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This paper discusses the problem of possibilities for applying a machine vision in the measurement of the trajectory of the upper limb
movement in rehabilitation exercises. The fundamental presumption of designed system was to get the image from the camera’s CCD
processor, possibilities of measuring and its processing. As a result of the application system, it is possible to dynamically determine the
radius between the shoulder and forearm, and also the angle between the shoulder and the chest of the man, as function of the limb motion.
The created system gives the possibility to use a non-invasive method of measurement, allows visualization and full analysis of the

rehabilitation progress and also allows keeping electronic records of patients.
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1. INTRODUCTION

A typical machine vision system comprises a camera and a
machine analyzing images, e.g., a computer with proper
software. This kind of system must be selected with regard to
the considered objectives. All the subsystems must be
selected to complete the needs of a given application, and the
basic issue is proper selection of the image processor in order
to provide proper operation time and suitable resolution of the
imagining system [1], [2], [3].

Machine vision systems are used in contactless and non-
invasive measurements. These systems are applied in
production processes as tools supporting different parts of
these processes. They are used, among others, in quality
control or in control of measurement of the geometry of
products, but they are also applied in medicine [4]-[9].

Currently, the attention is mainly focused on measuring the
movement of a human body in the form of a sequence of
images.

The main problem related to the motion of a human body,
the estimation of current configuration, is the silhouette of a
human [10]. It is one of the most difficult problems in
computer image processing, especially in view of diversity of
human silhouettes, observation environments, and a wide
range of research.
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Works on observing human body motion usually use
homogenous environment or simplified models [11]-[13], as
well as appropriately selected clothes for a model in order to
determine its characteristics. The work [14] presents a system
for observing movements of a human. This system is based
on a three-dimensional geometric model, taking images from
three calibrated cameras. The experiment was carried out
with the use of a black background and improved molecular
filter with the algorithm of the simulated event, however, the
obtained periods of calculation were still very long.

Multi-camera systems, built by a number of cameras [15],
[16], are usually used in observing applications of human
body movements (individual human) in order to obtain better
results when the views of elements of human body are
covered by its other elements (elements overlapping each
other, thus not visible on the image). This type of application
usually uses probabilistic models of the human silhouette or
its three-dimensional model [11]-[13], [17].

Taking into consideration technological solutions of
modern systems for motion analysis, these systems can be
classified into the following groups [2], [5], [7], [9], [18]:

o Systems based on active or passive markers placed on the
body of the examined person
o Ultrasonic systems
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o System based on the digitization of images obtained from
cameras (few video cameras).

Systems for motion analysis enclose specialist programs for
creating biomechanical models as well as for creating
software [10]:

e Activation and preliminary processing of obtained data

e Preparing measurement results

e Preparing reports

Three groups can be selected from the methods of
measurement used in the objective quantitative analysis of a
human individually [10]:

e The first group includes methods for measuring
parameters such as time, and features describing walk (the
speed of walk, the frequency and length of step, etc.), that
is the cycle of periodical motions.

e The second group includes kinematic methods measuring
the trajectory of motion in chosen points of the body,
examining motion in the three-dimensional space, as well
as direct or indirect measurements of joint angles,
measuring the acceleration and speed of one section of the
body relevant to the adjacent section and also determining
the position of individual segments of the body relevant to
each other.

e The third group encloses kinematic methods for
measuring forces (directly or indirectly) and moments of
forces occurring in the course of the movement process.

The correct range of movement of a joint is one of the most
important factors influencing efficiency; the method of
measuring this range is one of the basic methods of assessing
the state of the motor organ and a standard for the evaluation
of the rehabilitation results. The measurement of the range of
mobility in joints is carried out with the use of specialist
instruments called goniometers. They can be significantly
diversified: starting from simple ones, based on the principle
of a standard protractor, gravitational protractor, to more
complicated - electronic instruments, using the phenomenon
of the change, capacity of covers, condenser depending on the
location, or the change of resistance of sphygmomanometers.
Simple goniometers are sufficient for static measurements of
passive ranges of movements in joints. However, when the
angle position should be measured in a continuous way, it is
necessary to use electronic goniometers. Such situation takes
place in measurements of ranges in dynamic conditions, in
conditions of motion [1], [5], [6].

The measurement ranges of movements have been found to
be relatively non-objective. This might result from arbitrary
selection of positions of a human body in which the
measurement is carried out (differences can reach even circa
20 % of value) or from a relatively considerable human error
due to the fact that a number of people conducted
measurements. In previous years, the SFTR (S - bone surface
of sagittal, F - frontal surface of sagittal, T - transverse surface
of sagittal, R - rotation surface) measurement method
supplied with a results recording feature has gained in
popularity [18]. Its aim is to increase the scale of objectives
of assessment in the process of measuring the range
movements. Movements in all joints are measured from the
neutral zero position, all positions and movements are
described in three basic planes with use of the SFTR method.

2. SUBJECT & METHODS
A. Concept of machine vision system construction

The present work illustrates the concept of construction and
functions of a machine vision system that can be treated as a
new method for measuring the mobility of the upper limb.
The suggested method of measurement of the trajectory of
upper limb movement (consequently — of any limb) is an
alternative method for standard methods of measurement. It
is a modern method of measuring the trajectory of upper limb
movement depending on the so-called goniometry, which is
the leading method of measurement on rehabilitation wards
in hospitals all over the world.

The principal objective of the research was to prepare a
vision system machine that would enable measuring the
trajectory in rehabilitation exercises of the upper organ.

The basic assumption of the designed system was to
significantly upgrade the efficiency of doctors' and/or
therapists' work. The additional assumption was to create a
system with possibilities of data measurement processing and
provide a full visualization of all movements made by the
patient in different dimensions. The full analysis, for example
in 3D, was assumed to serve a complete deep analysis of a
specific case of illness. The presented elaboration shows only
principal assumptions and results of the first test that was
conducted on the rehabilitation ward that the authors
cooperated with.

The application enabled observing the progress in the
treatment of the patient. The use of this system enabled more
precise establishment of a set of exercises that truly supported
the improvement of joint mobility. The system allows
assessing the accuracy of adequate means in the optimization
of the applied treatment.

The construction of the system includes a digital photo-
camera with a CCD converter produced by NIKON, with the
effective matrix of 6.1 Mpx, with the possibility of manual
setting of lens parameters NIKIFOR. This choice allowed
obtaining maximum sharpness of features, interesting from
the point of view of the examination, examined person, and
minimizing the factors that are not important in the analysis.

As a result of a number of analyses and trials (twenty
experiments in two hospitals in Poland), to determine the
position of an upper limb of the patient, the system was
supplied with diodes with light intensity of 500 mcd,
improved lamination, common availability, which allowed
automatic instant identification of markers by the system,
with the codename MAK-1.

Fig.1. shows the concept of the examination station. The
construction of the system assumes conditions presented
below: which are to ensure proper functions of the system:
a) Constant conditions:

o White walls,
e White screen,
e Converter equipped with CCD matrices,
e Halogen illumination.
b) Variable conditions:
e Regulation of the height distances of the CCD converter,
¢ Adjustment of luminance.
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1. wall
2. screen
3. doctor (physiotherapist)

4. light source

5. camera with CCD converter
6. light source

Fig.1. The concept of an examination station
for the application MAK-1.

The idea of the method of measuring the localization
markers (reference points) is based on the algorithm
presented in Fig.2. It is an algorithm measuring the
localization of markers.

The GUI operator panel defines the view of the main
window of the program, the functions of operation are in
other windows and buttons. This module was created with the
help of the Matlab module called GUIDE [14], [18].

!

[===x>{ The operator panel < Processing of ‘
INPUT GUI :> data output

(patient information)

Tracking markers

Fig.2. Algorithm measuring the localization
of markers — diagram of system.

The system was built on a platform for numerical
calculations in the form of a Matlab program. Matlab is an
application dedicated mainly to numerical calculations and
graphical presentation of obtained results. It is available for
different equipment and system platforms (Windows,
Macintosh, UNIX). Matlab combines an interactive software
environment and a high-level programming language. The
package is created mostly for scientific, technical, and
engineering calculations and visualization in two or three
dimensions. This program allows making complicated
numerical calculations with final result presented in the form
of visualization. Matlab combines numerical analysis, matrix
calculations, signal processing, symbolic calculations,
graphics, and creates an easy to use environment.

The standard Matlab also offers a very useful tool - GUIDE
- which is an editor of the user’s graphical interface used in
the created system. This editor allows building windows of
applications applied to standard controls.

All controls can be programmed by applied standard Matlab
commands to create a program that would meet even the
highest requirements. Each control has its own
characteristics; therefore, it can be configured in any way
needed for the application.

Matlab also gives access to numerous methods of
visualization of obtained calculation results [19].

Matlab is an extended environment intended for
engineering calculations creating simulations. It features a
large number of functional libraries and toolboxes,
possibilities are significantly enlarged by functions written by
user. The programming language in the Matlab package is
arightful high-level programming language, with a syntax
modelled on the C language. This allows using functions and
structures and enables writing object oriented programs . It
allows drawing two- and three-dimensional graphs of
functions and visualizing results of calculations in the form
of static drawing and animations [14], [20]-[23].

GUI (Graphical User Interface) is a system supporting the
working of the Matlab program. It enables the user to give
many commands in the same time automatically (for example
by pushing an adequate button on the keyboard); it also
facilitates work for inexperienced Matlab users. Designing
GUI is also the first step for creating individual applications.

In point of characteristic view presented above, the
prepared system realizes three fundamental blocks of
operations:

o Initialization of the GUI and entering the input data
(identification data of the patient),

e (Observation of markers,

e Processing output data (like localization of symbols in the
system of coordinates and determining particular angles
between the arm and the chest).

In module “Initiation of GUI”, all GUI functions are
configured, i.e. functions defining the appearance of the main
screen of the program, as well as functions for operating the
windows and buttons. This module was created with the use
of a Matlab module, called GUIDE.

In module “Input data entering”, a photograph which will
further be processes being loaded, and also all variables of the
program, are initiated: the measure of the elbow angle, the
measured value of the angle between the arm and the chest,
the table recorded localizations of markers, etc. [24]-[27].

B. Observation of markers

It is the main calculation procedure of the program. It is
responsible for detecting the position of markers. The
principle used in the process of detecting markers is as
follows: the loaded photo is scanned in a loop, pixel by pixel
(in our case the scanning made from the left side to the right
side, along vertical lines, from their tops to their bottoms).
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After selecting the value of the pixel - it encloses three values
(R, G, B), where R, G, and B are components of color, which
take values from 0 to 255; then we check whether the pixel is
red. In our case, we accepted the following criterion: a pixel
is red when its coordinate R is bigger than 200 and other
coordinates are smaller than 100. A pixel that meets the
presented criterion is a candidate for searching the marker.
The marker shown in the photograph is not represented by
only one pixel, but by the entire group of pixels, therefore, it
is a moment to decide whether it is worth to store these newly
found coordinates. For that purpose, a procedure (Put to the
list) is used. The procedure is aimed at verifying if the list of
stored found positions includes a pixel localized near to the
analyzed one. This process involves making calculations of
the distance between pixels and stating whether their distance
is big or small. In our case the distance was too big and was
excluded, it is assumed to be 25 pixels - point markers
(number of pixels is determined by technical possibilities of
the camera used in the measuring process). The distance
between the patient and the camera was constant and
amounted to 3 m. The distance was established
experimentally. The diameter of the used diodes was 5 mm.
After observing all pixels in the picture, coordinates of pixels
were recalculated in a standard system of coordinates, with
its beginning in the left-bottom (not upper) corner and their
coordinates were ordered in a growing sequence on the x axis.

The procedure of the search for markers seems to be every
time-consuming, therefore, it is better to decompose the
entire image into several smaller ones and search the solution
in the form of a tree.

The scheme of operation of the main calculation is shown
in Fig.3.

C. Output data processing

After detecting the locations of markers, applied to a tested
body, and appropriate transformation of their coordinates, the
angle between vectors determined by particular pixels is
calculated. The formula (1) was used for establishing the
angle ¢ between two vectors v1, v2:

vl.v2
vi[[v2|

COS Py1v2 = )

where v1, v2 are a standard scalar product, i.e. the sum of
products of subsequent coordinates and [vl|, |v2| are the
vector sizes. Next, after obtaining the cosine of the required
angle, applied function inverse to the cosine function —
Matlab — as cosine function, the measure of the angle is
established.

Vectors vl and v2 (Fig.4.) are defined by positions of
markers that are located on the tested person’s clothes, read
by digital camera and located by software equipment.

After calculating the value of angles, all values are
presented in suitable GUI windows. It is possible here to
make visualization of last localizations of markers, five sets
of localizations of these markers, too.

picture[i,j]
is red

ListLength =
ListLength + 1

j=i+1

List [ListLength]
= pixel [i,j]

if j>
picture.height

i=i+1

if i>
picture.length

no

RUN

Function to convert position
markers to classic coordinates

I

Ordering function for the pixel

Fig.3. Scheme of the main numerical procedure.

Fig.4. Presentation of ¢ angle between vectors v1 and v2,

defined by the markers’ position.
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D. Hardware elements
The hardware of the system includes the following
elements:

e One-objective apparatus - digital reflex camera with the
matrix CCD with 6.1 million effective pixels Nikon D40
with a NIKIFOR objective, with option of manual placing
of the screen and the focal length,

e Photographs which are made in the JPEG form (the
standard size of photographs is: 3008 x 2000 pixels,
scaled into the format 640 % 480 in order to make the
analysis of the image faster),

e The computer with the Matlab software.

Fig.5. represents the design of an operator’s panel for the
system MAK-1, where: 1 - loading the image, 2 - button
enabling to detect markers; 3 - button resetting (cancelling)
current commands; 4 - coordinates of markers’ localization
(x,»); 5 - the o angle (the angle between the arm and the
forearm - angle was measured counter clockwise); 6 - the 8
angle (angle between the arm and the torso - angle was
measured counter clockwise); 7 - button enabling reading the
last localizations of markers; 8 - for storing localizations of
markers, 9 - button enabling drawing the graph (the trajectory
of the movement of a limb - after choosing the button no. 8);
10 - button for closing the application.
Function no. 8 gives the possibility to add new graphs to the
already existing ones; and this facilitates assessing the range

of limb’s movements.
X
\1o

Pt )\
Remember the position 9
Last position of markers 8

7

The calibration through usage of Matlab Camera
Calibration Toolbox required 20 images. It was important that

all measuring points were present in each image.
Fig.6. presents points Pi, P,, P; that represent the three
measured points, mapping the distance between these points

in two-dimensional space.
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Fig.6. Calibration method of the MAK-1 system
by using NIKON 40 camera.

In the canonical system, the corresponding points in image
plane of the camera are connected by so-called peripolar

lines.

Mak 1

angle arm - torso
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Fig.5. Illustration presented operator’s panel
in application MAK-1.

3. CALIBRATION OF THE MAK-1 SYSTEM

Calibration of the vision system was carried out based on
the single camera method (monovision) by using the Matlab
Camera Calibration Toolbox. The Toolbox allows to measure
the distance between three points (three points corresponding
to the position of measurement technique for three
characteristic points on the upper limb of the patient).

To obtain information about the location of measurement
points, it was necessary to determine the coordinates (x, y).
Then information about the location of these points in the

space (x, y) was obtained.

Based on 20 pictures prepared by monovision technique, it
was necessary to properly perform the calibration procedure,
verification of the distance between measuring points using
the Camera Calibration Toolbox in Matlab package. The
average error of an image reprojection was 0.8 pixels per

photo.

4. RESULTS
Fig.7. presents the examined movement in the frontal plane

for three angle deflections.

last 5 positions of markers

- 1- recently added +.
ceefee +
300 .. ..3 .
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250 +
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150 t
P L 100 +
90 90 s
"0 S0 100 150 200 250 300 350 400 450 500

Fig.7. Movement of trajectory for three angle deflections in the
examination of upper limb abduction.
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Fig.7. presents the results of measurements of trajectories
of position measured points in frontal position of the patient.
In order to determine the patient's movement abilities in
abduction of the upper limb, the position of markers was
recorded in frontal position. Curve 1 presents the maximum
abduction of upper limb after effective rehabilitation. Curve 2
shows the position of markers during the maximum
deflection of patient's upper limb before rehabilitation.
Curve 3 presents the position of markers in the resting
position of the patient’s arm before rehabilitation.

The examined angle deflections of the elbow are presented
in Fig.8. It is a screenshot from MAK-1 application. The
trajectories present the elbow joint movements for five
measurements.

last 5 positions of markers

«+ 4+ 1-recently added

3 +
cedeng L+ 3 *
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Fig.8. Movement of trajectory for five angle deflections in the
examination of the elbow joint in the upper limb.

It is important that the progress in process of deflecting a
segment of the forearm (in reference to the arm) may be
observed, which will help to give clear image in the case of
long lasting rehabilitation, for instance after a severe
accident. A doctor whom controls the treatment has the
possibility to accept a suggested set of exercises or he/she
could reject it entirely. He/she can also suggest an additional
set of exercises, in order to obtain better health improvements
of the treated patient.

The examination of bend and extension of the upper limb in
the transverse plane can be seen in Fig.9. The figure presents
a screenshot from the MAK-1 application.

last 5 positions of markers
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Fig.9. Trajectory for five angle deflections in the range of
movements in the shoulder joint.

The Fig.8. present results of the trajectories of measured
points in sagittal position of mobility of the elbow joint. In
the past, to determine the patient's movement abilities in
abduction of the upper limb, the position of the markers was
recorded in sagittal position. Curve 1 presents the maximum
abduction of rehabilitated upper limb after introduction of
effective rehabilitation. Curves 2-3 present the location of
markers during rehabilitation. Curve 4 presents positions of
markers for maximum possible deflection of the upper limb
before its rehabilitation. Curve 5 shows locations of markers
in the resting position of upper limb before its rehabilitation.

In Fig.9. results of measurements of trajectories of
measured points in sagittal position are presented - mobility
of shoulder joint. In order to determine the patient's
movement abilities in abduction of the upper limb, location
of markers are recorded in sagittal position. Curve 1 presents
the maximum abduction of rehabilitated upper limb after
introduction of effective rehabilitation. Curves 2-3 present
the location of markers during rehabilitation. Curve 4
presents positions of markers for maximum possible
deflection of upper limb before its rehabilitation. Curve 5
shows locations of markers in resting position of the upper
limb before its rehabilitation.

The form of graphs presented in Fig.7., Fig.8., Fig.9. was
consulted and accepted by orthopedists and physiotherapists.
The trajectories (points in graphs) for the doctor who was
caring for the patient are the most important parameter to
determining his/her possibility of movement and progress in
the rehabilitation process. Performance mobility of patient in
the form of movements of markers as a polynomial function
was difficult for interpretation for doctors and
physiotherapists. Results of measurement presented as a
polynomial function increased the time of diagnosis,
increased the time of interpretation of assessment, and the
efficiency of the patient.

5. CONCLUSIONS

The evolution of computing technology is progressing hand
in hand with the evolution of other natural, technical or
economic sciences. Adequate powerful computing
technology enables high precision analysis of process models
that more precisely describe the physical or social nature of
things [29].

Although vision-based methods for human motion analysis
have caught much attention of researchers and practitioners
involved in gaming, security and other related applications,
the robustness of the systems is far from ideal [28]. Over the
years, physical rehabilitation has seen its relevance grow fast,
drawing a lot of attention from engineering since improving
the quality of life today has a higher impact as population
ages. The ultimate goal of rehabilitation process should be to
fully recover people from temporary motor impairments, or,
in case of permanent disorder, at least to mitigate patients’
struggles by aiming at as high a level of independence as
possible [30].

A system for measuring the range of mobility of the upper
limb was created within the frames of the realized research.
The system allows determining the trajectory of the examined
limb in the examined plane of motion. The system can keep
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records up to five deflections of the upper limb; therefore, it
allows making a comparative analysis for several
examinations. However, it is possible to determine the value
of the angle between the arm and the torso automatically. This
constitutes a practical determinant for the examination of the
shoulder joint. Due to complexity and appropriation in life,
the shoulder joint is one of the fundamental motoric organs
of the human body. The MAK-1 system can function with the
assumption that the examined limb has to have three marked
reference points, i.e. so-called markers. They will be
automatically observed during the examination; then the
markers will be archived and converted to a standard
coordinate system, in order to calculate the required angles (a
and f).

During experiments with patients, the NIKON D40 camera
was used. The necessary time for the camera to capture one
position was 0.1 second. The time of recording of all
measured points was 0.5 seconds. The total time of
registration, measurement and determining of the trajectory
between points and their visualization on PC screen was
5 seconds. The measurement was carried out in real time.

The idea of application was realized to allow its further
development and adjustment to other tasks, for example to
examine the lower limb, to examine the range of the limb
mobility on a workstation of an industrial machine operator,
etc.

One problem that occurred while implementing the
presented system was to define the reference points.
Luminescence diodes (markers) with an improved level of
luminescence were used for this purpose; they were placed on
the body of the examined person by means of a self-adhesive
Velcro tape. The use of this tape can be risky, because it might
cause the change of location of the utilized reference points,
which might affect the reliability and unambiguity of the
research results. The further stage of the research should
consider the possibility of using fluorescent markers that
could be placed directly on the object. First attempt was made
by applying a marker produced by ORION-KAMET
Company but results were not satisfactory because not all
markers were detected. This suggests that the problem might
be solved by application of suitable illumination or by other
methods for object identification. The next step for
developing the system should combine the application MAK-
1 and the application of the decision-making system that
would determine more precisely the type of examination, the
selection of mobility plane and a determined orientation of
markers on this plane. The last considered change will
involve supplying the system with a decisive function of
recording the patients' data since according to the Act on the
Protection of Personal Data the data should be encoded.
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