controller of the game consists of spheres, which can be made out of craft materials and

placed to measure the angle of any joint in the body.

Source: The author.

In short, it is necessary to find five parameters, known as distortion coefficients, given

Distortion coef ficients = (ky k, p1 p2 k3),

where 7 is the Euclidean distance between the distorted image point and the distortion
center. The above formulas are derived from the Brown distortion model (Brown, 1966), also
known as the Brown-Conrady model, based on previous work by Conrady (Conrady, 1919).
The Brown-Conrady model corrects radial and tangential distortions, caused by physical
elements in a lens that are not perfectly aligned.

In addition, in Math, the transformation from 3D object points to 2D image points and
vice-versa is done by a transformative matrix called the camera matrix. This contains some
information exclusive to the camera, which is called the camera's intrinsic parameters, focal

length (fy, f,) and optical centers (cy, ¢y):

fx O Cx
cameramatrix = |0 f, ¢,
0 0 1

Also, there are the extrinsic parameters, which correspond to the rotation and translation
vectors, that translate the coordinates of a 3D point to a 2D coordinate system (and vice-versa).

To find them, one must provide some sample images of a well-defined pattern (for example, a
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chessboard). The coordinates of the chessboard square corners, in image space, are calculated
for every image and correlated to the real-world space coordinates. Therefore, calculating the

distortion coefficients, which can be used to obtain an undistorted image from the camera

(Figure 17) (Zhang, 2014).

Figure 17 — Original image (left) and corrected (right).
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Source: The author.

2. Segmentation of the spheres

After calibrating the camera, each camera frame is obtained and its distortions are
corrected. It is now necessary to track the 3D position of the spheres. First, they need to be
segmented from the rest of the image. This is done by searching, in each frame of the video, for
the color of the sphere in the HSV space, which is the color system formed by the components
Hue, Saturation and Value. For this, the user is asked to specify the maximum and minimum
values of the desired sphere color. So, first, each pixel is analyzed, converted from the RGB
space: Red, Green and Blue, which is the default, to HSV. Afterwards, the pixels that have an
HSV value between the specified maximum and minimum are separated from the rest of the
image, generating a binary mask (Figure 11).

However, the sphere has imperfections: it reflects light, produces shadow, and
undergoes occlusions. Also, there may be another small object in the background of the same
color as the sphere. In this way, to improve the image, morphological operations can be
performed on it, which are image processing techniques. In this system, the morphological
opening operation is performed, which is useful to remove small objects from an image while

preserving the shape and size of larger objects in the image (Figure 18).
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Figure 18 — Before (left) and after (right) the morphological opening operation.

Source: The author.

After the morphological operation, the contours of the white spots remaining on the
mask are calculated. The largest contour found should be that of the sphere, if there is no larger
object of the same color in the scene. If there is a larger object of the same color in the scene,
the color of the spheres should be switched. Once the contour of the sphere is found, the circle
circumscribed to this contour, with its center and its radius are calculated, which is the
estimation of the center of the sphere in the image, in 2D pixel coordinates, with the point (0,0)

being the top left pixel of the image (Figure 19).

3. Real-time 3D position estimation

From the 2D image obtained with the camera, the distortions of the lens are corrected,
the sphere is segmented by means of its color and the center of the circle circumscribed to its
outline is found. Now, it is necessary to transform the 2D coordinates of the center of the sphere
into a real-world 3D position in centimeters.

A first attempt to estimate the missing dimension, which is the distance between the
object and the camera, or the z axis, could be by the variation of the diameter of the 2D
projection of the sphere when it approaches or moves away from the camera. However, there
is a problem with this, since the camera's field of view is not 180° (Figure 20). This causes the
problem in Figure 21: when the object is far from the center of the camera, a variation in the z
axis (3D) causes a shift in the x axis of the 2D projection. This would make the 3D position

estimation wrong.
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Figure 19 — Detected sphere and its 2D pixel coordinates. Observe that the tests were done in a common

room without a special background.
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Figure 20 — Field of view of a camera.

Source: Dicklyon at English Wikipedia, Public domain, via Wikimedia Commons.

In the field of Computer Vision, problems such as this (camera or object pose
estimation) are fundamental and well understood. They have been studied for over a century
(Lu, 2018). In the early 1980s, Fishler proposed the Perspective-n-Point problem (Fischler &
Bolles, 1981), whose goal is to estimate the position and orientation of a calibrated camera from
known 3D-to-2D point correspondences between a 3D model and their image projections,
which is fundamental for many applications. The most general version of the problem requires
estimating the 6 degrees-of-freedom (DOF) which are made up of the rotation (roll, pitch, and
yaw) and 3D translation of the camera and five calibration parameters: focal length, principal
point, aspect ratio and skew. The Perspective-n-Point is the most common simplification to the

camera pose problem, by assuming known calibration parameters.
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Figure 21 — A change in the z axis (3D) (a) when the object is near the center of the camera and (b) when the

object is dislocated from the center of the camera: the x axis of the 2D projection is also dislocated.

(@)

(b)

Source: The author.

This problem can be formulated as: given a correspondence between a 3D point with
(x,y, z) coordinates expressed in a world reference frame, and its 2D projection (u, v) onto the
image, seek to retrieve the pose (R, t) of the camera with respect to the world and the camera’s
intrinsic parameters: focal length (fy, f,) and optical centers (cy, ¢,) (Figure 22).
This means that, with the following formula, it is possible to project 3D points on the
image plane:
u fr 0 ][ T2 T3 4
s [vl = [O fy Cy] [Tu T2 T23 tz] [
0 14 I ts

1 0 T3y T33

RN R

Note that the intrinsic parameters can be calculated in the camera calibration step. By
replacing them in the equation, the coefficients R (rotation) and t (translation) of the sphere
centers can be found. As a sphere has no intrinsic orientation, only the translation coefficients
t;,t,,t3 can be used. They give the position of the center of the sphere in real-world

coordinates.
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Figure 22 — The Perspective-n-Point problem.
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Source: The author.

After obtaining the real 3D position of the center of both the spheres, the angle of the
joint can be calculated, as this is an important parameter for measuring the spasticity of the
upper limb and, therefore, the clinical progress of the patient. The angle of the elbow joint is
calculated as follows:

1) The user is asked to measure the distance between his shoulder and elbow, which will
be the same distance, approximately, between his fist and his elbow (d; = d,). This
doesn’t have to be very anatomically precise, as long as the distance between each
sphere and the joint is the same.

2) From the 3D positions of each sphere, one on the wrist (X,,Y,,Z,) and other on the
shoulder (X3,Ys,Z3), the distance (d;) between them can be calculated using the

Euclidean distance formula:

dy = (X, — X3)2 + (Y, —Y3)2 + (2, — Z3)?

3) Now, having d;, d, and d3, the value of the three sides of a triangle formed by the
patient's arm is determined, in which d5 is the distance opposite the angle of the elbow
(Figure 23). Then, the elbow angle (6) can be obtained by the law of cosines:

di? +d,* — ds*
2d,d,

The same principle can be extended for similar body joints. Now, the elbow angle was

cosf =

found in 3D space without camera distortions. That is, the user can rotate the arm in all three

dimensions and this angle will continue to be read correctly.
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Figure 23 — The angle of the elbow joint can be found by the law of cosines.
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Source: (Freire Bastos Filho et al., 2017) — Public domain.

4.2.2 Software development tools

The system was developed using Unity (Unity, 2021b) game engine. Three-dimensional
modelling, texturing and animation was done with Blender (Blender, 2021). The vegetation was
procedurally generated using Treelt (Treelt, 2021). The 2D vectors were created using the Vectr
web editor (Vectr, 2021) and GIMP image manipulation software (GIMP, 2021). It was used
the free version of all these tools. The 3D models for the scenery were adapted from Unity team
demonstration projects. The OpenCV-Unity integration was done using the OpenCV plus Unity
free plugin (Unity, 2021a). The main audio theme of the games is from Kevin MacLeod
(FreeMusicArchive, 2021).

4.2.3 System architecture and interface

The system has the usage flow of Figure 24, which will be described in this subsection.
As previously explained, the 3D elbow angle is known, as well as the 3D position of the patient's
shoulder and wrist. This information will now be used in the exergame.

Two versions of the game were made. One with 2D graphics and one with 3D graphics.
They have some differences. The 2D graphics version is much lighter to storage and process.
Also, it has only one controllable axis of movement, which is the y axis (up and down).
Therefore, it works only one joint at a time, being an easier game. The 3D graphics version is

for devices that have a better hardware and can reproduce 3D semi-realistic games. It has 2 axes
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Figure 24 — System usage flow.
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of character movement, x and y (up and down, left and right), therefore, is a bit harder to play.
Both versions are for Android and Windows.

When first opening the game on a new device, the user sees a questionnaire screen. This
was done in case of need to collect data remotely for research. In the first page of the
questionnaire, there is the consent form of this eventual research and, in the second page, some
general information of the participant can be collected (Figure 25). Afterwards, the user sees
the initial screen (Figure 26). From there, he can choose what he wants to do, from the menu
options.

When playing for the first time, the user must perform the camera and color calibrations.
This calibration will only be necessary again if the device camera or the device position or the
illumination of the room is greatly changed. To calibrate the camera, the user should click on
“Set Camera”. When entering this option, the panel in Figure 27 appears.

Also, the user must print a checkerboard pattern, supplied with the system, and paste it
on a rigid surface (a book, for example). Then, he must take some pictures of this object, from
several different angles. It is possible to do a calibration with very few photos, however, the
more photos are taken, the better. To take photos, the user must press the “Take Picture” button,
which will count for five seconds and capture a photo from the camera, recognizing the
checkerboard pattern. If the pattern is recognized correctly, colored lines will be seen over the
image. When finishing the calibration, the user must click on “Calibrate and Apply”, to
calculate the matrix with the calibration parameters. He can also clear the photos and what was
calculated, in “Clear”, save for future sessions, in “Save”, or leave this panel, in “Back”. This
panel was done with a simplified interface, for the post-stroke user to be able to do it with one

hand.
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Figure 25 — Initial questionnaire screen: (a) consent form and (b) general information collection.
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Source: The author.

Now, the user must calibrate the colors of the spheres that he has, in relation to his
environment. For this, he should enter the “Set Colors” panel (Figure 28).

In this panel, the user should move the arrows, choosing the maximum and minimum
limit of the colors he wants to calibrate, according to their hue, saturation and value. To help,
the user can click on “Change View” to view the mask produced. Calibrating correctly, he will
see his spheres surrounded by a line. The user must also set his half arm length on “Half Arm
Length (cm)” and the diameter of his sphere on “Ball Size (cm)”. In the lower left corner, he
will see the angle of his elbow that the system is accusing. The user can then save in “Save” or

return to the menu in “Back”.



Figure 26 — Initial interface of the game in the (a) 2D and (b) 3D versions.
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Source: the author.

Figure 27 — Camera calibration interface — 3D version.

Source: The author.
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Figure 28 — Color calibration panel — 2D version.
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Once the calibrations are done, the user can change some game settings in "Options". In
this panel, he can place two emails, to which his progress report will be sent (it is suggested
that one email is from the patient and the other from the therapist). In addition, the patient can
change performance options, if the game is too slow on his device, by reducing the capture
resolution in “Screen Resolution”, and asking the system to skip the capture of some frames, in
“Frames to Skip”. This decreases the accuracy of the capture. The patient can also choose to

see himself or not during the game, in “Show Camera Input”, which also slows down the game

(Figure 29).

Figure 29 — Configuration panel — 3D version.
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Source: The author.

Again, the patient can save or exit this panel. After that, he can play by clicking on the
“Play!” button of the main menu. Then, the user enters the difficulty adjustment panel, which

collects data on his current joint range and speed of movement. For this, he should flex the arm
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as much as possible and then extend it as much as possible, as fast as he can. Then, minimum
and maximum angles and the joint extension speed will be captured. The user can restart this
test, if desired, in “Restart”. He can return to the menu, in “Back”, or end the test, in “Done”
(Figure 30). When clicking on “Done”, a question will appear, in the form of a scale from 1 to
7 (Likert scale), of how difficult the patient wants the system to be. He must choose the
difficulty and click on “Play” (Figure 31).

Figure 30 — The difficulty adjustment panel captures the current angle range and extension velocity. This

information is used to adjust the difficulty of the game and in the progress report.
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Figure 31 — Difficulty choice panel.
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By clicking "Play!", the game will start. Both versions take place on a beach, a scenario
chosen because the advanced age of most post-stroke patients is expected by the author to
translate into a preference for nature scenarios. In the 2D version, the angle of the patient's
elbow will be used to move the bird character (a great kiskadee) upwards (by flexing) and
downwards (by extending) (Figure 32). In the 3D version, there is the addition of the left-right

movement of the green-winged macaw by rotating the shoulder joint internally or externally

(Figure 33).

Figure 32 — Exergame - 2D version.

Source: The author.

The game versions have different narratives. In the 2D version, the bird must pass
through the obstacles, which are metal columns. The information of time, “Score” in number
of columns, and elbow angle can be seen. If the user has chosen this option in the options panel,
he will see himself during the game. The user can end the session in “End Session”. In the 3D
version, the bird must capture all fruits randomly distributed on the scenery. There is the
information of fruits left to capture on the screen.

At the end of the session, the user will be asked to do a drawing test, to check whether
his motor coordination has improved. It consists of following a pattern on the screen with the
sphere on your hand. The test will end when the user returns to the point at which he started
drawing (Figure 34).

After finishing the drawing, a warning will appear on the screen, indicating that the

progress report has been generated and sent to the registered email.
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Figure 33 — Exergame — 3D version.
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Figure 34 — Drawing coordination test.
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4.2.4 Difficulty adjustment

Source: The author.

Due to being at different recovery stages, each post-stroke player has a different range

of elbow extension, at a different speed. This has to be translated into the game. If the

adjustment is not made, the patient with little amplitude will not be able to move the character

correctly and achieve the objective of the game.

The difficulty setting of the game has an automatic and a customizable part. The

customizable part consists of the player choosing, on the presented Likert scale (Likert, 1932)

(Figure 31), a difficulty level from 1 (extremely easy) to 7 (extremely difficult). The automatic

part uses the angle range and velocity values to modulate the character’s movement (Table 10).

Table 10 — Variables that are used to adjust the difficulty.

Variable Description

Influence — 2D game

Influence — 3D game

Option selected by
levelChoice the user on the Likert

scale of difficulty

Character’s range of motion
Rate of appearance of new
columns

Distance between columns on

the y axis

Number of fruits in the
scene
Size of help to find the
fruits

Score from each fruit

Angular  amplitude

measured during
angleRange

calibration before the

session

Character’s range of motion
Rate of appearance of new

columns

Character’s range of motion
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Movement speed

measured during e Rate of appearance of new
velocity o ---

calibration before the columns

session

Source: the author.

a) Character's range of motion

For this adjustment, first, the angular amplitude of the elbow (angleRange) is calculated,
through the measured maximum (maxAngle) and minimum (minAngle) angles:

angleRange = maxAngle — minAngle.

Then, the ratio (angPosRatio) between the position of the bird on the y axis
(birdPosRange) and the angular amplitude is calculated:

angPosRatio = birdPosRange /angleRange.
This ratio is then used in the following formula:
newPos = angPosRatio * (angle — minAngle),

being newPos the bird’s next position and angle the current angle of the elbow. This
formula allows the bird to move from top to bottom of the scene, regardless of the patient's
range of motion.

Also, an additional challenge is offered so that the patient is encouraged to extend/flex
the elbow beyond its current range and, therefore, gain more amplitude, which is the goal of
therapy. For this, the following calculation is made:

maxAngle = maxAngle + 0,1 * levelChoice * maxAngle e
minAngle = minAngle — 0,1 * levelChoice * minAngle,

where levelChoice is the difficulty chosen on the Likert scale. Through these
calculations, a proportional value to the chosen difficulty is added to the maximum angle and,
likewise, removed from the minimum angle. This means that the patient has to extend or flex
the elbow more to reach the required position of the character, encouraging him to move beyond

his current range.

b) Rate of appearance of new columns

The rate of appearance of new columns in the scene (spawnRate) is impacted by the

elbow angle amplitude and speed calibrated at the beginning of the session and by the selected

difficulty, through the formula:
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spawnRate = (2 * angleRange) / (dif ficultyAnswer * velocity),
This rate indicates in how many seconds a new column will appear on the scene. Note
that, the greater the chosen difficulty and the user’s velocity, the faster the columns will appear.
Also, the greater the patient's movement amplitude, the slower the columns will appear, as the

patient must move the arm further to reach a certain position.

¢) Distance between columns on the Y axis

According to the difficulty chosen by the patient, a distance is selected between the
columns on the Y axis. Therefore, there is a possibility to choose from seven pre-selected
distances in the game. The shorter this distance, the more precise the movement must be, thus,
the greater the difficulty. For this reason, the column distance is chosen inversely proportional

to the Likert scale value, and that column is instantiated in the scene.

d) Number of fruits in the scene

The number of fruits in the scene (fruitCount) is decided by the Likert scale answer, that
is, the levelChoice variable. The fruit count is calculated by the formula:
fruitCount =5 * (—levelChoice + 8),
which means 35 fruits at level 1 and 5 fruits at level 7, so it’s easier to find fruits and

score at the easier levels.

e) Size of help to find the fruits

The fruits are all instantiated with animated concentric circles around them (Figure 33),

which makes them easier to find. These circles are bigger to easier the level.

f) Score from each fruit

There are 9 types of fruit possible to capture. The score attributed to each fruit is a
number from 1 to 9 (the rarer the fruit, the higher this number) times the levelChoice. This was
done so that, at level 7, even with only 5 fruits, they will be so valuable that the total possible

score will be higher than the one possible at level 1, when the fruits are much easier to capture.
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4.2.5 Collected data and progress report

During the game, some relevant data about the patient and a specific therapy session are

collected. They are:

ID: a unique and fixed number, randomly generated, to identify the user,
maintaining his anonymity;

Session number: how many sessions have been made so far;

Session duration (minutes): the current session duration;

Days of playing: the number of days on which the user had a therapy session;
Angle range (°): the angular amplitude of the elbow, measured by the system,;
Velocity: the elbow extension speed, measured by the system;

Difficulty choice: the difficulty chosen on the Likert scale;

Number of flexions: the number of elbow flexions during a session;

Score: score on that session;

Number of errors: the number of errors (hitting an obstacle);

First e-mail and Second e-mail: the e-mails to which the patient wishes to send the
progress report; and

Drawing test: the drawing test image.

This data is collected and stored in the cloud automatically, through the services of the

Google platform, with no need for a local database. A progress report is also generated with the

data collected over several sessions (Figure 35), which can be sent via email to two people, for

example, the patient and his therapist. This makes the therapy as remote as possible.



Figure 35 — Example of progress report generated by the game.
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4.3 System Tests

In the following tests, the accuracy of the angle measured by the system was tested by

changing the following variables:

a) Angle value

To test the accuracy of the angles measured through the game, a comparison between
these angles and those of a gold standard measurement instrument, a goniometer (angle
measurement instrument used by health professionals) has been chosen. For this, two 4 cm
polystyrene balls with different colors were attached to a goniometer, one at the end of each
arm, as if it were the patient's upper limb (Figure 36). Then, it was positioned parallel to a
laptop, 40 cm away, with the spheres approximately in the center of the image. Then, the laptop
webcam (standard HD - 1280x720), calibrated with 50 photos, was used to measure the value
of the angle read by the game at every 10 degrees of the goniometer, from 10 to 180°, obtaining
200 samples per angle. The distance in centimeters between the spheres was also measured.
After that, the values obtained were plotted, highlighting the arithmetic mean for every 200
samples. Also, the error of the mean was calculated for every angle and plotted. The

environment was a furnished room with controlled artificial lighting.

Figure 36 — Goniometer with spheres attached.

Source: The author.

b) Number of photos in calibration

To test how many photos are needed for a good calibration of the system, sets of 46, 25,

10, 5, 3, 2 and 1 photos were made. The calibration parameters for each set were calculated.
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Then, the goniometer was positioned at 60° in front of a webcam, 40 cm away, and 200 samples
of the value measured by the system were collected for each set of calibration parameters.
Afterwards, the average error of the angle obtained was calculated, as well as the standard
deviation, the reprojection error and the optical center errors. The reprojection error is an
estimation of how precise the calibration parameters are. First, the object point is projected to
image points using the OpenCV function projectPoints(). Then, the absolute norm between this
result and the chessboard corner finding algorithm is calculated. The average error is the
arithmetic mean of the errors calculated for all the calibration images. The optical center errors
can be known because the webcam frame size is known and they are the coordinates of the

center of the frame. The results were plotted on graphs.

¢) Sphere diameter and distance from camera

For this test, the goniometer was positioned at 60°. Two spheres of 3, 3.5, 4, 5 and 6 cm
in diameter were placed in each goniometer arm at a time. The distance (z axis) from the
goniometer to the webcam was also varied, taking measurements at 40, 80, 120 and 160 cm
distances. For each distance and sphere size, 100 samples were obtained. The mean and
standard deviation of each 100 samples were calculated and then the absolute error from the
desired value (60°). Then, they were classified in a ranking with the lowest errors of the mean

and placed in a table.

d) Sphere X and Y center pixel coordinates

For this test, the goniometer was positioned at 60°, with two spheres of 4 cm in diameter,
one in each arm. First, both spheres were placed in the same x coordinates, on the far left of the
frame, near the x = 0 coordinate for the centers of both spheres. Then, they were slowly
translated to the far right of the frame, close to x = 1280 pixels, keeping y constant and
measuring the angle. Subsequently, the goniometer was placed in the upper coordinate, close
to y = 0 for both spheres and translated to near y = 720 slowly, measuring the angle. The
objective was to find out if the proximity of the sphere to the corners of the picture, where there

are more distortions, influenced the values of the angles.
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e) Sphere velocity

For this test, the goniometer was positioned at 60°, with two spheres of 4 cm in diameter,
one in each arm. The goniometer was moved up and down (y axis), at different speeds. The y

velocity was measured in cm/s and correlated with the angle readings.

f) Frame rate

It is known, among game developers, that an ideal frame rate is greater than 30 frames
per second (fps), because, at around 10 to 15 fps, the human eye is able to distinguish the
separate frames of the video game. It has been shown, in the “algorithm choice” section, that
the color algorithm is much faster than fiducial markers and Deep Learning, but now it has the
addition of the Perspective-n-Point and graphics calculations. Therefore, the average frame rate
of the final game was collected, both in the 3D and 2D versions, on a laptop (i7-9750H CPU,
32 GB of RAM and a NVIDIA GTX 1660 Ti graphics card) and on a mobile phone (Samsung
MS51).

4.4 Final Considerations

This chapter focused on the logical organization behind the research, in order to present
the sequence of steps necessary for the development of the proposed tool, as well as showing
what was done in each of the stages of the project. The method used to support the creation of

the system proposed in the research was also shown.
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RESULTS AND DISCUSSION

This chapter shows the results of the development stage that culminated in the creation
of the “Free to Fly” rehabilitation exergame with a novel tracking methodology, which aims to
be simple yet effective alternative to exercise, while playing an entertainment game and
capturing important data, such as joint angles estimation and, perhaps, clinical progression over
time, yet to be tested. This chapter shows the results of the preliminary system tests discussed
previously, in order to get a sense of the quality of system capture before further tests with
patients. Therefore, the angle accuracy, the number of photos in calibration, the sphere diameter
and distance from camera, the sphere x and y pixel coordinates, the sphere velocity and frame

rate of the system were investigated.
a) Angle value

The tests generated the charts in Figure 37 (angle readings) and Figure 38 (distance
readings). It must be remembered that the distance is the triangle’s side opposite to the joint
angle, which the law of cosines should be applied to. In the figures, it can be noted that there is
a pattern: instead of a straight line, which was expected by the author, at high angle values, both
the accuracy and precision of the measurement get worse.

Therefore, the circumferences properties were further investigated. Firstly, the
objective: to calculate the joint angle. Then, the data: the coordinates of two 3D points in the
same circumference, of which the joint is the central point. It is possible to be noticed that,
without the arc length or the radius of the circumference, it is only possible to get the joint angle
by calculating the distance between the points in a straight line first, which is called the chord.
A way to obtain the chord between two points in a circumference is to use the following formula

(Beck, 2020):

¢ = 2rsin (g),
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where c is the chord length and 7 the circle radius. Replacing » with 21 cm, which is the

length from the pole of the goniometer to the center of the sphere, we have:

. (0) _ . (6
c=2%21x*sin (E) = 42 sin (E)’
which generates the graph of Figure 39. Taking into account that the x axis of this graph

is in radians, we have the answer to the pattern found in Figure 37 and Figure 38.

This property can also be visualized by measuring the distance in a straight line between
the markings of the angles of a protractor, with a ruler, which generates a graph with the same
pattern (Figure 40). In other words, the variation rate of the distance, especially from
approximately 110°, becomes noticeably faster, interfering in the accuracy and precision of the
system, since a small error in the distance calculations will result in a big error in the angle.

Apparently, this is a mathematical property, and, in this work, no way was found to
work around the problem of lower accuracy on obtuse angles. The graph of the average error
of the 200 samples from each angle can be seen in Figure 41. Therefore, due to this property, it
is possible to see that, at large angles, the measurement becomes less and less reliable. So,
ideally, the system should be used by patients with lower joint amplitudes, under around 110°,

that is where the error increases above 5°.

b) Number of photos in calibration

This test was done to find out if the number of photos using during calibration phase
interfered with angle accuracy during the game. The methods used were described previously.
The results can be seen in Figure 42. All variables seem to follow a constant projection, until
the set with only 1 photo, which had a big error, because only one photo does not seem to
provide enough distortion data. The mean error of the average of all sets but the photo set 1 was
1.57°, with a standard deviation of 0.48°, confirming that the values were close. No correlation
was found between any of the values. As a conclusion, it can be affirmed that 2 photos are

enough to calibrate the system under the test conditions.
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Figure 37 — Angle readings chart.
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Figure 38 — Distance readings chart.
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Figure 39 — 42sin (g) plot from chord length formula.
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Figure 40 — Experimental results of measuring the distance (in red) between angles in a protractor.
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Figure 41 — Error of the mean of each angle.
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Figure 42 — Interference of number of photos on the accuracy.
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¢) Sphere diameter and distance from camera

This test was done to find out if the sphere diameter, whether 3, 3.5, 4, 5 or 6, influenced
the accuracy of the angle. At the same time, if the distance from camera, whether 40, 80, 120
or 160 cm improved the capture or not. This is to find out the ideal distance that the patient
should be from the camera and the ideal apparatus size. The methods were described in the
previous chapter. The results are shown in Table 11. It can be seen that the top 10 values gave
an error below 2.86°, which probably will not be very noticed while playing, thus not interfering
severely with the usability of the system. However, this can be problematic for obtaining
reliable clinical progress data. These values were all at the lowest distances tested: 40 and 80
cm. Also, in the top 10 values, all ball sizes appeared twice, so it can be inferred that any size

from 3.5 to 6 cm can be used, with the best values being 5 and 4 cm.

Table 11 — Influence of sphere diameter and distance from camera on accuracy.

Ranking Absolute error of the Distance from camera
mean (°) (cm) Sphere diameter (cm)
1 0.09901 80 z
2n 0.188119 40 y
3 0.257426 40 3
4" 0.356436 40 5
st 0.356436 40 )
6" 0.554455 80 y
7" 0.653465 40 35

gth 1.445545 80 35
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9th 1.712871 80 6
10 2.861386 80 3
11 3.564356 120 5
12t 6.188119 120 3
13t 6.514851 120 6
14t 6.746988 120 4
15t 8.742574 120 3.5
16 10.86 160 6
17t 13.20792 160 5
18t 19.16832 160 4
19t 43.06931 160 3.5
20t 51.85149 160 3

Source: The author.

d) Sphere X and Y center pixel coordinates

This test was done to find out if the error in the estimation of the (x,y) coordinates of the
center of the sphere was related to the (x,y) pixel coordinates of the frame captured by the
camera. It is important to remember that the frame captured by the camera has stronger radial
and tangent distortions along the lowest and highest x and y pixel coordinates. The methods
used in this test are described in the previous section. The results of this test can be seen in
Figure 43. They show that the x and y coordinates can influence the angle error, especially
when closer to the corners of the frame, even with the distortion correction made in the
calibration step. In this particular camera, there was a more significant error when near the
corners on the x axis (up to 12°), while on the y axis, the maximum absolute error was 9°. In
both cases, there was an increase in the angle value when closer to the corner coordinates.

This was expected, due to the radial and tangent distortions of the camera. Even with
the algorithm calculating distortion coefficients and correction, this does not seem to work well
with spheres, only with the chessboard pattern, as seen in Figure 44. It can be seen that the
straight lines were undistorted, but the sphere still looks distorted, as evidenced by its elliptical
shape. This is read by the system as a larger diameter than the real one. This results in the

difference related to the angle.
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Figure 43 — Influence of the sphere x and y coordinates on the angle error.
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Figure 44 — Original (left) and corrected (right) images.

Source: The author.

e) Sphere’s velocity

This test was done in order to find if the sphere’s velocity, as manipulated by the
movement of the user, interferes with the accuracy of the angle obtained. The methods used in

this test are described in the previous chapter. The results of this test can be seen in Figure 45.
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There was a 0.70 correlation between the speed and the error of the mean of the angle readings.
As expected, the lower the speed, the smaller the error. In addition, with a comfortable
movement speed, the error is less noticeable than the 3D predictions of fiducial markers, for
example. The velocity interferes in the readings only because of the motion blur, which occurs

while the image stabilizes, making the outlines blurred, and is a property of all regular cameras.

Figure 45 — Influence of the speed on the angle error.
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Other sources of error not tested include illumination variation and occlusions. These
two factors strongly influence the capture, but are easily controllable. First, the system is better
played in a room with artificial lighting only. Second, to avoid occlusions, there are several

alternatives, such as positioning the user a little sideways.

f) Frame rate

This test was done to find out if the frame rate was ideally above 30 fps. The methods
utilized in this test are described in the previous chapter. The results show that, on the laptop,
the 3D game reached an average of 40 frames per second (fps) in the HD webcam resolution
and webcam shown in the frame, which is the heaviest setting possible. On the mobile phone,
under the same conditions, the system achieved 21 fps. On the laptop, the highest setting in the
2D game achieved 65 fps on average and, on mobile, 26 fps. While the laptop frame rates were
permissive, the mobile ones were not very much, considering the 30 fps standard. However,

they were still above the fps that the human eye begins to differentiate from frame to frame (the
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exact frame rate that this happens is not very well documented), because it was not possible to
notice any frames “jumping” yet. It is important to remember that the game has settings that
help to increase the fps. Thus, it was considered that the frame rate could improve a little for
mobile, but, considering that the game is rendering, being processed, the webcam capture being
shown and the angles calculated, it was considered satisfactory by the author in order to further

test it.

5.1 Final Considerations

This chapter presented the results obtained from the tests carried out to find the main
variables that influence the accuracy of the angle capture and what was the frame rate of the
system, indicating if it was light enough to be processed on mobile devices. All information
and pertinent impressions of “Free to Fly” were collected throughout the experiments, analyzed
and subsequently documented. The tests showed some usability problems that, after being
solved, should improve the applicability of “Free to Fly” as a tool for rehabilitation exergaming,
so that it can be effectively used as an assistive technology tool to help people with severe motor

impairments during activities of daily living.
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CONCLUSIONS AND FUTURE WORK

This chapter shows the conclusions of the research presented in this dissertation. In
addition, due to the knowledge acquired during the work, some suggestions for future work are

also presented, which may improve the tool proposed here.

6.1 Research Conclusions

In this work, a system for post-stroke rehabilitation was developed, comprising of an
exercise game (exergame), which has an innovative form of 3D motion capture, that utilizes
only a regular camera, which can be built into the processing and display device itself, such as
the front camera of a smartphone or the webcam of a notebook, for example. This differentiates
it from other 3D motion capture systems which use methods such as infrared, depth cameras,
electromagnetic, mechanical, inertial sensors, etc. Also, the motion capture uses an innovative
Computer Vision strategy, that utilizes colored spheres, which could be made from craft
materials, to estimate the body parts position and the joint angles in 3D in real-time, while
processing the game and displaying the camera capture. The fact that the spheres can be made
from craft materials makes possible for the user to produce its own control at home, only
needing the distribution of the software of the game to be able to readily play anytime, anywhere
he/she desires to, thus, perhaps, helping in the motor rehabilitation of the patient.

It was expected that the fact of not having a specialized electronic device would interfere
with the accuracy of capturing the moving position of the body parts and the angle between the
joints. However, it was also expected that, in this way, the system would be an accessible
possibility for therapists and private users who are unable to obtain a specialized sensor. It was
attempted, then, to verify whether, even with the accuracy limitations, the system could still be
promising and could advance to tests with patients. All this, in order to facilitate access to this
assistive technology for people with severe motor disabilities who do not have access to devices

commonly used in exergames for motor rehabilitation.
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Therefore, the tests have shown that the system has limitations, such as lower accuracy
(error above 5°) at angles above 110°; sensitivity to variations in ambient lighting, such as
opening a window; lower accuracy when the spheres used are smaller (below 4 cm); sensitivity
to occlusions caused by the patient himself when, for example, there is a sphere in his shoulder;
the variation in accuracy due to distortions in the camera lens; and the motion blur, which occurs
when there is very fast movement, during which the camera cannot detect the sphere and loses
its capture. However, it is important to remember that this method can be faster than using
fiducial markers, due to the latter algorithm being heavier than the one developed here, as well
as Deep Learning, which requires an even greater amount of calculations. The method presented
here, being lighter, would perhaps be suitable for a wider range of playback and processing
devices.

Positive points of the system include its very low cost, the ease of playing anywhere,
anytime, and perhaps data capture that has some clinical importance, as it calculates the angle
of joints, which would be important for checking the progress of spasticity in such clinical
patients. Finally, it appears that the objective proposed at the beginning of this work was
achieved, since the tool developed in the research was able to successfully capture angles and
has the potential to present good usability. Although it is possible to notice, based on the graphs
presented, the inaccuracy of the angles under certain conditions and/or other limiting factors
discussed above.

However, the "Free to Fly" system developed may provide post-stroke patients hope of
having a useful and motivating entertainment tool to perform their physical therapy with greater
pleasure and autonomy. Thus, in the long term, the proposed tool can be used by people with
severe motor disabilities in their own homes, thus promoting an improvement in quality of life,

self-esteem, as well as other emotional and physical aspects.

6.2 Future Works

For future works, even though the users' best performance with “Free to Fly” will
depend a lot on their skills and previous training, it was possible to see that it is needed to
improve the development of the system prior to testing, as there are some variables that could
be improved. Thus, to serve a greater number of potential “Free to Fly” users, it is necessary to

include tools that provide improvements in the areas of lighting, calibration and angle of



82

capture. In order to obtain more data on the study in question, it is also intended to further
collaborate with more therapists and volunteers to identify improvements to be made.

In this sense, it is intended to use a collection protocol where volunteers are instructed
to perform pre-established tasks, enabling the generation of data that provide a more detailed
statistical analysis, such as the application of the instrument to assess the gold standard angle
measurement in the patient, in real-time, while also collecting the system estimation. Finally, it
is planned to test whether the position and angle capture achieved with the system can be
accurate enough and have a good correlation with clinical standard measurements of post-stroke

rehabilitation progress.
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