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ABSTRACT

The problem of the design of a prosthetic arm controller and one

approach to this problen based on a fundamental study of functional

human arm motion is discussed. To provide a proper basis and direction

for this fundamental study, a classificatÍon of natural hunan arm

movenents Is formulated. To study different aspects of the approach, a

new 3-D measurenent systern was developed. The dynamic error of the

systen is betn¡een - .85% to 2.6s%. The arm notions of ten subjects

performing three feeding tasks were videotaped and subsequently

processed by a PC based image acquisition system. Euler angles are used

to simultaneously deternine the required range and arc of eight arm

joint rotations at the shoulder, eIbow, and wrist for three feeding

tasks. The movenent pattern is shown by three stick dÍagrans in three

orthogonal planes. Also angle-time graphs of eight jotnt rotations are

presented. It is concluded that elbow flexion and forearrn

supination-pronation are the most important elementary motions and

versatile fÍxed positions of 15o of wrÍst extensÍon and 10o of ulnar

deviation are recomnended.
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CH.APTER 1

INTRODUCTION

1.1 PREFACE

Four decades of research and developnent in the field of

El'lG-Controlled prosthetic arm has established that the problem of

control is the ¡nost inportant, difficult, and challenging problem in

thls field. This was observed in 1967 by Mckenzie [Mckenzie, 1967, 1]

and the last two decades have proven the validity of this observation.

The reason for this is readily understood when the number of

degrees of freedon (DOF) of the natural arn Ís considered. The basic

conponents of the natural arm are bone, nuscle, and joint (number: 32,

60, and 28 respectively) and if these components are considered

together, the number of DOF of the natural arm can be estimated.

According to one estinate, each arm has approxinately 87 gross external

mechanical degrees of freedom IJacobsen, et a].1982,21. It is clear

that developing a control systen that simultaneousÌy and sequentially

controls this number of DOF by EMG signals is, if not impossible, at

least extrenely difficult. The difficulty and complexity of this

problem can be clearly seen by considering the available conmercial

EItIG-Controlled prosthetic arn: after fourty years the only functional,

practical, and cosmetlc prosthetic arm of this kind has just one DOF.

The first objective of this study is to fornulate an approach to

the deslgn of a prosthetic arm controller. This has not been welL

defined or studied before. The second objectlve of this study is to

-1-



2

implement this approach to the extent of establishlng the fundanental

basis for future studies, i.e. the fundamental questions that should be

studied and answered, the required lnstrumentation (hardware and

software). The third objective is functional. arn notion study of a few

selected activities of daily life. Based on the results of a thorough

and detailed study of this kind, a functÍonal and practical control

strategy can be fornulated and developed.

The approach is based on functional human arn motion study. So the

first phase of this study was to formulate a well-defined classification

of hunan arm notion. The second phase was to develop a nehr three

dlmensional measurement system for studying functional arm motion

patterns. The final phase was to use the classification of arm motion

and the three dlmensional measurement systen for the analysis of

feeding, an inportant daily life actÍvity.

I.2 PROBLEM STATEMENT

There can be two approaches to the design of a prosthetic arrn

controller. One approach is to develop a functional and practical

control system that is capable of sÍmultaneous control of ¡nore degrees

of freedon. There have been nany studíes in Europe, the U.S.A., and

Canada for this approach in the last forty years. Many sophisticated

control strategies have been developed but as Jacobsen wrote [Jacobsen,

et al. 7982, Zft

These methods t...1 are not refÍned, and typÍcally
involve complex decision processes for theÍr
lnplementation. Furthermore, "sirnple" problems ,

such as convenience, reliability, number of recording
channels required, time delays, and controller



dynamics minimize
application.

the chance of their early

The other approach to the sarne problenr is to mininize the number of

degrees of freedom that is necessary for a prosthetic arm. The

philosophy of this approach is based on the fundamental point that it is

more practical, effective, and fruitful to concentrate on providing a

li¡nited number of degrees of freedon and thus limited number of useful

arm movements than to provide a prosthetic arm capable of all degrees of

freedom encountered in the natural arm (if of course deveJ.oping such a

prosthetic arm is possible at all).

In order to ninimize the number of degrees of freedon which

are controlled naturally by the brain through EMG signals, the first

step is to narrohr the range of tasks which are perforned by the

prosthetic arn to the most vital, crucÍal and useful ones. Based on

this, the following aspects can be studied:

coupling of single joint rotations or different joint rotations,

elimination of so¡ne arn joint rotations based on the priority and

importance of various joint rotations,

- sequential joint rotations and joint locking,

- determination of a versatile axis of rotation

- pre-position settings,

- pre-programming specific tasks.

A few studies have addressed sone of the above

design of a prosthetic or orthotic arm [Carlson, et

Reswick, 1970, 4; Funakubo, et al. 1980, 5], but

for a joint,

aspects in the

aL. 1977,3;

not a]l of these
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aspects have been used in the design and further none of the arms are

EMG-control led .

In order to study the above-mentioned aspects, a fundamental study

of the functional movement of a natural arm is required which is the

research in this thesis. The short term R & D, objective of this study

is to narrow the functional capabilities of the prosthetic arm to the

most vital ones. In terns of long ter¡n R & D, the research objective is

to minimize the number of degrees of freedom to be controlled by the brain

through EMG signals for a universal prosthetic arm (i.e. capable of

performing all tasks).

This kind of fundanental study, which provides the functional range

of arm joint motion, also

helps in the assessment of functional loss and the effectiveness

of treatment of patients with different arm joint disease, and

aids ln the development of arm joint prosthesis, (i.e. elbow, and

wrist joint prostheses).

1 .3 LITERATURE REVIEW

There have been very few funda¡nental studies which considered the

functional movements of the natural arm and most of these were concerned

with only a few aspects of the overall problem ' For exanple

typical studies consider only Just one joint. In thls sectÍon, a brief

review of the llterature Ín the field is presented.

Keller, Taylor, and Zahn at UCLA [KeIIer, et aI' 1947,6; Taylor,

1951, 7; Taylor, 1954, 8; Taylor, 1955, 9l were the first group to study

the functional requirenents for an arm prosthesis. The aim of this
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study was to determine the essential movements for 51 activities of

daily living (ADL). They used a photographic nethod and a kinenatic

analyzer to determine joint rotations. They could only measure the

extreme angular positions and not the pattern of joint rotation. Only

one subject who had been trained prior to the study was used. The

published data did not cover two of the three shoulder rotations.

Further, the data for the functional range of rotations rrrere combined

and only one range that covered all 51 ADL was given. Based on the

frequency distribution of the different rotations, they determined the

priority and importance of the various joint rotations. Other inportant

points that were studied were joint Iocking, coupì.ed rotations,

pre-position settÍngs, and compensation for eliminated rotations or

limited joint rotations by other joint rotations or by the head and

trunk. The system of measurenent that was used is tine consuning, not

very accurate, and difficult to use. However this study is still,

because of its originality, breadth of problems covered, and lack of

similar studies, a valuable reference.

A later study by Enger at the Prosthetic Research Laboratory of the

Norrbacka Institute - Stockhol¡n IEnger, 1967, 10] investigated the

possibility of eliminating two of the three shoulder joint rotations,

Í.e., a shoulder joint with only one degree of freedom. He described

this versatile single-axial exo-skeletal. prosthetic shoulder joint and

showed that it had ample ¡nobility for feeding.

Engen and Spencer at the Texas Institute for RehabÍlitation and

Research IEngen et al. 1968, 11; Engen et al. 1969, 72] indicated "a

need for detailed analysis of the conplex, synchronized nusculoskeletal
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actions in normal upper extremity motions involved in daily activities".

This study eras begun in the early 1965 and ended in 1969. They used the

photographic method and a nanually operated x-y recorder. As a part of

this study, nine subjects were used for the kinematic study of a normal

arm ¡ryhile performing five basÍc functions. Based on collected data,

stick diagrams f or the three orthogonal planes irrere pJ.otted manual ly.

Atthough they recognized the importance of the functional study of arm

movenent and briefly discussed important points such as joint fixation

and pre-setting of elbow joint for specific tasks, they did not

deternine the functional range of motions for different joint rotations.

Also there are not any graphs in the reports that show the angular

rotations of each arm joint with respect to tine'

Davis at the UnÍversity of Surry, Guildford [Davis,7977,13] also

studied by sinple observation the frequency and functional range of arm

joint notion. The number of subjects in this study was nine. The

problen with a study of this kind is its inaccuracy. Further the

published data were only for group of activities not for any specific

task.

Chao, An, Askew, and Morrey at the Mayo Clinic/Mayo FoundatÍon

[Chao et a]. 1980 , 74; Morrey et al. 1981, 151 studied functional elbow

joint rotations. They used a triaxial electrogonioneter. In this

study, 15 nale and 18 female subjects participated who performed fifteen

ADL. Only elbow Joint rotations were measured (Flexion-Extension: F-E,

Pronation-supfnation: P-S, Abduction-Adduction: A-A). A graphic

display of the elbow joint angle measurements was given (angular

rotation with respect to tÍme). They also studied the variation in the
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novenent patterns among normal subjects and compensatory notion for

patients with elbow functional limitation, as well as prÍority and

importance of each of the three elbow rotations.

Langrana at Rutgers University [Langrana, 1981, 16; Langrana, 1978,

771 developed a biplanar videotaping 3-D measurement system for arm

notion study. The 2-D coordinates of different points were nanually

digitized. Only one basic activity, i.e. diagonal reaching activity,

was studied and analyzed. Two subjects participated in this experiment.

AIso, only shoulder and elbow joint motions (each with three rotations)

were measured. Motion patterns were shown by a stick-diagram, and the

change of each joint rotation is shown by an angle-time graph.

Brumfield, and Champaux at Rancho Los Amigos Hospital [Brumfie]d et

al. 1984, 181 studied normal functional wrist motion. They used a

uniaxial electrogonioneter to deternine the range of wrist joÍnt

flexion-extension for 15 ADL. Nineteen normal adult subjects

participated in this experiments. They suggested a versatile posÍtion

for r+rrist fusion.

PaLmer, Werner, Murphy, and Glisson at Upstate MedicaÌ Center,

Syracuse, N.Y. [Palmer et a].. 1985, 191 also studied functional wrist

motion. They used a triaxial electrogonioneter to study three

functional wrist joint rotations for 52 standardized tasks (26 ADL). Ten

normal subjects participated in this study. A histogram was used to

show the study's resuLts for 26 ADL.

Compared to all of the above-mentioned studies, this study has the

following features that distinguÍshes it from all others:
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(1) The lmplication of functional arm motion study for developing

a control strategy is formulated clearly.

(2) A clear base and direction for functÍonal arn motion study is

provided by the given ar¡n motion classification.

(3) The 3-D measurenent system that is developed for functional

arn notion study is:

- a new system in that an inage processing board (prpEz) is

used lnstead of manuar digitizer; thus by using computer

programs the two dimensional coordinates can be calculated

automatical 1y,

- much easier to use in clinical environment,

- much faster compared to stereometric systems that were used

in ar¡n motÍon study,

- capable of providing the pattern of novement autonatically

(stick diagram).

(4) SÍmultaneously provides eight rotations for the three ar¡n

joints.

(5) study had ten subjects. The only other comparable study

[Keller et aJ- 7947, Z] was based on one subJect.

As a result of these features, it will be much easier to study and

anshrer alL the problems that were formuÌated at the beginning of this

chapter, and thus provide a better understanding of functional novement

of the arn and its specific inplications on developing new control

strategies for a prosthetic arm.

Here, lt should be noted that in this study only the positioning

component of the arm is studied and thus the hand and specificatty the
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fingers are not considered. In fact in the Iast few decades more

studies have been done on finger movenent patterns and classification of

hand movements than on the posítioning component of arm fZ, 20-A?] .

The next four chapters discuss and explain the following aspects of

the research study. In Chapter 2 a generaJ. background on arm movement

is presented which covers the functional anatomy of a human arm and the

classification of arm novements. The new 3-D measurenent system that

has been developed for functÍonal arn motion study is explained in

Chapter 3. Chapter 4 presents data which have been collected for seven

functional joint rotations and also analyze these data. Finalty Chapter

5 contains discussion, conclusions and recommendations.

The Appendices give a conplete Iist of all the conputer programs

developed for the 3-D neasurement system, hardware component technical

specifications, and detailed collected data.



CHAPTER 2

CLASSIFICATION OF ARM MOVEMENTS

In this chapter, two topics are discussed. The first is a brief

presentation of the functional anatomy of the human arm. The second is

a formulation of a general classification of human arm motion based on

the avai lab1e but scattered information about this topic ( e .g.

ergononics, medicine, engineering).

2.7 FUNCTIONAL ANATO¡vIY OF HUMAN ARM

The basic anatomical components of the arm are (as shown in Figures

2.7, 2.2, 2.3): bone, muscle, and joint. The nu¡nber of skeletal bones

in the different parts of an arm are lSchade,7974, 1]:

- shoulder girdle

- upper arn

- forearm

- hand

back

chest

2

1

2

27

56

26

the human arm [Berne et al

-10-

Approximately 60 paired muscle groups are directly or indirectJ,y

involved Ín the arm movenent and are distributed as follow ISchade,

7974, 1; Vokubratovic et al. 7972, 2l:

upper extremities 26

There are 28 joints Ín 1985, 3l :
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shoulder

elbow

wrist

lnferÍor radioulnar 1

radio carpaJ. (compound joint) 1

mid carpal (conpound joint) 1

- hand 19

Each najor human joint has six degrees of freedom: three translations

and three rotations [Kinzel, et a]. 1972, 4; Kinzel et al. 1983, 51.

If a hunan ar¡n with these three basic conponents (which are 32,

60, and 28 respectively) is considered as a whole, one can estimate its

total number of degrees of freedom. According to one estinate there are

"approximately 87 gross external mechanical degrees of freedom and many,

many more Ínternal degrees of freedom" [Jacobsen et al. , 1982, 6] .

Another report estinates that "Altogether, the natural arm and hand

account for something like 42 degrees of freedom" [Zinmerman,1982,7].

This high degree of freedom for a natural arm nakes it a redundant

system and thus an extremely flexible positioning and manipulating

system.

The natural, arn can be considered as having two functional

components: a terninal device (TD) for grasping and manipulatÍng objects

(hand) and a neans of positioning the TD in space (upper arn and

forearn). This study is concerned only with the positioning component

of the arm. So in classification of ar¡n movements, the hand (palm and

fingers) is not considered.

3

3
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2.2 CLASSIFICATION OF ARM MOVEMENTS

The nain objectives in providing a general classification of the

extensive and extremely varied arm novements are:

- to have a better understanding of this extremely flexible part of

the human body in general,

- to provide a proper direction and base for a 3-D study of hunan

arm motion patterns,

- to determine the nost crucial and vital functions and ¡notion

patterns that should be provided by a prosthetic arm (both for

developing control strategies and for the mechanical design of a

functional and practical prosthetic arm).

Here, it 1s appropriate to say a few words about other human limbs,

i,e., lower Iimbs, ln this context In general, there have been more

studies on lower linb motion patterns, prinarily because the hunan lower

linbs, in their most important function, walking, foll.ow a repetitive

cycle. The human gait cycle can be divided into three phases of

activity in which the first and third phases are divided into three

periods of distinct activity [Thornton-Trunp, 1979, 8]. Thus human

loconotion consists of just a few repetitive activities, which make it

very easy to study and analyze.

Conpared to human ]ocomotion, arn motion Ís nuch more compJ-ex, and

thus it is much nore difficult to classify these types of notlons. I{hat

is presented here, ls a summarization and fornulation of aIl the

available studies in varfous fields of science and engineering that

address dlfferent motion classificatlon for different parts of the human

arm and present it as a general human arm motion classification.
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At first sight it would seem that the human arn move¡nents are so

extensive and varied that its classification would not be feasible. But

various studies in the last few decades have shown that tt is possible

to classify arn notfons into three groups:

1 - elementary notlons,

2 - basic notions, and

3 - purposlve motions.

I{hat follows is a brief discussion of these three groups of arn motions

2.2.T ELEMENTARY MOTIONS

Elementary motions are all those notions that any complex motion

can be decomposed to. The best known source for defining these

eJ.enentary notions is the handbook of the Anerican Academy of

Orthopaedic Surgeons IAAOS, 1965, 9]. Terminology and ncutral position

for each ¡notion are as follow (see Figures 2.4 to.2.8).

Shoulder:

- Abduction - Adduction

- Flexion - Extension

- Forward - Backward

- Horizontal

- Inward Rotation - Outward Rotation

- Wlth arm at side

- In abductlon

Elbow:

- Flexion - Extension (Hyperextension)
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Forearm:

- Pronation - Supination

Wrist:

- Flexion - Extension

- U1nar Deviation - Radial Deviation

It should be noted that in the above-mentioned figures the standard

positÍon and neutraL position for each of the elementary motions are

specified.

The range of these elementary motions as defined above are given in

the AA0S handbook. But a more accurate study was done recently by Boone

and Azen at the University of Southern California [Boone et a].1979,

101. In this study 109 normal male subjects, ranging in age from

eighteen months to fÍfty-four years, participated. The results of

this study for arm joints are shown in Table 2.1.

2,2.2 BASIC MOTIONS

Hancock [Hancock, 7977, 11] studied nany manual industrial tasks

and concluded that five basic motions comprise S7.5% of all motions

used. These basic motions are [Karger et al. 1966,721:

1. Reach : "The basic hand and finger motion
enployed when the predominant purpose
is to move the hand or fingers to a
destinatlon. "

2, Grasp : "The basic finger or hand ele¡nent
employed to secure control of an
object. "

3. Itlove : "The basic hand or f inger motion
employed when the predomfnant purpose
is to transport an object to a
destination. "
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TABLE 2.1 Normal ranee of notion of human arm joints (Degrees)

Shoulder

Horizontal FLexion
Horizontal ExtensÍon
Neutral Abduction
Forward Flexion
Backward Extension
Inward Rotation 'outward Rotationl rn Abduction
Inward Rotation r

outward Rotationl At Side
Adduct ion

Elbow

Flexion
Extens ion

Forearn

Pronation
Supination

Wrist

Flexion
Extens ion
RadiaI Deviation
Ulna Deviation

140. 7t5 .9
45 .4!6 .2

182 .017 .0
t66.7!4.7
62 .319. 5
68.8t4.6

103 . 7r8.5
6g*
6g*
50x

142 .9t5 .6
.613.1

75. 8t5 . 1

82.1t3.8

76.4!6 .3
74 .9!6 .4
21.514.0
36 ,0t3 .8

*This study did not provide data for these three rotations. These data
are fron AAOS handbook.

4. Position: The basic finger or hand element
employed to aIign, orient, and engage
one object with another to attain a
specific relationship. "

5. Release : "The basic finger or hand motion
employed to relinguish control of an
object, freeing the hand and finger for
use in other motion."

Based on the above definitlons and classtfication, basic motÍon has

the following features:
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it is composed of elementary notions,

Ít does not provide alone any purposÍve motion,

combination of basic notions provides purposive motion.

This study considered only manual industrÍal tasks and these basic

motions are defined for those types of tasks. However, a minor

nodificatíon in the definition of these basic motions allows them to be

applied to many activities of daiÌy living (ADL). For example, for

feeding tasks, the first four basic motions are applicable while the

fifth (i.e., release) should be modified in such a way that covers

unloading of food into the mouth (examples of feeding activity: eating

with a spoon, eating with a fork, drinking a glass of water, ...).

Besides the decomposition of purposive notions into basic motions,

this classification has another feature. It demonstrates the very

important aspect of human arm novenent which is the sequential nature of

motions of the positioning (upper arm and forearm) and manipulating

(hand) conponents of an arm in any task. It is easy to see that reach,

nove, and position basically are positioning component motions and grasp

and release are manipulating component motions. Generally, in the

maJority of ADL, t{thenever one component is active, the other is locked.

For example ln bringing a glass of water to the mouth, during the nove

and positÍon motions the hand and specifically the fingers do not move

relative to each other, i.e., the fingers are locked. This sequential

nature of the basic motions can be used very effectÍvely in the

developnent of control strategies for the prosthetic arm.

Another very inportant aspect of this classification is its use for

the evaluation of a prosthetic arm and hand. Based on that
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recommendations for improvement can be made. An example is the study

regarding artificial hands done by Gilad at Israel rnstitute of

Technology IGilad, 7982, 13; Ibid, 1985, t4; Ibid, 1986, 15].

2.2.3 PURPOSIVE MOTIONS

Purposive motion is a motion that is

- conposed of elementary notions,

- can also be conposed of basic motions,

- in itself is a complete actÍvity, i.e., a task is performed;

an example is drinking a glass of water.

Based on this definition, it is easy to see that feeding, for

example, is a collection of different purposive motions such as:

- cutting with a knife

- eating with a fork

- eatÍng with a spoon

- drinking from a glass

- pouring from a pitcher, etc.

The upper limbs utÍlize the three classes of motions discussed to

perform all human activities, which can be divided into three groups:

- Activities of Daily Living (ADL),

- Working ActivÍties (IfA), and

- Leisure Activities (LA).
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McWiLl.iam at Ílest Hendon Hospital - London [McWilliam, 1970, 16]

compiled a list of tasks which covers alI the activities of nornal adult

daily life (excluding jobs or recreations). This list is composed of

625 ADL.

2.3 PRIORITY AND IMPORTANCE OF MOTIONS

Determination of the priority and importance of different motions

in each class is of high importance. The reasons are, fÍrstly, it helps

to narrow the number of motions to be studied for functional arm motion

analysis; secondly, it helps to design and develop a ¡nore functional and

practical prosthetic arm. It Ís clear that a study of functional human

arm notions is partly concerned with the determination of priority and

inportance of these motions.

All functional arm motion studies agree that the feeding task is

the most important task of aII human activities for an amputee. This

observation is based on clinical experience in different hospitals.

McWiIliam [McWilliam, 1970, 16] asked l7 normal adults (10 men and 7

wonen) to assess 625 dífferent ADL. Three categories were used in order

to score the priority and importance of 625 ADL: essential, useful,

trivial. The following eating activities had a range of scores from 91

- 100%. Activities that were unanimously classed as essential are

indicated by *:

Load spoon from:
bowl
pl ate*

Unload into:
plate
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mouth*
Use fork for lnpaling
Use fork as spoon
Use knife for:

cutting
pushing
spreading

Stir with spoon*
Lift and tilt;

cup*
wine glass
tunbler*
jue
bottle

Although it ls not possible to onit any of the five basic motions,

it is possible to deter¡nine the importance and priority of these motions

for the natural and prosthetic arm. As hras mentioned, Gilad studied

this problem and, based on the nethods time measurement (MTM) technique

(a standardized procedure for analyzing manual, operations in terns of

theÍr notion elements), he concluded that for a prosthetic hand, the

basic notion grasp has the highest priority. Based on this conclusion,

he recommended a few inprovements in the design of the body-powered hook

device.

Keller at UCLA [Keller et al.

priorfty of elenentary movements in

Ìlason [Mason, 1972, 18] tabulated

study (using elbow flexÍon as the

shown fn Table 2.2.

1947, 171 studied the inportance and

greater detail than any other study.

the result of the above-mentioned

standard unit of measure =1.00) as

Based on this study, Keller et al. concluded that ¡vrist

abductlon-adduction can be eliminated entirely wlthout lnportant

functional loss. Also from the above table which was based on 51 ADL.
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TABLE 2.2. Relative importance of elementarv motions

Upper Arm
Forward Flexion
Extens i on
Abduction
Internal Rotation
External Rotation

Fore Arn
Flexion
Pronation
Supination

Wrist
Flexion
Extens i on
Adduction
Abducti on

Relative Frequency
.667 *
.248
.563 *
.720 *
.061

1 .000 *
. 575 t<

.200

.575 *

.194

.302

.097

it is clear that elbow flexion, shoulder inward rotation, shoulder

forward flexion, forearm pronation, wrist flexion, shoulder abduction

have respectively the highest inportance and priority among elementary

notions (indicated by *).

This chapter has discussed briefly the functional anatomy of human

arm, the importance of arm motion classification, a general

classification of arm motion, and finally the priority and inportance of

the classlfied motions in each c1ass. These aspects provide a clear

base and direction for functional arn ¡notion study. But before this, a

proper 3-D measurement system should be developed. The following

chapter discusses the hardware and software components of the new 3-D

neasurement system.



CHAPTER 3

3-D MEASUREMENT SYSTEM

Different 3-D rneasurement systems have been developed in the last

few decades ICappozo, 1985, 1; Winter, 7984, 2; Chao, 1978, 3; Atha,

1984, 41. Although the precise Ínstruments and techniques used in these

methods are different, they generally follow similar principles

in converting the neasured raw data to the required joint kinenatic

information. One way of classifying these methods is as folLows:

1. Stereometry
(a) Stereo photogrammetry
(b) LÍeht-scanning systen
(c) Stereosonic system

2. Exoskeletal Linkages
3. Accelerometry

Stereophogramnetry

coordinates of a point in

of the point in Ímage

instruments. Dlfferent

classified as folLows:

spaces. This can be done using different

1. Photography
(a) StiIl cameras
(b) Clne cameras
(c) fV caneras

2. 0pto-electronic
3. X-ray
4. Tomography

AlI of the above stereonetrÍc systems have been used to study the

kfnematics of different human arm joints or human arm motion patterns.

-27-

is basically a method to reconstruct of 3-D

object space from at least two 2-D coordinates

systems that are based on this method are
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Typical studies are: st111 cameras IAyoub et aI. 1970, S; Fioretti et

al. 1985, 61, cine caneras [Ke1ler et aI.7947,7; Engen et al. 1969,8;

Nicol et al. t977, 9; Erdman et al. 1979, 10], TV cameras ILangrana,

1981, 111, opto-electronic [Suzuki, 1981, 72], x-ray lChao et a]. 1928,

131 , and tomography [Robbin et al. 1986 , 74f. Other methods that have been

used to study upper limb kinenatics are: stereosonic [Andrews et a].

1979, 15; Brumbaugh et al. 1982, 16; Engen et al. 1984, 17i Engen et al.

1984, 181, and exoskeletal linkages [Chao et aI. 1980, 19; Son¡ner III et

al. 1980, zoi Morrey et al. 1981, 27; Brumfield et al. 1984, ZZi palmer

et al . 1985, 231. These systens have been reviewed and conpared with

each other [Cappozo, 1985, 1; Winter, 1984, 2; Chao, 1g7g, 3; Ahta,

1984, 4l .

The basic hardware components of a photography system are still,

cine or TV cameras and a projector for enlargenent. Therefore, the

recorded image is manually digitized. Opto-electronic systems, on the

other hand, permit a direct feeding of the point projection information

to a digital computer. Established opto-electronic systems, which are

availabLe are: VICON (England), SELSPOT (Sweden), CoSTEL (Itaty), and

EMR Schlunberger (U.S.A. ).

The 3-D measurement system that was developed for functional human

ar¡n motion study in this project is a new system. The position of this

new system in the above stereometric systens is somewhere between

photographic and optoelectronic (VICON which uses TV cameras)systems.

The basic features of this new systern conpared to the two

above-mentioned systens are:
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compared to a photography system

- nore accurate,

faster with respect to processing the Ínages,

much easier to use;

compared to an opto-electronic system

- more flexlble Ín that it provides a permanent visual record

for teaching and reanalysis; this feature should be

emphasized because the information lnherent in the

photographic record is an order of nagnitude nore extensive

than can yet be provided by the most sophisticated conputer

analysis technique; furthernore it can be extremely valuable

1n slow and stopped motion (frame-by-frame, 7/5, 7/70, and

nornal speed - 30 fra¡nes,/sec. ) assessments;

- ¡nuch easier to use,

- cheaper.

Overall, thÍs 3-D measurement systen Ís much nore convenient and

sultable for clinical use than any other available system.

This chapter dÍscusses and explains the new 3-D measurenent system.

Section 1 discusses the hardware components of the systen and its

set-up. The general procedure and different steps that are involved in

usÍng the system is explained in Section 2, The details of different

techniques and algorfthms that are used in the software components of

the system are discussed in Section 3. The program listlng is given in

the Appendix (A). Microsoft FORTRAN (version 3.20) was used to write

the programs.
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3.1 HARDWARE COMPONENTS OF THE SYSTEM

The systen consists of the following equipnent:

- two black-rryhite video cameras,

- two zoom lenses,

two video cassette recorders, one with frame-by-frame replay and

frame counting capabilities,

two video lights,

two black-white monitors

a PC computer with PIPEZ

a monitor with computer

a calibrating frame,

inage acquisition board,

and RGB (image) channeJ.s,

- seven spherical reflective markers.

Components of the system are shown in Figures 3.1,3.2, and 3.3. The

complete technical specifications of the equipment is given in Appendix

(B).

The schenatic figure of the systen set-up as it ls seen from the

top is shown in Fig.3.4. As seen, black curtains are used in order to

nake the background conpletely black. The angle between the two camera

optícal axes is choosen to be approximately 40 degrees. This makes aLl

the narkers on the arn visible at all times (preventing the problem of

marker disappearance). Here it is noted that the larger this angle, the

better is the measurement accuracy. However, a larger angle between the

two camera optical axes causes an increase in data deficiency since it

enlarges the unmeasureable areas of the image surface. The field of view

of each camera can be adjusted by using the zoom lens.
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Fie. 3.1 Image recording components of the systen.
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Fie. 3.2 Inage processing systen
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Fig. 3.3 Calibratlon frane
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The calibrating frame fs shown in Fig. 3.3. In order to make it

easy to use, the frame is movable. During calibration, the frame is put

on the table in such a way that eight control markers are ln the field

of view of both cameras. After calibration, the frame is renoved. The

eight control narkers are arranged in such a manner that the entire fietd of

view of both cameras Ís covered and also that they are non-coplanar in

order to prevent the singularity condition in the calculation of the

eleven calibrating paraneters.

3.2 3-D MEASUREMENT PROCEDURE

This section discusses 'how to use the system' step by step.

Details of dlfferent techniques, algorithns and mathematical equations

that are used in the programs are explained and discussed.

3.2.7. CALIBRATION OF THE SYSTEM

The positlon of the two cameras is fixed as shown in Fig. 9.4. The

height of the activity table is 78 cm, while the height of the center of

the zoom lens is approximately g0 cm. The cameras are leveled Ín both

directions. It should be emphasised that the tripods for the cameras

should be of good quality in order to maintain the carneras'positions

and attitudes. Any snall change in the position and attitude of either

camera changes the calibration parameters completely and thus would

cause large errors in the 3-D neasurement. The 2.8 f-stop is used. The
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reasons are this setting requires a minimum amount of light, and, for
limited arm move¡nent space, it provides enough depth of field to have a

focused image. The cameras are focused by using an object positioned at

the center of the table area of activity (it is focused at - zoo cm).

The required field of view is about g0 x 80 cmz, and this is provided by

a focal point of - 20 mm. Finally the righting system should also be

adjusted in such a way that the fierd of view of both cameras is
properly illuminated, i.e., control markers, reference markers and the

seven markers on the arm should be illuminated properJ.y with a minimum

amount of shadow and noise from other parts of the field of view. This

is done by a trial and error method. It is possible to find an optimal

position and attitude for lÍghting system in order to provide proper

ilLumination. once the optimal position and attitude (and also amount

of illumination) are found, the lighting systen can be fixed.

When aII these camera-related paraneters are fixed, the calibrating
frame is put on the table, positioning the eight white control markers

in the fiel.d of view of the two cameras. This can be checked by looking

at the nonitor of each camera. There should be a minimum of nargin

space between the control narkers and the edges cri t-he monitor screen

(this is related to the inage processing algorithm and is explained

later in this chapter).

The 3-D coordinates of atl eight control markers should be neasured

in meters to two decimal places. This degree of measurement accuracy is

sufficient for the research of this thesis. The measurement is done

with respect to the hypothetical fixed frame of reference (orthogonal)

as shown in Fig.3.5. the B-D orthogonal axes are based on the Right
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Fie. 3.5 Fixed frame of reference position.

Hand Rule (RHR). It should be emphasised that using the RHR and the

above arrangement of x, V, and z axes are important for the calculation

of Euler angles as explained rater in the chapter. once the 3-D

coordinates of the eight control markers are measured, there is no need

to repeat this measurenent in later calibrations, as long as the

caLibration frame is placed in the same positlon (the relative positions

of the eight narkers with respect to the frame are fixed).

The static and fixed image of the control markers is captured by

the PC-PIPEz inage processor. The grabbing, processing and finaìIy
calculation of 2-D coordinates of the control markers is done by using

the program CALIBl.FOR for the first camera and CALIBz.FOR for the

second camera. The 2-D coordinates of the control. markers are stored in

two flles: TEM1.TXT and TEM2.TXT.

The next step is executing the second part of the program CALIB1.FOR

and CALIB2.FoR. The input data for the second part are 2-D coordjnates

of the control markers elhich are read from the above mentioned files and

the 3-D neasured coordinates of control markers rchich are typed in by

the operator. The g-D data should be typed in the sane order as the

2-D data for each inage. The output of these two prograns are the
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eleven calibration parameters for each camera which are stored in two

data files: CALIB1.TXT and CALIB2.TXT.

This system of calibration is easy to use (compared to other

systems of calibration) and there is no need of recalibration as long as

the camera-related parameters are not changed. The flow chart for

the above-nentioned steps is shown in Fig. 3.6.

3.2.2 ARM MOVEMENT RECORDING AND 2-D CALCULATION

To acquire movement data that can be used to deternine the 3-D

movement data of the limb, it is necessary that the two cameras are

synchronized and also the beginning of recording be properly identified.

This enables a proper match of two simultaneous frames. In order to

synchronize the two cameras, one is synchronized internally and is used

as a naster and the other is synchronized externally and is used as a

slave. The identification signal for the beginning of recording can be

simply a fast or jerky hand movement by the subject

Before starting to record arn movement, is necessary to

calculate the 2-D coordinates of reference markers. Because of vertical

and horizontal shifts in the position of ¡narkers when each frame (image)

is captured in the frame buffer, there Ís a need to use a reference

marker for each canera. These narkers are positioned on the edges of

the activity table and in the field of view of each camera. By

executing the prograns IMAGEO0.FOR for the first camera and the

IMAGE0I.FOR for the second camera, the XR and YR of the reference

markers are calculated and stored in two files:

OUTOO. TXT.

it

OUTO.TXT AND
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MEASUREMENT

Note 3 Rectangle is used for data files and trapezoid
is used for progrånrs.

Ftg.3.6 Cal ibration parameters calcurl ation flow chart.
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The next step is to put the markers on the arm. The subject wears

a turtle neck shirt (b1ack or dark blue). Seven spherÍcal reflective

narkers are used, with the arrangement on the arm shown in Fig. 3.7.

Fig. 3.8 shows the arrangement of plate, cup, spoon, fork, etc. At the

beginning of arm movement recording, the subject is asked to move his

arm rapidly in order to use this fast movenent as an identification

signal for the beginning of recording. Then the subject is asked to do

the feeding task in a natural order and as natural as possible. Each

task is recorded at least three times.

The recorded arn movenent is then replayed frame-by-frane. Before

processing each frame, the beginning of recording is identified and the

frame counter of the VCR is reset to zero. This enables the operator to

identify the beginning of each specific movement (i.e., drinking, eating

with spoon, etc.) with the sane frame number for both tapes. Each frame

is then frozen and processed. For processing the stationary image and

calculating the 2-D coordinates of seven narkers in each frane, two

programs are executed,

Before executing these

each program l

for each tape: IMAGEl . FOR and IMAGE2. FOR.

programs three empty files are created for

one

two

FRN01 . TXT for the frame number.

OUT1.TXT for the 2-D coordinates of the markers,

XYREFl.TXT for the 2-D coordinates of the reference narker.

The schematic diagram of the above-mentioned steps is shown in Fie.

3.9. The program IMAGE1.FOR and IMAGE2.FOR should be executed for each

frame. However, typically only every fifth fram was used for the

analysis. At the end, the data file 0UT1.TXT contains the 2-D

coordinated of 7 markers.



Fig. 3.7 Reflective marker arrangement on subject's arm.





Fig. 3.8 Arrangement of plate, cup, etc., on the table of activlty.
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3.2.3 IDENTIFICATION OF MARKERS IN EACH FRA.IIE

In order to calculate the 3-D coordinates of each marker based on

lts two 2-D coordinates, each narker in a frame is labelled by a number,

and then the 2-D coordinates of the same narker in two simultaneous

frame are used for its 3-D coordinate calculation. This ldentÍfication

process is called the tracking problen. Two prograns are used for this

purpose I TRACK1 . FOR and TRACK2 . FOR. The input data are the 2-D

coordinates of markers from OUT1.TXT and OUT2.TXT. The order of markers

in the first two frames are typed in by the operator. Here it should be

enphasized that the ¡narker order should be typed in by the operator in

the same order as the 2-D data file. After identification of the

markers in the first two frames by the operator, the tracking and

identification of markers the remaining fra¡nes ls done automatlcally by

the computer. At the end a new data file for the 2-D coordinates of the

markers is created. The order of the 2-D data for each frame in the new

data file is fron one to seven. This whole process is shown in Fig.

3. 10.

3,2.4 3-D COORDINATB CALCULATION

Calculation of the 3-D marker coordinates is based on the new

2-D coordinate data file. The input data are: the 2-D coordinates of

the markers : files NOUT1 . TXT and N0UT2 . TXT, and 11 callbtration

parameters: files CAtIBl.TXT and CALIB2.TXT. The output is the 3-D

coordinates of the narkers in each frame. The schematic dlagram for the

above-mentioned process is shown ln Flg. 3.11.
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XYREF 1 . TXT
FFI.IO 1 . TXT

Fi.q, ï" 9 lfr--r!-!.,tËt- î-n cF-,¡¡,dinate calcurl.etic,n {l.c¡l^i chart.

FIARI.iER IDEI{TIFICAT ION
FIRST TWO FRAI'4ES

Fig.3.1O llarfrer identif ication {low chart.



45

3.2.5 EULER A,NGLE CALCULATION FOR EACH JOINT

The final step is to calculate the Euler angles for the three

joints: shoulder, elbow, and wrist. These angles show the amount of

rotation with respect to the three orthogonal axes and can be

interpreted as flexion-extension, abduction-adduction (or ulna

deviation-radial devÍation), and finally inward-outward rotation (or

pronation-supination). The program for this calculation is

ANGR0T10.F0R. The input data is the 3-D coordinate and the output is

the EuLer angles for each joint. The schematic diagram in Fig. S.72

shows this process.

3.2.6 STICK DIAGRAM PLOTTING

In order to provide a visual presentation of arm movement, two

dinensional stick diagram can be'plotted. They can be plotted for both

the image and object planes. The first two are plotted in the camera

image planes and are based on ordered 2-D coordinates of the markers.

The second three are plotted in the three orthogonal planes of the fixed

reference frame: XY, XZ, and YZ planes and are based on the 3-D

coordinates of markers. The schematic diagran for these two cases are

shown in Fig. 3.13.

3.3 SOFTWARE COMPONENTS OF THE SYSTEM

The complete list of program nanes for the 3-D measurement system

for functional arn motion study is presented in Table 9.1. In this

+t
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LlFi:i_),
WRI ST

Fi9.3.15 Stlcl: diagråFr plotting flow chart.
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section, dÍfferent lnage processing techniques, algorithms and

mathematical equations that are used in these programs are explained.

The complete lists of the prograns with sufficient connent statements

are glven in the Appendix (A).

TABLE 3.1. List of 3-D Measurenent System Computer programs

Camera ( 1 )

(1)
CALIBl. FOR

(2) IMAGEO. FOR

(3) DATA1.FoR
XYREF1. FOR

FRNOl . FOR

IMAGEl . FOR

(4) TRACKl. FoR

(s)

(6)

(7) STTCKl.FOR

SUBS . FOR

SUB4. FOR

TDCCM. FOR

ANGROTlO. FOR

STICKlO. FOR

STICK2O, FOR
STÏCK3O . FOR

Camera (2)

CALI82. FOR

IMAGEOO. FOR

DATA2. FOR

XYREF2 . FOR

FRNO2. FOR

IMAGE2 . FOR

TRACK2 . FOR

STICKz. FOR

In generar acquiring 3-D data from real object points via a

stereometric system is done by the following steps:

- canera calibration.

- stereo matching (tracking and identification),
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- multiple stereo views coverÍng the whole object polnts,

- geonetrical computations to determine the 3-D coordinates.

The final step is the Euler angle calculatfon which ls done using

acquired 3-D coordinates of the narkers.

3.3. 1 CAUERA CALIBRATION

The relationship between the 3-D coordinates 1n object space and

the corresponding 2-D coordinates in the image space is essentially a

perspective transfornation [Duda et al. 1973, 24J. When this

transformation is known, given the 3-D coordinates X, Y, and Z in object

space, the corresponding 2-D coordinates of U and V in the image space

can be found. Conversely, given the coordinates of U and V in the image

space, the corresponding ray along whích all the points satisfying this

transformation must lie can be found. The elements of the

transformation matrix are called calibration parameters.

There are several. different calÍbration rnethods based on different

camera nodels. The camera ¡nodel used here is the one which Ís used in

computer vlsion and computer graphics [Ba]Iard, 1982, 25f. This camera

nodel Ís called central projection, i.e. the ímage is an ideal central

projection of the object-space onto the image-plane. Here, ideal means

that the camera compound lens ls free of optÍcal distortion and thus the

lmage is not deformed. Homogeneous coordÍnates are used for calibration

of the above camera model [Lee, 1982, 26]. The process of developing

the above-mentloned transformatlon using homogeneous coordlnates is

described below. For a more detailed mathenatical treatment of
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homogeneous coordinate and its applÍcation to this speclfic camera

nodel, refer to Duda et aI. llbid, p.p.380-3S6]

In conputer vision and computer graphics, homogeneous coordinates

are widely used. The reason is that it aLlows many important geonetric

transformations to be represented uniformly and elegantly. The basic

idea in using homogeneous coordinate for the ideal central projection

camera model is to convert the non-linear transformation from 3-D object

space to 2-D image space into a linear transformation in a different

coordinate system, i.e., homogeneous coordinates. The important aspect

of homogeneous coordinates is its redundancy: a point in Cartesian

n-space is represented by a line in homogeneous (n + 1)-space, i.e., a

unique point in Cartesian coordinates is represented by infinitely many

homogeneous coordinates. Correspondence of these two coordinate systems

is:

(X, Y, Z) * (wX, wY, wZ, w)

where w is the extra redundant variable

this becomes:

(X, Y, Z) * (X, Y, Z, 1)

Now, if homogeneous coordinates

the 3-D object-space, the result

(U, V) - (tU, tV, t)

(X,Y,Z)*(X,Y,Z, 1)

The aÍm here is to find the

homogeneous inage space to the

versa:

(3.1)

In the special case of w = 1,

(3.2)

the 2-D image-space andare applied to

Ís:

transformation

4-D honogeneous

(3.3)

matrix from the 3-D

object space and vice

(x Y z 1) [r] = (tu tv t)r (3.4)
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formofa4x3¡natrix:Obviously thÍs transformation takes the

[:' fs ln J

l-z '6 'ro I ltult(x Y z 1) 
[l; i,, illl = 

['lJ

As it is seen there are three variables

If t is eliminated in the first two, the

LrX + LrY + LrZ + L4 - L9UX - L10Uy

LrX + LUY + L,Z * L, - LnVx - L'OW

(3.7 )

and these two transformations

(3.5 )

three equations.

=0

= 0 (3.6)

(U, V,

resul t

- L7|UZ

- L77VZ

t) and

is:

- Lteu

- LtzY

L,
4u=Ltx LrZ ++

;

+ L8LUY +

u=Lrx+LzY+Lrz+Ln
L'OY*L772+7

LUY+LrZ+LU
LnX+L1OY*LrrZ+7 (3.8)

it is possible to write two linear equations for each point (,LIZ =

v=Lux Lrz +

LnX+L10Y*LttZ*LtZ

By sinple scaling, LL2 is equated to 1

becone:

Thus,

1):

Lrxi

Lsxi

Lzvi

LoYi

+ LgZi

+ LTZi

L9UiX1

LgViXi

LnX +

V=LtX¡

U¡

Vi

LlsUi Yi

LlsViYi

LllUiZi

LllViZi

+L4

+Lg (3.e )
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ln whích:

ui 'vi:
xÍ' Yi'

Lt- Ltt:
(3.9) can be

the resulting

inage coordinates of the i th

Z i, object coordinates of the

calibration parameters.

written in matrix form, and if

natrix equation is:

poi nt

i th point

it is written for n points,

xt Yt 27

000

xz Yz zz

000

10000

0 xt Y1 27 1

10000

0xzYzZzl

-utxt -utYt

-vtxt -vtYt

-uzxz -uzYz

-VrXz -YzYz

-u tzt
-Y tzt
-uzzz

-Yzzz

L1

L2

Ls

L^

Ls

Lo

Lz

L8

Lg

Lto

Ltt

ut

Vt

Dz

Yz

XnYnzn1oooo
0000xnYnZn1

-unxn -unYn -unZn

-vnxn -vnYn -vnZn

un

Vn

In matrix form (3.10) becomes:

(3.10)

(3.11)[pl 2nx 11 [ l ] 11 x 1= [ q ] zn* r

In order to solve (3.11) and obtain eleven calibration parameters, at

Ieast eleven equations are needed, or in another words at least sjx

control points are needed (only one equation for the last poÍnt is

used). In order to prevent the problem of singularity, all eleven
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eguations should be independent of each other or, i.e., the

colunns of matrlx I e ] should be linearry independent. ThÍs can be

achieved by preventing the control points from being in the sane

plane, i.e., have non-coplanar control points. But in order to

calculate eLeven calibration parameters more accurately, it is logical

to use more than eleven equations. rn this project eight control

¡narkers are used (sixteen equations for eleven unknowns). Thus equation

3'11 becones an overdeternined systen of equations. The classical

approach to the problem is to use a minimum-squared-error (MSE)

criterion to solve the equations. It has been shown [Duda et al. 1923,

24; l{u et al. 1984, 271 that the MSE solution of (3.11) is obtained by

multiplying the vecter I q ] ¡v the pseudo-inverse of matrix I n ]

Note that for the overdetermined system of equations, matrix I p ] is a

non-square matrix and thus in order to solve (3.11), the pseudo-inverse

matrix must be used. The solution is:

¡+here

lrl = rlplt[.]t-t[r]t[q] (s.12)

t[p]r[p]l-1[p]r= tRl is the pseudo-inverse matrix of [p].

The eleven calibration parameters

external and internal paraneters of the

and internal parameters of the camera

the eleven calibration paraneters. These

can be expressed in terns of

camera. Conversely, external

can be expressed in terms of

camera parameters are:

posftion and attitude of the canera, i .e . , coordinates of

the nodal point (x, y, z) and the orientation of the optical

axis (nine dÍrectlon cosines),
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principal distance of the camera,

scale factor.

One very important internal parameter of the camera that was not

considered in the ideal central projection camera model 1s systematic

error caused by optical distortion. Abdel-Aziz and Karara [Abdel-Aziz

et al. 7977, 281 developed a methodology that would allow application

of stereo-photogranmetric techniques to situatÍons in which nonnetric

camreas, f.8., those Ín whÍch the internal orientations are not known.

would be used. This method is called the "direct linear transformatÍon

¡nethod" (DLT). Thus in their mathematical model, optical distortion

(symnetrical lens distortion and asymmetrical lens distortion) are

considered. DLT has been appJ.ied to 3-D cinematography and its accuracy

has been studied for static and dynamic conditions [Miller et a]. 1980,

29; Shapiro, 1978, 30; l{alton, 1979, 311. It is clear that if optical

distortion paraneters are onitted in this model, the resulting equations

would be the same as 3.8. However, the ideal central projection camera

model provides sufficient accuracy for the functional arm notion study

and thus there is no need to use a sophisticated camera nodel.

3.3.2 3-D COORDINATE CALCULATION

One the calibratin parameters have been determined, equation 3.9

shows that each 2-D image yields two equations in the three unknowns,

Xi,Yi, Zí. Thus to determine the 3-d coordinates requires at least one

more equation. Physically this means that at least two cameras should

be used in order to provide the nrininum nunber of equations required.

Of course it ls possÍble and sonetlmes recommended to use multiple
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(more than two) cameras to get more accurate neasurements.

When two cameras are used four equations for each point can be

written based on the two sets of calibratÍon paraneters:

LrX + LrY + LrZ + L4 - L9U1X - L10U1Y - L11U1Z - U, = g

LUX + LUY + LrZ + LB - L9V1X - LIOV'Y - L1lVlZ - V, = g

LrX + LrY + LrZ + L4 - L}U}X - L10U2Y - L11U2Z - U' = O

r,ix + r,iv + r,rz +t"i-t"ivrx - L;0v2" - r; tyzz -yz= o (3.13)

in which:

U1, V1: 2-D coordÍnates of the point in the lst inage

U2, YZ 2-D coordinates of the point in the 2nd irnage

X, Y, Z: 3-D coordinates of the point

Lf- L ,r:Calibration paraneters of the 1st camera

ti- tit: Calibration parameters of the 2nd canera.

Rearranging the terns in (3.13) one obtains:

(Lr L9U1)X * (Lz - LroUr)Y + (Lg - L'1U1)Z + (L+ Ul) = 0

(Ls - LnVr)X + (to L10V1)Y + (Lt Lrrv, )z * (Ls - v1) = Q

(Lí - Léu2)x * (Li - tiour)Y + (Lã - Lrrur)z + (L4 - uz) = 0

(Ls - L$v2)X + (to - LfsV2)Y + (Li - Li1v2)Z + (ts - vz\ = 0 (s.r¿)

In order to simplify these equations the followÍng terms are defined:

All . L1 - LeUl As1 = tí - LéU2

412 t L2 - Lt0U1 Asz = L; - Liouz
413 * L3 - L11U1 A3s = Lá - Li.U z
Ãzr = Ls - LeVl A4r = L6 - LéV2

AZ2 = L6 - L10V1 442 = L6 - LíOVZ

Azs " Lz - L11v1 AAs = L; - Litvz
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B EU -L114
B ¡V -t278

Thus (3.14) fs sinpllfied

Al1X * A'ZY * AtgZ =
A21X * AZZY * AZSZ =
AglX * A32Y * ÃgSZ =
A41X * AAZY * AASZ =

In matrix forn:

[tr iüîäl ['
In][n]=[sJ

Again because there are

inverse nust be used.

B eU32
B eV42

L.
4

L.I (3.ls)

to:

B1
B2
B3
BA

T

B1

3:

(3. 16 )

(3.17)

(3.18)

and four equatlons the pseudo-three unknowns

[x v z]r = t [a] 
r 

[a] l-1 [n] 
r 

[n] (3.1e)

fn summary, knowledge of the two 2-D coordinates of a point and the two

sets of calibration paraneters for the two cameras allows one to

calculate the 3-D coordinates of the point (X, Y, Z).

3,3.3 IMAGE PROCESSING AND 2_D COORDINATES CALCULATION

As shown, the 3-D coordinate calculation of a point is based on

the 2-D coordlnates of the poÍnt (narkersts centroid). In order to find

the marker centrolds ln each frame, alI the plxels ¡rhich belong to a

marker need to be identified and clustered. To do the clustering, a



56

few sinple techniques are used. In thls section these simple techniques

used to process the image are discussed. The object is to process the

inage as fast as possible and minimize the amount of data that should be

stored. Note that each inage of 512 by 512 needs 256 K bytes of storage

space and takes 60 seconds to be processed. Using these simple

techniques, data acquisition and data preprocessing from each frame

takes less than 10 seconds and the fÍnal data is the seven Z-D

coordinates of the seven narkers, which needs a very small storage

space.

After each frane (image) is captured in the frame buffer, the

following inage processing technÍgues are applied to obtain a marker

centroid.

(1) Apply a threshold val,ue. Basícally the pixel values range

from 0 (black) to 255 (white). By thresholding a bLack and white binary

inage is produced.

(2\ Fast reading of the processed lmage. The inage is b12 x S12.

To read the 512 by 512 image pÍxel by pixel takes about 60 seconds for

the PC. In order to reduce the reading time, the image is read in steps

of 5, both vertically and horizontaLly (Fie. 3.14(a)). This reduces the

reading time to less than 10 seconds. The image is read by the PC from

left to right and from top to bottom. The value of 5 is based on the

mini¡nun size of the narker. If the marker is bigger, this value should

be increased.

(3) hlindowlng. The next step is to put a window around the white

pÍxels that were detected in the last step. The size of the window is

two times the maxinum size of the markers. In this project, the window

size is 24 x 24 (Fie. 3.14(b)). It should be emphasised that alt the
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5r2
(¡)

delecfed
white
Dixel

24
(b)

detected
Pixel in
step (4)

24

(c)

ôk
¡'+v

-Àk

ok+l
k+l

Yk

Yk*l
Yk*2- .ökt2 ¡u*,

(d)

24

t2
t2

-12
-12

Fiq.3.14 Schernatic diagrarns f or image processing.
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¡rindows should be inside the 5L2 x 512 screen, otherwise the PC reads

negative numbers and the whole program goes awry. Therefore the field of

view of the cameras should be such that all the markers have a distance

of at .Ieast 24 pixels fron the screen edges.

(4) Detect the transitÍon points in the rryindow. The window is

read pixel by pixel. The transition points fro¡n white to

black or from black to whíte are deleted and thus the edge of the marker

is deternined (Fig. 3.14(c)).

(5) Marker centroid calculation. In order to calculate the

equations are used (Fie.centroid of each narker, the following simple

3.1a(d)):

x=c

Y=c fit* o* 1

Eôt
K

fi(** - F,tr.l
1

Eôr
K

l
J

(6) Elimination of repeated detected narkers.

possibility that in step 4 more than one pÍxel of

detected, in the last part of the program, all the

detected ¡nore than once are eliminated.

(3.20)

Because there is a

the sane marker is

markers that are

(7) Vertical and horizontal shifts. Because there is a

possibility that the captured inage in the frane buffer has a vertical

or horizontal (or both) shift, the coordinates of the reference marker

in the captured image is compared with the original coordinates of the

reference marker and the vertical and horizontal differences are applied

to the coordinates of the seven markers.
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(8) Scattered noise in the lmage. To elfninate scattered noise

(isolated white pixels) in the processed image, a sinple condition is

used to determine whether a detected narker is valid:

If Iôk(zo etiminate the detected marker.

This condition is based on the fact that the minimum number of white

pixeÌs in each marker is 20.

In order to ¡rake the image processing more flexible, four

Ínteractive questions are used and these shoul.d be answered by operator.

The first Ís choosing the threshold value. The second 1s to verify

whether the processed image is acceptable or not (based on the choosen

threshold value). The third and fourth are to choose the reading

increment and window sfze. The output of the above-mentioned steps is

the 2-D coordinates of the marker centriods '

3. 3.4 TRACKING ALGORITHM

As explained before, in order to calculate the 3-D coordinates of a

marker, the ¡narker should be identified in the two simultaneous inages.

One important problem in tracking and identification of narkers is the

problem of disappearance and reappearance of markers. In this project,

this problem has been prevented by:

- proper positioning of the two cameras,

- the choice of narker posÍtions on the arm and the spherical

marker shape,

- proper lighting,

- choice of arm movement (feeding tasks).

Tracking is thus reduced to the ldentification of a fixed number (i.e.,



?) of markers in each frame. since the fnage is read by the

to botton, the prelirninary 2-D coordinates of rnarkers

according to the y coordinate. If, for example, the stick

four markers in two frames are as shown ín Fig' 3'15'

60

PC from top

are ordered

diagrams of

FRAME NO.2

D

c
A
B

order can change from one frame to

algorithm is to obtain the same order in

Fig.

then the marker

It is clear

the other. The

all frames.

For the

operator and

frame, sÍnple

position of a

FRAME NO.1

3.15 Stick diagrams of two different frames'

order in the preliminary data file would be:

1

2

3
4

that the

aim in the

A
B

D

c

marker

trackÍng

first two frames, the identification is done by the

the computer reads the order. For the third

two dÍmensional linear extrapolation is used. First the

narker in the third frame is estimated from:

*á = *t + 2(x, - tf )

Yá = Yr + z(Yz - Yr) (3.21)
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in which:

*1, V1, marker coordÍnates in the first frane

xZ, YZ: marker coordinates in the second frame

w' rr-' estimated marker coordinates in the third frame'^3' Jg'

The estimated coordinates are then conpared with alL the narker

Coordinates in the third frame, and, based on the nearest neighbour

criterion, the marker is identified in the third frame.

The identification of markers in subsequent frames (fourth, fifth,

. . .) is done by using a three point , 2-D linear least squares

approximation i.e., the best straight line y = ax + b through the set of

measured values is determÍned. The unknowns a and b are estimated by

using following equations [Spencer et a] ' 7977, 32f:

^_nl*iyr-I*1Iv1' - ;¡*i -1¡*,¡

o-Ivr-uJ*,
n (3.22)

in which:

*i, Vi, neasured values

n: number of measured values.

For the specific case at hand, the result isr

¡=¿p+b

in ¡vhich:

X: x coordinate of narker

F: frame number.
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So for the fourth frame, the estimate for x is:

xi = aFn + b * *4 = 4 a + b

- where

3(1x, + zx. + 3xr) - (l + 2 + 3)(x, + xZ + x3)

3(la + 22 + 32) - (7 + 2 + 3)z

-x1 + x3
u=--

O _ (x, + x, + xr) - a(1 + 2 + 3)

3

b=
(xt*xZ**3)-6a

Thus the general estimation equation is:

x. ^=4a +bn+3xx

v- =4a +b-n+3 y y

in which:

-x +xn n+z
x2

-vñ * vn*z

(3.23)

(3.24)

ây=

h - (*;* *i*r* *í*z) - uu*

^3

(y-*y- +y')-6aor=#
After the estimation of a marker's coordinates in the fourth 

. 
frame,

the estlnate js Compared to all neasured coordinates in the
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fourth frame, and, based on the nearest neighbour criterion, the marker is

identified in the fourth frame. The result of applying thÍs tracking

algorithm to preliminary 2-D data flle will. be the final ordered 2-D

data file. Based on this data file ldentical markers in two

simultaneous frames are matched and markers | 3-D coordinates are

calculated.

3,3.4 EULER ANGLE CALCULATION

llajor Joints of the body generally have six degrees of freedom:

three translational and three rotational In this study, only

rotational motion is considered. For anatomical purposes, the

orientation of a segnent of the arm is often defined by rotations in

three orthogonal planes (saggital, frontal, and transverse), as weLl as

the rotatlon about the longitudinal axis of the body segment. The most

convenÍent and proper way of defining three rotatÍonal motions with

respect to three orthogonal axes is to use Euler angles. Several

different types of Euler angle systens have been used. The one that

is used here is the type that has been widely used in aeronautical

engineering and also in the analysis of missiles and other space

vehicles [Greenwood, 1965, 34; Rosenberg, 7977, 35]. This type has also

been used recently in the functionaJ. study of arm nove¡nent [Kinzel et

al. 1983,33; Chao et al. 1978, 13; Langrana, 1981, 111.

It should be noted that for 3-D rotations, the order of rotation

about specified axis is extremely important in order to describe



the Joint notion

Euler angles are

- Rotatlon

+
Z-z'
X*x-y*y'

- Rotation

0
x-* xtt
y-* y"
z'- z"

-Rotation

rÍ
ytt *

xtt *

z"-

uniquely. In Fig.

as follows:

about the Z axis:

3.16, the order of

64

rotations and the

about the x' axls

about the y" axis:

Z,Z

Fie. 3.16 The Eulerian angles'

rotations can be expressed by the following three matrix

v
x
z

These three

equations:

[l.] 
=

[;iil

ttl

[ 
:ïi :::i 

i] [; I

[: ::;t :i:r] [ï']

[:îi å 
":"Tl [lii]

'/l9L¡ -' ''"
/

/,
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tf these three rotations are combÍned, the total transfornation

ix is:

Icos0cosrl¡ - sinôsln0sinrÍ sinôcosrl¡ + cos0sin0sinü -cososinrtrl IXl
= | -sin0coso cosgcosg sinel lvl

[cosgsinrf + sinQsingcosr[ sin$sinü - cos$sin0cosrü cosOcosrll IZl
(3.2s)

If (î, î, Ê) are the unit vectors of the xyz orthogonal axes and (î, i,

R) are the unit vectors of the XYZ orthogonal axes, then (3.25) can be

¡rritten in the followlng form:

Now

matr

[*]
lvl
Lzl

[*l [î.î î.i î.x] [xllll^^lll
lnl = l¡.Î 3 3 i.*ll"lI t^^ ^^lt ll,"l t;; k.; r..xj lzj

If the transformation natrix

transfor¡nation natrix in (3.25),

sing = 3.R * 6 = Arc

1n

the

sin

(3.26)

(3.26) is compared with the

following equations can be written:

cos$cosO =

cos0cos{r =

On the other hand,

are the direction

of reference (FÍg.

i.K = cos72 =

j.i = cosp, =

k.K = cosY^ ='tt

+ Ô=Arccos

+ Ú=Arccos

3.17):

(zz - ztl J

(v, - Yr)5

(22 - zrlk

j.J

Ê.K

t¡ .rl

î:
IJLI

,ä;5,

the elements of the transformation

cosines of unit vectors Í, J, and k

(3.27)

matrix in (3.26 )

in the XYZ frame

Z

,î 
''

ltz î ,r'
ffi1"2

,l ,þ, x

Fig. 3.17 Body axes unit vector directional cosines.
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Thus, (3.27 ) can

0 = Arc sln

0 = Arc cos

be written in the following final form:

lzz - zr)5ì

l(, - Yr ):l
t- coStr.l

ü = Arc cos (3.28)

To measure the rotational notion of an arm's different joints, the

kine¡natic nodel has to be defined for each joint. It has been shown

that there are three rotational motions Ín elbow and wrist Joint [Chao

et at.1980,19; Palmer et al.1985,231. However due to the

insignificant role of the third rotatlonal motion of the elbow in

general [Chao et a]. 1980, 191 and in our study Ín particular, a two

degree of freedom (rotation) model is defined for the joint.

For the shoulder a three-DOF spherical joint ls used (Fie.g.18).

This kinematic model has been used for the human shoulder in many

studies [Taylor et al. ].951, 36; Dempster, 1955, 3'lt Bahmink et al.

1963, 38; Steindler, 1964, 39; Bausso, 1969,40; Risteen et al. 1920,

411. The shoulder joint in this study is considered to have three

rotations with respect to the three orthogonal axes. In anatomical

terms these are:

Flexion-Extension ,

Abduction-Adduction,

Inward-Outward Rotation.

For the elbow, a two-DOF spherical joint is used (Fig. 3.13). This

kinematic model has been used for the human elbow in a few studies

[Taylor et a] . 1951, 36; Taylor, 1954 , 42; Denpster, 1955, g7) . Thus
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SHOULDER J.

}VRIST J.
ELBOW J.

\l I -r lQ,?-I:r:-¿
I I ----{

Fiq.3,18 Kinematic model {or shoutlderrelbowrand wriEt 5oints,
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the elbow Joint can have two rotatÍons which are:

- Flexion-Extension

- Pronation-Supinatlon.

At this joint, abduction-adduction of the elbow or Ín another words the

carrying angle (rotation of ulna relative to radial bone at elbow) is

o¡nitted.

For the wrist, a three-DoF spherical ioÍnt Ís used (Fig 3.18).Thís

kinematic nodel has also been used for human wrist before [Youm et aI.

19?9, 43]. In anatomical terns, these three rotations are defined as

follow:

- Flexion-Extension

- Abduction-Adduction

(ulna deviation, radial deviation)

- Inward-Outward Rotation

Thus altogether, in this study, the hunan arm has eight degrees of

freedom and eight rotational motions are measured. In order to measure

these eight rotational notÍons, seven markers are used as shown in

Fig.3.19. For each segment of the arn, one orthogonal body axis is

defined. Therefore, three orthogonal body axes are defined for the

upper body, forearm, and hand. A fourth orthogonal body axis system is

also defined for the shoulder (Fig. 3.20). These orthogonal axes are

defined as follows (RHR is used):

- shoulder:
++

Vg=21
++
x^=27

U
+

Zo=xo

x23
+

xy0
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(RHR)

Note : l'l is definerj åE a Eaint in the nriddle of the wrist.

Fiq.3.19 t'larkers âl-rð.nÇËrrrËirt Ên the hltnran åFrrr and fi.>:ed
f i>r ecl {rame c:l re{grrence.

þ
l+zr{

\*o

/*'
I¡

z{7
Nc'te : F. F,, R, I Fi¡red f rame of ref erence.

Fig,3,2C) Fourr arthogonal body a:lis and fixed frarne
of re{erancp.

(F.F.R.)

Y¡
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- upper arm:

It=1t
i'= 1" 

* 
1'

x1=Y1x21

- forearm:
++

!2 = Nl4

:, = 
a' " :' (palm up)

22=x2xy2

- hand:
++
v^=?M

lt = lt " lt 
(Parm uP)

23=x3xy3

It should be noted that due to the way 27 and xZ are defined,

abduction-adduction at the elbow joint is prevented. These orthogonal

body axis are shown schematically in FÍg. 3.2O.

The Euler angles of each body axis with respect to a fixed frame of

reference can be calcuJated by using equations (3.28). These give the

rotation of each body segment (upper arm, forearm, and hand) with

respect to the fixed frane of reference. For joint rotation, the

relative motion of the body axes with respect to each other should be

calculated. The absolute rotations are defined as follow:

- shoulder: [no] = [to] [s]

- upper arm: [nr] = [tr] [n]

- forearm, [nz] = [re] [n]

- hand:

in which:

lssl = lrel [s] (3.2e)
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[n] : unit vectors of fixed frame of reference,

[nt] t bodY axes unit vectors,

[ft] t transfornation matrlx.

The joint rotations (relative) are defined as follows:

- shoulder joint:

lErl = [r1] [ro]-1lnol * [nr) = lnr] [so]

- elbow joint:

lte] = lrzl [rr1-1[nri + lnrl = [nri lnri

- wrist joint:
[¡s] = [r3]¡rrJ-1lnrì * [ns] = [nrJ[erJ (3'30)

in which [Ri] is the relatíve transformation natrix. Thus by

calculating relative transformation matrices lni] , Euler angles for each

joint can be calculated easily using equation 3'28'



CHAPTER 4

FUNCTIONAL ARM MOTION STUDY

The previous two chapters discussed arn motion classification and

explained a new 3-D measurement system developed for functional arm

notion study. In this chapter, based on the classificatÍon of arn

¡notion, the 3-D measurement system is applied to study three important

ADL. A sunmary of collected data is presented and an analysis of

acquÍred data Ís given. AIso the static and dynamic error of the system

is discussed.

4.7 MATERIALS AND METHOD

This section explains the materials used to study a

arm notions and the overall experimental nethod'

Ten subjects were used Ín this experiment' AII

right-handed males, ranging in age from 20 - 29 year

from 167 to 185 cm.

few functional

rr¡ere healthy,

and 1n height

Three hiehty important ADL were chosen to be perforned by the

subjects. These were three feeding tasks: drinking fron a cup, eating

with a fork, and eating with a dessert spoon. To provide different

degrees of consistency the drink and food consisted of orange juice,

muffin, and pudding (or yogurt).

Before the subject performed the experiment, the purpose and the

procedure of the experiment was explained. Then the subject nas asked

to wear a turtle neck shÍrt, and seven reflective spherical markers

-72-
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ürere put on the arm as explalned in Chapter 3. An adjustable chair was

used in order to adjust the chair height for the subJect. The subJect

was asked to sit upright and flex his elbow to 90 degrees. The chair

heÍght then was adJusted so that the subJect's forearn alnost touched

the table of activlty. This height $,as a comfortable heÍght for the

subject and was used during the whole experiment '

To callbrate the seven markers, the subject was asked to fix hÍs

arm in the standard posÍtton: 90 degrees of elbow flexion and forearm

neutral rotation (see Fig. 4.1). The arm's standard position was

checked by vlsual observation. The result of this calibration was the

initial deviatlon of the elght Joint rotatlons. The subJect would keep

his arn in the standard position for 10 - 15 seconds and then perforn

drinking, eating wÍth the fork, and eating wfth the spoon, respectively'

Each task was done at least three times. The subject l,ûas asked to

perform these tasks as naturally as possible.

Before perforning each task, in order to identify the sinultaneous

franes for both recorded tapes, the subiect moved his hand up and down

rapidly. The returning position of the hand was used for identifícation

and thus subsequent simultaneous frames could be counted by the VCR

fra¡ne counter and easlly identified. The overall time required to

prepare the subject and perform the tasks was less than 10 minutes.

Another lmportant point that was consldered in performing the eating

tasks was the type of grip. The subJect was asked to handle the fork or

dessert spoon in the standard web-of-thumb grip.



T'-r

Fig. 4.1 The standard arn position.



.l-¡ ¿'7q.
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Dessert Spoon
l{eb-of-thumb grÍp

Servlng fork
Ileb-of-thumb grÍp

Fie. 4.2 Type of Grip

This is one of the nost frequent types of grip for eatlng [sperling et

al. 1977,11.

flhen the recorded inages were processed, two Bore factors were

consldered in order to standardize the ¡rhole experinent. First, the

beginnlng and end points of each task had to be the sane for different

subjects; second only data fro¡r trfals that were perforned smoothly and

¡clthout tine lag or pause were processed.

the sampling frequency of recorded lnages for processlng was very

inportant. Some subjects did different feeding activities faster than

the others. So in order to get sufficient information, it was necessary

to use adaptive sampling. rt was found that every 5 frames (whÍch is

equal to one sixth of a second) was a sufficlent sampling frequency.

4.2 ANALYSIS OF COLTECTED DATA

The detailed collected data for ten subiects are gfven in Appendix

(C), Tables 1 to 18. These cover the seven rotations for the three

feeding tasks. The rean and standard deviation of nlninun and naxinum
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rotatlons and the resulting arcs (i.e., maxinum rotatíon minus minimum

rotation) also were calcufated and are presented. A sunmary of the data

is given in Tab1es 4.L and 4.2. TabLe 4.L shows the eÍght rotations

without taking the initial deviation into account while in TabIe 4.2,

the initial deviation ls taken into account.

The ¡nean and S.D. of the performance tine for three feeding tasks

and the average number of processed fra¡nes (based on a sampling

frequency of 6 fra¡nes per second) is given in Table 4.3. 0n the

average drinking with a cup took 2.62 sec., eating with a fork took 1.95

sec. and eating with a spoon took 2.31 sec. One interesting point that

can be concluded fro¡n the data is the relationship between performance

time and the degree of consistency (viscosity) of the food. Food with

lower consistency takes longer to load and bring to the mouth! Eating

food with low consistency requires a more accurate control and lower

arm motion speed to prevent spilling. This aspect should be considered

in developing preprogranmed feeding notions.

In order to understand and analyze the data in Tables 4.L and 4.2,

first an explanation should be given about the physical meaning of the

nunbers. Based on the definition of the four body axes for the

shoulder, upper arm, forearm, and hand in Chapter 3, the meaning of the

calculated angles S, 0, and tl¡ (output of progran ANGROT.FOR) in clinical

terns are:
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Shoulder:

O)or Flexlon

ô(O: Extension

O)O: Adduction

e(o: Abductlon

rt) 0r In¡rard Rotatlon

û(O: Outward Rotatfon

Elbow:

O)o' Flexlon

,Í)90': Pronation (Forearm)

ú(SO": Suplnation (Forearn)

I{rist:

0)0, Flexion

0(O: Extension

0)o: Ulnar Deviatlon

0(o: Radial Deviation

ú)O' Inward Rotatfon

ú(o ' Out¡rard Rotatf on

In all the tables, absolute values for forearn pronatlon and suplnation

are given, f.ê., tf the calculated angle ls rf = 135. or 65", the table

rould have 4S"pronatlon or 35o supination respectively.

In order to analyze and evaluate the calculated Joint rotatlons for

dlfferent tasks ln this etudy, all the available and publtshed data by

other research groups are tabulated ln Table 4.4. For proper conparison

it should be polnted out that for the shoulder Jotnt there is no

accurate data avallable. only one paper [Davis, 1977, zf reported



=
È

=
=

=
=

E
=

-=
=

=
=

=
=

=
r=

=
=

=
-]

11
!5

=
l=

i:=
l!!

!3
1]

=
::=

::i
:::

:::
=

33
::=

::=
:::

3:
-Y

=
13

III
IIL

-E
-=

-!
-E

=
¡¡

rE
E

¡r
¡=

,¡
¡=

!-
Ê

B
rE

=
aE

IE
E

ûÐ
!¡

co
LU

M
N

 N
O

. 
( 
I 
) 

(?
) 

(3
) 

(4
) 

(5
) 

(6
)

J0
IN

T
 

N
O

R
F

IA
L 

D
R

IN
K

IN
G

 (
gL

A
Ë

s)
 D

R
IN

T
.T

IN
c¡

 
(c

up
) 

E
A

T
IN

G
 (

F
oR

K
) 

E
A

T
IN

B
 (

F
oR

K
, 

B
R

E
A

K
F

. 
LU

N
.H

 D
T

N
N

E
R

R
O

T
A

T
IO

N
 

R
A

N
G

E
 f

'lI
N

. 
¡'l

A
x.

 
A

R
c 

tlI
N

. 
¡lA

x.
 

A
R

c 
r',

rI
N

. 
f'r

A
x.

 A
R

c 
m

IN
. 

lrA
x.

 A
R

c 
R

A
N

G
E

 R
A

N
G

E
 R

A
N

G
E

S
H

O
U

LD
E

R
F

LE
X

 IO
N

 
m

E
A

N
 1

65
. 

r)
s.

 D
. 

(5
. 

o)
E

X
T

E
N

S
IO

N
 

IIE
A

N
 

37
.3

5.
D

. 
(8

. 
l)

A
B

D
U

C
T

IO
N

 I
.IE

A
N

 T
A

2.
7

s.
 D

. 
(9

. 
O

)
A

D
D

U
C

T
¡O

N
 I

IE
A

N
 

5C
)

IN
. 

R
B

T
A

T
IO

N
 t

fE
A

N
 

68
O

U
T

. 
R

T
]T

A
T

IO
N

 
I'4

E
A

N
 6

A

E
LB

O
tI

F
LE

X
T

 I
fIN

E
X

T
E

N
S

IT
¡N

P
R

O
N

A
T

IO
N

S
U

P
IN

A
T

T
O

N

t¡
R

lS
T F
LE

X
 I

O
N

E
X

T
E

N
S

IO
N

U
LN

A
R

 D
E

V
.

R
A

D
IA

L 
D

E
V

.

M
E

A
N

 I
4Ö

.5
s.

 D
. 

(4
.9

)
F

E
A

N
 

O
.3

s.
 D

. 
l?

.7
,

H
E

A
N

 7
Z

.A
s.

 D
. 

(5
.3

)
tlE

A
N

 
gl

. 
I

s,
 D

. 
(4

. 
O

)

M
E

A
N

 7
4.

9
s.

 D
. 

(ó
.6

)
t',

tE
A

N
 7

4.
(,

s.
 D

. 
(á

.6
)

r'r
E

A
N

 3
5.

3
s.

 n
. 

(f
,. 

a)
M

E
f¡

t{
 ?

1 
. 

I
S

, 
D

. 
(4

, 
ú)

44
.8

 
13

0.
0 

85
.2

 4
2 

l3
t 

89
(9

) 
(6

)

lo
.t 

Ir
( 

13
)

13
.4

 2
3.

3 
16

 
27

2l

C
E

N
T

R
O

ID

tt 
.2

 
24

.O
 L

2.
 B

 
19 o

85
.1

 1
28

.3
 4

5.
2

lo
.4

5r
.B

 6
2.

2

30
 

so
 

30

oo
o

a7
 

13
3 

46
( 
l4

) 
(8

)

6
(3

0) 36
 

62
( 
l6

)

C
E

N
T

R
O

ID

9.
3 

36
.5

 ?
7.

2

ao
-1

30
 4

0-
13

0 
o-

ls
o

90
 

90
 

90

to
 

l5
 

20

32

7

B
O

 (?
) 

t5
 

t3

40
 

45
 

4J

æ o



81

shoulder flexion-extensÍon data (column 0) based on g subjects. These

data are not accurate because they are based only on visuaÌ observations

and furthermore it is for feeding as a whole. They are good indicators,

however, as a general range for feeding acttvity.

For the elbo¡+ joint, there are two references. The first [lr{orrey

et al. 1981, 3l (colunn 2) gives data for drinktng with a glass; the

second reference [chao et al. 1980, 4] (colunn g) provides data for

drinking with a cup. The former study Ís based on 3g subjects (18

fenale) and the latter on 15 male subJects. AIso, the ratter report

gives standard devlatlons, whÍch are lmportant for conparison. These

two papers also gÍve data for eating wlth a fork (column 4 and 5

respectively). All the measurements were done by using a triaxial

electrogonlometer .

For the wrist Joint, there are also two papers. The first

IBrumfield et al. 1984,5] used a unfaxial electroganiometer and gives

wrÍst flexfon-extension for drinktng with a glass and eating with a fork

(colunn 2 and 4) and is based on 19 subjects. The second [Palner et al.

1985, 6l provided two wrist joint rotations using a trÍaxÍal

electrogonlometer. The data are for drinking with a cup and eatlng wlth

a fork and were based on 10 subjects (column S and 5).

It should be noted that there is no publlshed data on eating with a

spoon. Finally the nornal range of arm Joint rotations ls given in the

first column lBoone et al, 1979, 7¡ AAOS, 1965,8]. This provides a

general lndÍcation for naxinum arm Joint rotations.

The inltial deviatlon of different arm Joint rotations, which 1s

based on the standard position, is given in the last colunn of rable

4.L. This ls the average for ten. subJects. Basicalty the effect of the
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initial deviation is to shift the range of Joint rotatÍons. As an

exanple for shoulder flexlon the initial deviatÍon was -5.6o and thus it

shifted the shoulder flexion range from 21.4" - 48.8'to 15.8'- 43.2".

The S.D. of joint rotation is also effected by the initial devÍation.

For the same example the S. D. for minimum and maximum rotations

decreased fron 7.4 and 19.4 to 4.4 and 16.3, respectively. The overall

effect of taking initlal deviation into account is the reduction of S.D.

for different joint rotations, whÍch in fact shows Íts positive effect

(i.e., more consÍstent and less variable) on collected data.

Here it should be enphasÍzed that because of the lack of accurate

checking of the standard position for each subject, the collected

initial deviation data were not accurate. Through close evaluation and

checking of all the data and also the recorded tapes, it was concluded

that the lnitial deviation for wrist extension was not correct (-10.5').

Thus, the wrist extension data wlthout taking the inÍtial deviation into

account (Table 4.7) is used for analysis. Note that -10.5o Ís the

largest recorded deviatlon (except for shoulder abduction which because

of the positions of the markers no. 3 and 4, is clearly acceptable) and

also that it has an increasing not decreasing effect on S.D. For the

rest of collected data, overall it is concluded that the data in Table

4.2 is correct and may be used for analysls.

Comparison of the collected data with the normal range of arm joint

rotatlons (Table 4.4, column 1) shows that all of these data are within

nornal range. Since for shoulder joint rotatlons there is no accurate

data to compare with, these data are analyzed by themselves. The first

irnportant aspect that these data show is that the range (i.e., ninimu¡n
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and naximum Jolnt rotations) and the arc (i.e., naximum Joint rotation

ninus minimu¡n joint rotation) for eating with a fork and eating with a

spoon are very close. The second important aspect ts the dffference of

arc and especially the range for the drinking task as conpared to the

other two tasks; it has a larger arc and higher range of rotation. This

is due to the larger distance between the cup and the subject's body and

to the smaller distance between the cup and the subject's mouth as

compared to the spoon or fork. The third Ímportant aspect is that for

these tasks only flexion, abduction and inward rotation are required,

thus there is no need to provÍde extension, abduction or outward

rotation. overall the required arc and range for the three tasks are:

SHOULDER:

Min.

Flexion 5

Abduction -5

In. Rotation 5

Max. Arc

45 40

-30 25

25 20

For the elbow joint there are accurate data to compare the

collected data with. Starting from elbow flexion for drinking with a

cup (the data for glass and cup are almost identical ) , it is seen that

the naxinum rotatlon is identical (130"), but the ninimum rotation is

different (71o versus 42'). Two factors caused this difference. First,
in this study so¡ne of the subjects used large forward novement of their

trunk and head when performing these tasks. This is the ¡rain factor.

The second factor is the cup position ¡ryith respect to subject's body.

I{ith the lncrease ofdistance between cup and subject's body, a snaller
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flexlon angle ls required and, accordlngly, a larger flexlon arc ls

needed. This shows an lnportant aspect of arn novenent: lt is possible

to conpensate for a large anounts of elbow flexion rlth trunk and head

forward novenent. All of the above discussion ls also valid for eating

rrlth a fork. There is no conparison data for eatlng wlth a spoon.

For forearn pronation-supination the following points can be said.

l{hen drfnking with a cup, the arc is fdentical (27"), but the range ls

dlfferent. The data in this study shows that only suplnation ranging

from 3.5o to 31.2o ls present, whlle column (3) in Table 4.4 shows 11o

pronation and 16o supination. Thls latter range is nore logical and

corresponds to the actual pattern of drlnklng with a cup. The reason

for thls range difference is basically related to the definition of the

neutral posltion of the forearn. l{orrey [ilorrey et aI.1981,3] gave

thls definition as: "neutral rotation defined as the extended thumb

being coplanar wlth the hunerus". Thls standard posltion ls shown in

Fig.4.3.

Pronolion

Ffg. 4.3 Forearm Neutral Position

In thls study, the forearn neutral posltion was detenlned by

general observation without any specific criterion as ras the case in

the above rentloned study. So lnstead of having posltlve forearsr

@j
NeutrolSupinotion
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initial deviation (approxinately 14" ) , a negative initial deviation

(-1.2") was estinated. This indlcates once again the lmportance of

accurately defÍning the standard position and the need to accurately

check the standard position during the experlment.

In the case of feeding with a fork the supinatÍon is very close

(58"). But pronation and thus the arc is not the same. It is clear and

can be checked easlly by watching the recorded notlon in the slow motion

mode that the amount of pronation is much larger than the reported 6" in

column 5 (Tab1e 4.41. Some factors that might cause small pronation can

be the grip type, whether the fork is used in the usual manner or as a

spoon, and finally the definition of the beginning and the end of

feeding with the fork. In this study the web-of-thumb grip was used.

The fork was used in the usual manner and thus at the time of loading

food, there is a need of nore pronation. Finally, the beginning of

feedlng ls defined as the time of loading the food and the end as the

tine of unloading the food into mouth. Again there is no comparison

data for feeding with a spoon.

Overall, the following aspects can be mentioned about elbow joint

rotation. First, except for forearm pronation the range and arc for

feeding with a fork and a spoon are alnost the same. Second, drinking

requlres larger flexion arc and smaller pronation-supination while

eating requires smaller flexion arc and larger pronation-supination.

Third, the large amount of flexion and supination-pronation as a whole

for feeding sho¡cs the high inportance of these two Joint rotations.

Overall, the required range and arc for these three tasks are:
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Elbow:

Flexion

Pronation

SupÍnation

Max. Arc

130 60

40

I roo
60

Itlin.

70

For the wrist ioint, there are two papers that provide comparison

data' As mentioned for wrist extension the data in Table 4.1 Ís used.

In the case of drÍnking the extenslon arcs agree (19"), but the range is

different (3" - 16.4o versus ]-r.z" - 24"). The reason again is due to

the definition of standard position (zero degrees extension). The first
paper (colunn 2) deffnes the zero degrees as "the point at whÍch these

three [the lateral epicondyle, radia] stylold, and center of the second

metacarpal head] were llnearly aligned while the forearm was hetd in

naximum supination" [Brurnfield, et a]. 1984, 5]. The second paper did

not provlde any definition for the standard position. The dÍfference in

definition caused the range shift of approximately go.

For eatlng with a fork, the data in this study show a small.er arc

(14'versus 27"1, white the extension range is within the range of

column 4 (L4" - 28" versus go - 96"). For eating with a spoon, the data

in Table 4.2 shows close correspondence to the data for eating with a

fork (12.8" versus 74,4" for arc and 13.2" - 1g.1o versus 2g,70 versus

18.1o - 30.9" for range).

If the above-nentioned 8" shift is taken Ínto account, the general

range of extension for drinking would be 11o - 24.4o and its centroid

would be 18", which is very close to the data in column g (19.). In the

case of eating with a fork the range of extension would be 21.1o - 96.1o
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and its centroid would be 29", which is close to the data in column 5

(32'); for the data in colunn 4, the centroid is 23'which shows a large

difference. The small S.D. (4) for the wrist extensÍon data in this

study indicates that it ls more reliable. Overall, it can be said that

for eating 15" degrees of extension arc Is sufficient and the data in

this study corresponds more to the actual required extension arc than

the data in column 4.

For ulnar and radial deviation there is a very snall anount of data

to compare with. only one paper (corumn 3 and 5) gives the rotation

centroids for drinking with a cup and eating with a fork (0 and 7

degrees respectively) and, as previously mentÍoned, it did not define

the neutral position. The very important point about radial-ulnar

devlation is that it is extremely sensitive to the r{ay the neutral

position fs defined. The reason is that it has a very small arc (about

8"). As seen in the ]ast colunn of Table 4.1, the initial deviation is

-2.8". This initial deviation depends basically on the position of

point M on the line connecting narkers 5 and 6 on the subject's wrist.

Point M was defined as a point which divides 56 in a ratio of 1 to 2 for

all ten subJects (in the program ANGROT.FOR). But because the subjects'

wrist sizes were different, the point M should have been measured

according to a criterion for each individual subject. This method would

change the initial deviation and overall it would provide ¡nore reliabl,e

data.

Overall, the following points can be said about wrist extension and

radial-ulnar devlation for all the three tasks. First, for all
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three tasks the extension and radial-ulnar deviation arc are almost the

same (13.5' and 8" respectivety). second, the range of extension and

radial-ulnar deviation for the two eating tasks are almost the sane and

there is a clear distinction between eating and drinking tasks. Third,

because radial-uLnar deviation has a smaller arc and range than ¡rrist

extension, it can be concruded that wrist extension has a higher

importance and priorÍty than wrist radial-ulnar deviation and

furthermore, ulnar deviation is nore important than radial deviation.

As a whole the required minimum, maximum, and arc for a]l. the three

tasks are:

Wrist:

- Extension:

- Ulnar Dev.:

- Radial Dev. ;

Max. Arc

-35 35

15

lzo
-Ð

Min

0

These arcs and ranges are generally in agreenent with the available

published data [Brumfie].d, 1984, 5; palmer et ar. 198s, 6]. Another

inportant conc.lusÍon that can be ¡nade based on what was discussed above

is that it is posslble to determine versatile positions for these two

rotations and thus fix the prosthetic wrist at these positions. These

positlons can be the centrold for each rotation. Thus, 15o extension

and 10o ulnar deviation are recomnended. Brunfield IIbid] suggested

that "10" of extension ls probably the most versatile positfon for wrist

fusion" .

In Table 4.2 there is a third wrist rotatlon r|l. According to the

kine¡natic modeL that was explained in chapter 3, three degrees of
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rotatlonal freedom were chosen for the wrist Joint. The physical

neaning of this third rotation in clinical terrns is inward-outward wrist

rotation. For the three feeding tasks the range and the arc of

lnward-outward rotation are very close (- .4" to 2.7" and 2. S"

respectively). These data show that: ( 1 ) There Ís a third wrlst

rotation as was shown before [Palner et a]. 1984,61; (Z\ It is within

the range that was estlmated for 52 standardized tasks, i.e., Z.Z" to

11.8o [IbÍd]; (3) It is very small and thus negligible.

4.3 STICK DIAGRAII{S AND ANGLE-TIME GRAPHS

In order to provide a visual presentation of the arn motion

pattern, three stfck diagrams are given for each task. These three

diagrans show the ar¡n notion pattern in three orthogonal planes: top

view, side view, and front view. These stick diagrans show the

following lmportant aspects of the arm notion. FÍrst, ít provides the

general pattern of the arm motfon for each especlflc task; thus by

comparing the stick diagrans of different activities, it is possible to

recognize visually the difference 1n motion patterns (e.g., eating with

a fork conpared to drinking). Second, fron a kinematic point of view it

clearly shows the change of velocity and thus acceleration of the arm.

ThÍrd, it clearly shows the trunk forward notion (body front flexion)

and partfally shoulder elevation-depression. This helps in

understanding the compensation effect of the subJect's trunk forward

motlon on the arm jolnt rotations during dlfferent tasks.

Flgures 4.4 to 4.6 show stlck diagrams for the three feeding tasks
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Top View

Side View Front View

FiS. 4. 4 STICII DIÉìËf':f+lI-DRINf,iING ( CLIF ) t¡I I THOUT Bt-lDY Hnti El'lEf.lT .
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Top View

Side View

Ì'

z

I

Front View

Fiç"4,5, STICI..:: DTAGFiAI.I-EATII.]G (FNFi}'I) I^jITH0UT B0DY HnVEFIEI{T"
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Top View

Side View Front View

Fig. 4.6. STICI.:: DIAGKAI'4_EATII.]G (sF.OON) IÀIITHOUT BODY NOVEr'1ENT.
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Side View Front View

Fi q " 4.7. STICI:. DIiiGRAH.-DRIf{t,::If,tG ( CUF') t¡J I TH BûDY I'lfiVEf'lirNT.
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Top View

Side View Front View

FiS,4.B,, STICf':. nIËìßFiAM-EêTIl'lG (FnRl,;) tÄJITH FnDY NtlvElTEi".lT.

I'

L
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Top View

Side View Front View

Fi q " 4.9 " STICt,:: IIIAGRAI4-EATIf,lG (sF00f.t) þJITt-t F0DY l'40vEflEf.lr.
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Top View

Side View View

Ficr" 4.. 1(:Ì. gTJCF,:: nIAGr'lAM-5TAi'IDARD FOSITIOiJ"
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when the subJect sÍts upright. Figures 4.2 to 4.g show the same tasks

while the subject noves his trunk forrcard. Fig.4.10 shows the standard

positlon for one of the subJects. It clearly shows sone of the fnitlal
devlatlon for the Joints.

Angle-time graphs are another way of presenting arm ¡notion

patterns. Here, the guantÍtative changes of dlfferent arm joint

rotations are presented. These graphs show the individual changes of

Jolnt rotations wfth respect to tine. The signlficance of these graphs

is as follows: (1) it provides a visual but quantitative presentatÍon of

indivldual joint rotations, (2) it provides the simultaneous pattern of

quantitatlve changes in different Joint rotations during performing

different tasks, and (3) it provides the range and arc of each joint

rotation visually. Figures 4.11 to 4.19 show the angle-tine graphs of

the three arm joÍnts for the three feeding tasks. It is noted that

these graphs are not snroothed or filtered in any way.

4.4 STATIC AND DYNA}IIC ERROR ANALYSIS

One important aspect of any neasurement system that should be

evaluated Ís the system measurement error, In the case of the g-D

neasurement system, thls includes both static and dynanic system errors.

one way of estimating the static error of the systern fs to

calculate the 3-D coordinates of a few reflectlve spheres whose

positions are measured and known. Five ¡rhlte table-tennls balls were

used ln this ¡nethod. their positions erere neasured wlth a tape-measure

with 1 nn accuracy. The measured and calculated values are tabulated in
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FIG.+.13 ANGLE_TIME GRAPH
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Table 4'5' The naxinum difference is for the Z-coordinate of the fifth barl
(7 nm). The fierd of view was g0 x g0 cn2 and based on that, the maximum

and minimun percentage of errors were calculated to be: +.g?S% and _.S00%.

The different factors that hrere involved in generating this amount of
error are:

the inaccuracy of

the shadows that

illumination;

systen calibration;

are around the balls because of non_optimal

the noise in the image processing system;

the error in the measurenent of the tabre-tennis barr coordinates
with the tape-measure.

Another method used to estimate the static error of the system was

as folLows. Markers number s and 6 on the subject's arm had a fixed
distance w.r.t. each other. This fixed distance was measured (11 cn)
and the recorded images of the subject's standard position was processed

several tines (usually five times). The standard position rr¡as a fixed
and stationary position and thus the calculated error can be called
static error. Based on the processed image, the distance 56 was

calculated and compared to the measured value. The mininun and maximum

percentages of errors were carculated. This nethod was apptied to all
the ten subjects and the resurts are taburated in Tabre 4.6. As can be

seen' the mean value of the maximum percentage of error for ten subjects
is 1 .53% (wÍth a small S. D. .34 ) . This is greater than what hras

calculated previously (1.53f versus .S8%).

The main reason for this discrepancy is the marker sizes. rn the
former case, tabre-tennis balrs were used which are 1.5 inches in
diameter, but in the latter case the reflective markers were used which
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TABLE 4.5. STATIC ERROR OF THE SYSTEII (CALIBRATION I'IAR}'{EFS).

============================================================================
TEST IÍEASURED

NARIj.ERNO. X Y Z X

CALCULATED DIFFERENCE
Y Z DEL (X) DEL (Y) DEL (Z)

I 51 1 639 319 315 641 320
2 =17 t 124 ?69 ?t9 I 1?2 27tt
3 ó5 1 l2:3 ?Cr I 6=¿4 LZi'? 2(¡ 1

4 3l 1 é39 138 5r2 638 137
5 B5(1 879 7L 947 g7B 7g

-4

-t
tJ'

-2
+2
1l

+1
+1

-t

+1

== ====== ======= == ===== = == == = = ===== = == === === = = = == == ======
NOTES: ALL DATA ARE IN MM.

FIELD OF VIEW ; B(:}O X BOO SOUARE IIH.

TABLE 4.6. STATIC ERROR OT TX€ EYSTEñ
íErfrn'/ MARI.íERS)

SIJFJECT
I

3
6

B
I

1()

HEAf.¡
s. D,

NIt.l . <z)
i:¡" 93
í.).94
i). ?t...1

1 .46
I " (:)5

L ,_icl

t.l. ¿r¡Ì

;:). :¿.

F,tA X , ('tl
1.f,a
I -7/,

7 .6(¡

I f ?

1 .7^
1. f,::

.t.Jo

l.î:i

rl. ;:4
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are 11116 inch in diameter. Basically, the same sources of error can be

nentioned for this nethod. Another interesting aspect that can be seen

in Table 4.6 is the change of percentage of error from a minimum amount

(.96%) to a maxinum anount (1.53%). These are based on processing the

sane image five times. This shows clearly the effect of noise in the

image processing system. In another words, the acquired image of the

markers changes sllghtly each time that the incoming stationary camera

inage is captured in the frame buffer, and thus the centroids of the

markers change.

The effect of the above-mentioned error of the lmage processing

system on the calculated EuIer angles is shown in Table 4.7 . The

tabulated data are the differences between the maxinum and minimum

calculated angJ.es (based on processing the origfnal inage five times).

As can be seen, the effect varies from.14o to 2.75". Generally, the

effect on shoulder joint rotations is much bigger than the other joint

rotations. The reason is due to the fact that narkers 1, 2, and 3 which

deffne the shoulder body axis, are very close to each other and thus

snall changes in the centroid coordinates of these markers cause

relatively large changes in the direction cosines of the body axes and

thus the shoulder Joint rotations (which are defined as the relative

rotations of the upper arm body axis with respect to shoulder body axis)

go through relatively larger changes.

One simple nethod for the estimation of the systemrs dynamic error

is as follows: As it was explained before, narkers number 5 and 6 have

a fixed distance wlth respect to each other. So it is possibJ.e to

calculate the distance 56 when the subject's arm ls in notion and
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estlmate the amount of error. Thls ¡ras done for ten subjects for all

the three feeding tasks. The results are tabulated ln Tabte 4.8. The

overall nean dynanic error for all ten subjects and all three feeding

tasks is between +2 . 65* and -.85% (with S . D. of . 99 and I .Zg

respectÍvely). Now an important questlon that can be asked Is: t{hy

does error increase ln the dynamic situation conpared to the static

sltuation (.961í to 1.53% with S.D. .26 and .34 respectivety - Table

4.6)? There are two main factors. The first one is the low nunber of

frames per second compared to arn motÍon speed, especlatly tn the niddle

of feeding performance (because of maximun arm speed at and around that

time). The effect of thls condltion is the elongation of marker shape

and thus a small change of the marker centrold coordinates. The second

factor is the shadow around the narker and its change corresponding to

the change of marker position in space with respect to the illumination

dlrectfon. In brlef, it is because of non-optinal lllumlnation. The

combination of these two factors causes the increase in system error.

Overall this amount of error ls acceptable for the functional arm

motion study. To inprove the accuracy of the system the following

provlsions should be made.

- llore accurate neasurenent of calibratlon markers coordinates and

thus nore accurate estimation of calibratÍon parameters.

- Better llluninatíon ln order to ninÍmize shado¡vs around the

narkers at any posltfon ln space.

- Bigger reflective narkers.
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4.5 CONCLUSION

The application of the 3-D measurement system to the functional arm

motion has shown the following points:

1- The appllcabflity of the systen for this kind of study.

2- Sufficient accuracy (Í.e., less than 3'ü dynanlc error) and

repeatability of the 3-D measurenent systen.

3- The system ls easy to use and comparatively fast (processing

the recorded images of a feeding task typicaLly takes one

hour). The required tl¡ne to make the subject ready and do the

experinent is less than 10 mlnutes. If the syncing problem

between the VCR and PC-image acquisatlon system ls solved, the

total reguired t1¡ne to process the recorded images for each

task with suffÍcient sampling frequency would be less than 30

ninutes.

The analysis of the collected data from ten subJects perforning

three feeding tasks has shown the following points.

1- Overall, the collected data shows the correct regulred range and

arc for the three tasks.

2- The kinematic model for the three arn joints is valid and

provides correct arm Jolnt rotatlon patterns.

3- The overafl requlred range and arc for three feeding tasks can

be sumnarized as shown in Table 4.9.
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TABLE 4.9 The Required Ranee and Arc for Feeding

JOINT(ROTATIONS) | ¡\ruru! | ARC

I uin. I uax. I

SHOULDER

- Flexion
- Abduction
- In. Rotation

c
-5
c

45
-30

25

40
25
20

ELBOW

- Flextion
- Pronation
- Supination

70 130
40
60

60

I roo

WRIST

- Extension
- Ulnar Deviation
- Radial Deviation

0 -35
15
-Ò

35

lzo

4- The reLative inportance of different arrn joint rotations for

feeding tasks ls as follows: elbow flexion, elbow supination,

elbow pronatlon, three shoulder rotations, wrist extension,

wrist ulnar deviation and fina1J.y wrist radial deviation.

This is in general agreement with the study at UCLA (Table 2.2)

[KeIler et a]. t947, 9; Mason, 1977, 101. However, it also

shows that for feeding tasks elbow supination, wrist extension,

and wrist ulnar deviation have a much higher relative importance

than the UCLA report concluded (for 51 ADL).

5- It can be said that the two wrist rotatlons can be eliminated

and fixed versatile posÍtions can be used instead (15' wrist

extenslon and 10o ulnar deviation). Also, the extreme

importance of forearm supination-pronation should be emphasized

as was done by Stein at the Unfversity of Alberta [Stein et al.

1980, 11l.All the three shoulder rotations are alnost at the

sane level. of importance for feeding tasks. A fixed versatile

axís of rotation for shoulder (for feeding tasks) is a logical

alternative as was addressed by Enger [Enger , 1967 , Lzf.
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CHAPTER 5

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

An approach to the design of a prosthetic arn controller ls

formulated. This approach is based on a fundanental study of functional

human arm notion. To provide a proper basis and dÍrection for this type

of study, human arn movements were classified. To study different

aspects of the approach, a new 3-D ¡neasurement system was developed.

The 3-D measurement system was applied to study three feeding

tasks: drinking wÍth a cup, eating with a fork, and eating with a

spoon. Ten right-handed healthy males participated in the experiment.

Food wíth different degrees of consistency were used. It was concluded

that for the three feeding tasks, the required range of rotations were:

for the shoulder 5 to 45 degrees flexion, 5 to 30 degrees abductlon, and

5 to 25 degrees inward rotation; for the elbow 70 to 130 degrees

flexion, 40 degrees pronation, and 60 degrees supination; for the wrist

0 to 35 degrees extension, 15 degrees ulnar deviation, and 5 degrees

radial deviation. It hras concluded that elbow flexion and forearn

pronation-supination are the most important elenentary motions. AIso,

1t was shown that wrist Ínward-outward rotation was negligible and that

versatile fÍxed positÍons of 15 degrees of wrist extension and 10

degrees of ulna deviation could be used. The three shoulder rotations

were of equal importance.

-772-
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In order to provÍde a better understanding of joint rotations and

motion patterns, the collected data were presented in two other forns:

stÍck-diagrams and angle-time graphs. Some aspects of functional arm

notion patterns can be seen and understood nore easily using these two

forms.

The maximum static error of the systen is 1.53% and the dynamic

error is between -.85% to 2.65%. Thus the system has a sufficient

static and dynamic accuracy for functional arm notion study.

Overall, the followÍng conclusions can be made:

1. An approach to the design of a prosthetic arm controller is

2.

formulated.

The funda¡nental bases for this

- the fundamental questlons

answered;

approach are developed, i . e. ,

that should be studied and

3.

the classification of human arm notion;

the 3-D measurement system (hardware and software);

The 3-D measurenent systen is applicable and has sufficient

accuracy for functional arm motion study. Its repeatability is

shown by relatively consistent results for ten subjects

(smaller S.D. for the min. and nax. required rotations compared

to the results of other studies). It is easy to use and more

suÍtable for this type of study than any other system that has

been used before.

The kinenatic model for three arm joints is valid and provides

correct arn Jofnt rotation patterns.

The hieh lnportance of elbow flexion and forearm

pronation-supination for feeding tasks fs shown, and versatile

4.

5.
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fÍxed positlons for ¡ryrist extension and ulnar deviation are

reco¡nmended.

The compensation effect of body and head forward motion on the

range and arc of different Joints is shown. This and the

existence of S.D. (4 to 19) for the nini¡nun and

¡naxi¡num required rotations ( f or aII joints ) provide a

relatively flexible condÍtion for preprogranming feeding

tasks.

Important problems that should be solved in order to improve the

3-D neasurement system and those aspects that should be studied in

the future to provlde thorough and detailed information for developing

new control strategies for prosthetic arm are as follows:

1. The syncing problen between VCR and PC-image acquisition systenr

is the most inportant problem to be solved. Solving this

would drastically reduce the processing tine.

Accurate definitÍon of standard posÍtion and development of a

proper technique for checking the defined standard position.

Developing a better illumÍnation system in order to minimize

shadows around the markers, to minimize the reflection from the

subJect's skin and consequently putting all the markers

6.

2.

3.

directly

markers

on

1,

the subject's skin (minimizing the displacement of

2, and 3 and thus the effect of one source of

4.

5.

error),

Using bfgger reflective markers.

Study of other activities of daily life (e.g., selfcare and

hygiene, dressing).



6

7

8.

115

Study of versatile axis of shoulder rotation for feeding tasks.

Study of general pattern of change of forearm

supination-pronation with respect to elbow flexion for feeding

tasks in order to couple these two rotations.

Study of the effects of using fixed versatile positions for

wrist rotations on the other arn joints and subject's body

head movements (the conpensation problem).

Study of specific implications of the fundamental study of

functional human arm motion on the development of control

strategies for prosthetic arm in general. and EMG-control

(Cybernetic control) in particular.

two

and

9.
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FROGRAñ SYSTEII CALIERATION ONE
fINCLUDE: 'FORINTF.H'
$INCLUDE: 'SUBS.FOR'
C
C INITIALIZATION
c

INTEGER*z XrY! I rJ,KrPrQ,RrfliNl, xcoR( løct) ,YCOR(tøø) TDELX,DELY.
I L(576),O,S,TrXP(lQlCl),YP(1øQ))rDXrU,Vr['¡,ROl¡¡,COL,POSN
REAL*B Xl,X2tDXl.X3(B) ryliy2ryS(B) rDELXl,DELYt tX4(E}),

r Y4 (B) ,24 (€l) ,E( 16,l1) ,D( ló,I ) ,F ( 11,16) ,SUl'l,
I A( I I t 1l ) rH( 11,1l ) rB( 11,16) .C ( I l,l ) ,Ll( 1l ) rG( I I r I I )
DIT1ENSION INDEX ( I I .3)
CHARACTER BUFFER(256)

C
C CREATING A NEI.I FILE FOR II CALIBRATION PARAI,IETERS
c

OPEN (SrFILE='CALIBI. TXT'.STATUS='NE9J' )
c
C IFIAGE PROCESSING
c

I=INIT(ó2e!)
CALL AUTO
CALL CHâN(I)
CALL SUADT,I ( 1)
CALL DOUAD(ø)

lE} CALL SETIND(g)
CALL CLEAR(ø.7)
CALL SRUF(1)
WRITE (*.'(A\)') CHOOSE THRESHOLD VALUE:
READ (*, ' (BN, 16) ') I
CALL SCALING (ett 255r I r 255, BUFFER)
CALL SCALING ( I+1,Q}, 255, QI, BUFFER)
CALL LUTD (øiB,ør 25ó, BUFFER)
CALL SYNC(1)
CALL SNAP(I)
CALL SYNC (QI)

TJRIT€(t,'(A\) ') IS THE PROCESSED I|-4AGE ACCEFTABLE (yES,/NO: t/ør?'
READ(*, . (BN, Ió) .) J
IF (J. EG¡. I ) THEN

6t]T0 t7
ELSE

GOTO tA
ENDIF

c
C READING THE Il,lAGE I X I (I: READING INCREAmENT )
C PROCESSING THE IÌ4AGE EY USING THRESHOLD VALUE z Ø / !
c

17 I¡JRITE (+t,(A\) .) CHOOSE READING INCREAMENT :
READ (+,'(BN,16) ') l,l
OPEN (2rFILE=' TEflØ. TXT' .STATUS='NEtl' )
J=l
DO 5 Y=l .477.ì1

DO rø X=l.5ll.N
I=IFIXR(X.Y)
IF(I-80.255)THEN

XCOR(J)=X
YCOR(J)=Y
wñlTE (?.*) xcoR(,J).YC(]ri(J)
J=J+l

ENDIT
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Lø CONTINUE
5 CONTINUE

c
C WINDOI,JING
C DELETION OF PIXELS I,'ITH VALUE EOUAL TO Iø3
C CALCULATION OF TRANSITION POINTS IN EACH I^IINDOI,J
C CALCULATION OF CENTFOID OF EACH tlARllER :2-D COORDINATES
c

REI^JIND 2
OPEN (3,FILE='TEi4t.TXT'.STATUS='NEw' )
I l=01
P=Ø
O=t
WRITE (*,'(A\) ') CHOOSE þJINDOW SIZE :
READ (*, ' (BNr ¡ó) ',) N
DO 2ø K=l,J-t

READ (2r*) XCOR(K),YCOR(K)
X2=Ø.Ø
Y2=Ø.Ø
DXI=0.8
DO 4ø Y=YCOR(K)-N.YCOR(K) +N

DO 3ø X=XCOR(K)-N,XCOR (H) +N
I=IPIXR(X.V)
L (O) =I
S=O-l
IF (S. EO. O) L (S) =et
IF (L (O) . EO. rø5) L (O) =L (S)
IF (L (O) . NE. P) THEN

XP (O) =X
YP (O) =V
T=O- 1

IF (L (O) . EA. ø) THEN
DX=XP(O) -XP (T)
xl=(XP(o)-Dx,/2. )*DX
Y1=YP(O)*DX
X2=X2+X I
Y2=Y2+Yl
DXI=DXl+DX

ENDIF
P=I
O=O+ I

ENDIF
3ø CONTINUE
4ø CONTINUE

IF (DXt.LT.5ø) GOTO 2ø
Il=Il+l
XS (K ) =X2IDX t
Y3 (K) =Y2lDX I
t¡TRITE (5.*) X3(K).Y3(K)

?ø CONTINUE
IF (IT.LT.B) THEN

}JRITE (*I,(A\).) ,NU},IEER oF DETECTED I4ARk.ERS Is LESS THAN a
GOTO 55

ENDIF
c
C ELIT4INATION T}F REFEATED DATA
c

OPEN (4.FILE='TEf42.TXT' .STATUS='NEIJ' )

REI¡¡IND 3
l¡J= I I
IF (T,J. GT. B) THEN

GOTO 45
ELSE

DO 35 F1=I.tJ
READ (f,rt) Xf,(1,:,).Yf,(1,: )

uJRlrE (4.É) X1(|..) .Yf, {l:}



128f.5 CONT I NUE
GOTO 5l

ENDI F
45 DO 46 |(=l.tJ

READ (3.Ì) X3(l'.)'Yf, (l()
4ó CONTINUE

L Z-V

DO 5ø M=l.t¡l
J =Fl+ I

6ø IF(J.GT.r'r)GOTO 7At
DELX 1=X-¡' (J ) -XS (Ì'l)
DELYT=Y3(J)-Y3(M)
IF (. NOT. ( (AEIS (DELX I ) . LT. 3. a}) . AND. (ABs (DELY1 ) . LT. 3. ø) ) ) THEN

J=J+l
GOTO óø

ELSE
60T0 sQt

ENDIF
7ø wRITE (4.*¡ ¡3(H).Y3(tl)

12=!2+ |
5ø} CONTINUE

IF ( I2. NE. B) THEN
WFITE (*.'(A\)') NUI'IBER OF DETECTED I.IARI{ERS IS NOT EOUAL TO

l8
GOTO 55

ENDIF
L

C READIN6 THREE DII'IENTIONAL COORDINATES OF CONTROL POINTS FROI4 SCREEN:
c x4(K),Y4fl.:),24(K) ACCORDING TO THE ORDER OF Ì.iARKERS IN THE TtrO
C DII'IENTIONAL IT4AGE
C

5T WRITE (*T'(A\)') ATTENTION: ALL THE INPUT DATA SHOULD BE IN MET
1 ERS T,J I TH THREE DEC I I'4AL PO I NTS '
DO løø f(=l,A

WRITE (*,T) K
TJRITE (*t ' (A\) ' ) x4 (K) =
READ(*,', (8N,F6.3)', ) X4(K)
tTRITE (+.r) K
I¡JRITE(*,',(A\)',) Y4(K)=
READ(*,', (BNrF6.3)' ) Y4(K)
t,JRITE (*.+) K
wRITE(*t'(A\)') z4(K)=
READ(*,' (BNrF6.3)', ) 24(K)

IEIø CONTINUE
C
C DEFINING THE ELEÈ4ENTS OF THE |4ATRIX fPlr(16 X lll
c
CT
C TRANSPOSE OF iIATRIX tFl : tPl =tRl ! (tl X 161
c

REWIND 4
DO 1el5 I=1,E}

READ (4.*) X3(I).Yf,(I)
ICIS CONTINUE

DO 11Ql I=l.tSr2
J=( I+l) /2
E(I,1)=X4(J)
F(l,I)=X4(J)
E(I,2)=Y4(J)
F(?,I)=Y4(J)
E(¡.3)=74(J)
F(f,,I)=24(J)
E(I,4)=1.Ø
F(4'I)=1.Ø
E(I.5)=ø.?l
F(5.1r=O-Ø



E ( I .6) =Ql. Qt 1ZgF(6'I)=O.O
E(1,71=Ø.Ø
F17.l )-et.al
E ( I 

'El) =€l. El

F(B,I)=B.Qt
€(I.9)=-X3(J)*X4(J)
F(9rI)--X3(J)*X4(J)
E(I,tO)=-X3(J)*Y4(J)
F(1ø,I)--X3(J)*Y4(J)
E(I,lt)=-X3(J)*24(J)
F(11,I)=-X3(J)tZ4(J)

ITø CONTINUE
DO 12O l=2tl6t2

J=l /2
E(Irl)=0t.O
F(1.I)=8.Ø
E(I,2)=Ql.O
F(2.1)=B.O
E(I'3)=O.Ql
F(3,I)-O.O
E(I'4)=O.O
F(4.I)=6.O
E(I'5)=X4(J)
F(5.I)=x4(J)
E(I.6)ÉY4(J)
F(6rI)=Y4(J)
E(I'7)=24(J)
F(7.I)=24(J)
E(I'8)=1.O
F(E|rl)=1.€l
E(I,9)=-Y5(JltX4(J)
F(9,I)=-Y3(J)tX4(J)
E(I'tø)=-Y3(J)*Y4(J)
F(lørI)=-Y3(J)tY4(J)
E(I'11)=-Y3(J)*24(J)
F ( I 1 r I ) =-YS (J ) *24 (J )

I2ø CONTINUE
l.

c
C

C

C
c

DEFINING THE ELET,IENTS OF

DO l3ø I=1.15r2
J= (l+t') /?
D(I.l)=X3(J)

If,ø CONTINUE
DO l4ø l=2,16,2

J=I /2
D(I.l)=Yf,(J)

14ø CONTINUE

THE MATRIX tQl:t16 X ll

T

NATRIX l'lULTIFLICATION : tAl=tPl tPl : tll X l1l

DO lTet ROW=I, I I
DO lBø COL=I, I I

SUM=Ø- Al

19ø

DO 19ø POSN=I r ló
SUI.I=SUñ+F (FOt¡, FOSN ) *E (F OSN. COL )

CONT I NUE
A ( Row. COL ) =SUM

I Aø CONTINUE
t 7I¿ CIJNT I NUE

{lF'El'l ( I I.FILE='MAT.TXT'.STATUS= NE['J' )

L)U lel J=l.ll
DO le2 I=1.1 1

t¡RITE (ll,*¡ A(I'J)
I ').. CON T I NIJE



ler coNrrNUE 
1 30C -t

C llATñIX ITWERT¡ON : tHl=tAl : ttt X ltl
C GAUSS_JORDAN ]IETHOD
c

N=1 t
CALL t4ATINV(ArN)
DO 22t J=lr11

DO 222 I=lrll
H(I,J)-A(IrJ)

222 CONTINUE
22I CONTINUE

c
C REGENERATING ¡IATRIX TA]
c

REl,¡IND I t
DO 2OS J =lrll

Dg 2ø6 I-lrll
READ (11r*) 61¡,¡¡

2ø6 CONTIMJE
2ø5 CONTINUE

n
C CALCULATION OF IDENTITY I{ATRIX : tIl = tAl tHl
c

DO 2øl ROl4=l r I I
DO 2ø2 BOL=Irll

SUfi=6. Ø
DO 2ø3 POSN=I, I 1

sulf=suH+A (Rot¡, r PosN) * H (FosNt coL)
2ø3 CONTINUE

G (ROtl ,COL) =SUH
2ø2 CONTINUE
2øI CONTINUE

WRITE (*.'(A)') ' HATRIX tIl; tll X lll
DO 2øB J=!r11

DO 2ø9 I=trlt
t¡¡RITE (*,t) G(I,J)

2ø9 CONTINUE
2øI8 CONTINUE

C T -I T
C I'IATRIX T4ULTIPLICATION : tBl=( tPl tFl ) tPl : t11 X lól
c

DO 25Ct ROt¡¡=l.11
DO 24Cl COL=I r t6

SUf4=0t. O

DO 25Ct POSN=!, I 1

SUII=SUM+H ( ROI,¡ , POSN ) *F ( FOSN , COL )

2Zø CONTINUE
Et (ROtl , COL) =SUH

24ø CONTINUE
îf,ø CONTINUE

C T _T T
C HATRIX l-lULTIFLICATION : tCl={ tPl tFl i tFl tOl ; trl X 1l

Do 2óø R0t,t=l.1 I
COL= I
SUll=Ø. Ø
DO 2BAt FOSN=Ir16

SUm=SU|1+E ( ROIJ. FOSN ) +D ( F'OSN . COL )

2AØ CONTINUE
C (RO['J . COL ) =SUf'l

26ø CONTINUE
C

C DEFINI¡¡G IHE ELE¡IENTS OF THE CAL IBñíìTIOI'.J SYS'IEfl : tL.l
C

t)f_ì fBl l=1.11



Ll(I)=c(I,l) l3ì2A1 CONTINUE
c
C STORINC CALIBRATION F'AÉAHETERS IN A FILE
c

ütRITE (rr ' (A) ') CALIBRATION PARAi4ETERS Ll ( I )
Do 29ø I=1. I I

t¡RITE(5.*)Lt (I)
t¡RITE(r,*)Ll (I)

29ø CONTINUE
55 CALL PEXIT

STOP
END



13?

FROGRATI SYSTEM CALIFRATION TWO
t I NCLUDE: 'FOR I NTF - H '

$ I NCLUDE: ' SUBf,. FoR '

c
C INITIALIZATION
C

INTEGER*2 x. Y r I, J, J.: r F r orR r ¡1, Nl, xcoÉ ( t øø) r ycoR ( I oQt), DELX . DELY.
I L(57ó)rO'SrT'XP(løqt)tYF(1øø),DX,U,Vrt¡J,ROWTCOL,POSN
REALTB X I . X2,Dxt . X3 (B),yt, v2,y3 (B) r DELX l, DELYl, X4 (A) .

I y4 (8) ,24(B) ,E(ló,1l ) ,D(16,1 ) ,F ( I I,1ó) ,SUH,
I A(t I t ll) rH(l1r I I ).8(11,1ó).c(l1r 1) .L2( 1t ),6(11,11)
DIIIENSION INDEX ( r I,3)
CHARACTER EUFFER(256)

c
C CREATING A NÊt¡i FILE FOR tt CALIBRATION F.ARAI,IETERS
c

OPÉN (6.FILE='CALIF2. TxT',STATUS='NEW' )
c
C IMAGE PROCESSING
c

I=INIT (ó2Ø)
CALL AUTO
CALL CHAN(I)
CALL OUADH(1)
CALL DOUAD(ø)

1B CALL SETIND(C')
CALL CLEAR(ø.7)
CALL SBUF(T)
TJRITE (*.'(A\)') CHooSE THRESH0LD vALUE :
READ (*,'(BN,16) ') I
CALL SCALING (Qt,255, I r255,E{UFFEF)
CALL SCALING ( I+I ,Qt,255,ø,BUFFER)
CALL LUTD (ø,ø tø.736,BUFFEF)
CALL SYNC(1)
CALL SNAP(I)
CALL SYNC(ø)

IE¡TE(*,'(A\) ') IS THE PROCESSED It-,tAGE ACCEF.TABLE (yES./NO: r/ø)?'READ(*,'(BN, 16)') J
IF (J.EO.1) THEN

GOTO 17
ELSE

GOTO IB
ENDIF

READING THE II4AGE I X I ( I : READING INCÑEAHENT )
PROCESSING THE IÌIAGE BY USING THFESHOLD VALUE = Ø / |

17 WRITE (*..(A\).) CHOOSE READIN6 INCREAHENT : ,

READ (*,', (BN, 16) ',) m
OFEN (2rFILE='TEñAI.TXT',STATUS='NEw' )

J=1
DO 5 Y=l ,477.n

DO lø X=l,5ll,t'4
I=IPIXR(X,Y)
IF ( I. EO- 255) THEN

XCOFi (J ) =X
YCOFi (J ) =y
wñITE (2.*) XCOR(J) .YCOF(.t)
J=J+l

ENDIF

c
c
C

L



IQI CONTINUE
5 CONTINUE

c
C WINDOT.JING
C DELETION OF FIXELS T.JITH VALUE EOUAL TO 1ø5
C CALCULATION OF TRANSITION POINTS IN EACH ttINDOt¡J
C CALCULATION OF CENTROID OF EACH |IARKER :2-D COORDINATES
c

REWIND 2
OPEN (StFILE='TEtll . TXT' .STATUS='NEI^J' )
I 1=O
P=Ø
O=l
l¡JRITE (*.'(A\)') CHOOSE !JINDO[{ SIZE ;
READ (*, ' (BN, 16) ') N
DO 2ø K=l.J-1

READ (2,*) XCOR(K),YCOR(K)
x2=Ø.Ø
Y2=Ø.Ø
DX 1=O. Q!

DO 4ø Y=YCOR (K) -N.YCOR (K) +N
DO 3ø X=XCOR(K)-N,XCOR(K) +N

I=IPIXR(XrY)
L (O) =I
S=o-t
IF(S.EA.O)L(S)=o
IF (L (O) .EQ. lA!5) L (O) =L (S)
IF (L (O) . NE. P) THEN

XP (O) =X
YP (O) =Y
TsO- t
IF (L (O) . E8. C') THEN

DX=XP(O)-XP(T)
xl= (xP (o) -DXl2. ) *DX
Yr=YP(O)*Dx
X2=X2+Xl
Y2=Y2+Y 1

DXI=DXT+DX
ENDIF
P=I
O=O+ I

ENDIF
3ø trONTINUE
4ø CONTINUE

IF (DXl.LT.5ø) 60T0 2At
¡ l=I l+l
X3(K)=X2,zDX1
YS (K) -YZlDx1
tTRITE (3.*) ¡3(K) rY3(K)

2E} CONTINUE
IF (II.LT.B) THEN

WRITE (*r'(A\)',) NU¡4BER OF DETECTED |,|ARKERS IS LESS THAN B
GOTO 55

ENDIF
c
C ELIñINATION OF REPEATED DATA
C

OFEN (4.FILE='TEnz. TXT ' .STATUS= 'NEt^l' )

REWIND 3
1,J= I I
IF (W. GT. B) THEN

GOTO 45
ELSE

DO 35 l.i=l .hl
FEAD (3'.+) X3(1.:) .Yf, (1.ì)

WRITE (4.T) Xf,(F:).Yf,(}1 )

133



c
c
L

c
c

35 CONTINUE

."o?Pto =t 134
45 DO 46 K=l,tJ

READ (3,*) X3il-l) .Y-1.(K)
46 CONTINUE

l?=Ø
DO 5ø l't= I r t¡

J=H+ I
6ø IF(J.GT.W)GOTO 7ø

DELXT=X3(J)-x3(f4)
DELYI=Y3(J)-Y3(l'l)
IF(.NOT. ( (ABS(DELXI).LT.3.ø).AND. (ABS(DELYI).LT.3.8 ) ) )THEN

J=J+1
GOTO 6ø

ELSE
GOTO 9q!

ENDIF
7ø TJRITE (4.*¡ ¡3(M),Y5(H)

12=12+l
sE CONTTNUE

IF 112.NE.A) THEN
WRITE (*I'(A\)') NUÌIEEF OF DETECTED MARKERS TS NOT EOUAL TO

IB
GOTO 55

ENDIF

READING THREE DIF4ENTIONAL COOFDINATES OF CONTROL POINTS FRO¡4 SDREEN:
X4(K),Y4(K),24(K) ACCORDING TO THE ORDER OF I,IARKERS IN THE TþJO
DII"IENTIONAL IMAGE

st UTRITE (*r'(A\)') ATTENTION: ALL THE lNpur DATA sHouLD BE IN nE
1TERS WITH THREE DECIIIAL POINTS'
DO 16ø K=l rB

þJRITE (*,*) K
wRITE(+r'(A\)',) x4(K)=
READ(*,', (BNiFó.5)', ) X4(lfa)
}JRTTE (*.*) K
t¡,,RITE(rr'(A\)') y4(K)=
READ(*,' (8N,F6.3)' ) Y4(K)
WRITE (*,*) K
I'TRITE(*r'(A\)') Z4(K)=
READ(*,', (8N,F6.3)', ) 24(K)

1CI8 CONTINUE

DEFINING THE ELE]IENTS OF THE |'1ATRI X tF l: t tó x t l l

T
TRANSPOSE OF l,lATRIx tPl : tPl =tRl : trr X tól

REIIIND 4
DO tOS I=l,B

READ (4,*) X;(I) rYf,(I)
1ø5 CONTINUE

DO tlø I=1.15.2
J= ( I+l ),22
E(I.l)=X4(J)
È < I , I I =X4 (J )

E(I.2)=Y4(J)
F(2,I)=Y4(J)
E ( I.3)=24 (J)
F(3'I)=24(J)
Ê(I.4)=l.Al
F(4.I)=l-ø
E(I.5)=O.Ø
F(5.I)=O.At

c
c
c
c
c
c



i35
E(I,ó)=Al-Ø
F{6,I)=Ø.0}
E{I.7)=Ø.O
F <7,11=Ø.Ø
E(I,B)=Ø-O
F{8,I)=Ø.Al

C
r
c

L

E(I.9)=-X3(J)*X4(J)
F(9.I)=-X3(J)+X4(J)
E(Irlø)=-X5(J)*Y4(J)
F(lø,I)=-x3(J)rYA(J)
E(I.lr)=-X3(J)rZ4(J)
F(11,I)=-X3(J)*24(J)

I Iø CONTINUE
DO 12ø t=2,t6,2

J=I /2
E(I,l)=Ø.O
F(l.f)=6.6
E(Ir2)=B.O
F (2,I)=Ø.Ø
E(I,3)=Ql.Ø
F(3,I)=O.Ø
E(I,4)=Al.Ø
F(4,I)=ø.ø
E(I,5)-X4(J)
F (5r I ) =X4 (J)
E ( I ,ó) =Y4 (J)
F(ó,I)=Y4(J)
E(Ir7)=24(J)
F<7,I't=24(J)
E( I,€})=1.O
F(B,I)=l.O
E(I,9)=-Y5(J)*X4(J)
F(9!I)=-Y3(J)*X4(J)
E ( I r lQl) =-Y3 (J ) *Y4 (J )
F ( lCl r I ) =-YS (J ) *Y4 (J )
E(I,11)=-V3(J)*24(J)
F ( I I r I ) =-Y3 (J ) *24 (J )

I2ø CONTINUE

DEFINING THE ELEHENTS OF THE

DO 13e) I=t,tS,2
J= (l+ll /2
D(I,l)=XS(J)

I].ø CONTINUE
DO l4ø l=2,t6,2

J=l /2
D(I,l)=Y3(J)

I4E} CONTINUE
T

I"{ATRIX MULTIPLICATION : tAl=tPl tFl : ttt X tll

DO t7ø ROtJ=l . I I
DO rAQt COL=!. I I

SUH=el. at

DO 19el POSN=l.ró

t9ø
SUll=SUf,l+F ( ROIJ . POSN ) *E ( POSN . COL )

CONTINUE
A (ROtl.COL)=SUm

IAø CONTINUE
I7ø CONTINUE

OFEN ( I I,FILE='l,tAT. TXT' .STATUS='t¡EtJ')
Do 191 J=l.ll

DO 192 I=1. I I
wRITE (11.+) A(I.J)

I C? CONT I NUE

MATRIX t0l:t16 X 1l



ler coNrrNUE 136c -l
C l-lATRIX INVEFiTION : tHl=tAl : tll X lll
C GAUSS-JORDAN ¡IETHOD
c

N=l I
CALL ¡IATINV(AIN)
DO 221 J=!. I r

DO ?22 I=t, t l
H(I,J)=A(I,J)

222 CONTINUÊ
221 CONTINUE

C
C REGENERATIN6 I',IATRI X TA]
C

REt¡f IND I t
DO 2Ql5 J =l,l l

DO 2ø6 l-1,I1
READ (11,*) g1¡,¡¡

?ø6 CONTINUE
2ø5 CONTINUE

f-

C CALCULATION DF IDENTITY T4ATRIX : TI] = TA] TH]
c

DO 2øt ROl,l=l.r1
DO 2ø2 COL=I r I I

SUH=el. Ø

DO 2ø3 POSN=I, I 1

SUT4=SUII+A (ROt¡'TFOSN) T H (POSN r COL )

2ø3 CONTINUE
G (ROl,l . COL ) =SUl4

2ø? CONTINUE
?øI1 CONTINUE

I¡JFITE (*r'(A)') HATRIX tIl: tlr x lll
DO 2øB J=l.11

DO 2ø9 I=1. I I
WRITE (*,*) G(I,J)

2ø9 CONTINUE
2øB CONTINUE

C T -I T
C NATRIX ÈIULTIPLICATION : IBI=( tPl tPl ) tPl : tl l X t6l

DO 23El ROW=I . t r
DO 24ø COL=Ir16

SUi4=O. O

DO 25ø POSN=I.1 I
SUll=SUfl+H ( ROI¡J r POSN ) *F ( POSN r COL )

23ø CONTINUE
B (ROl,l.COL) =SUl-l

24ø CONTINUE
25ø CONTINUE

C T -I T
C NATRIX IIULTIPLICATION: tCl=( tPl tPl i tPl tQl : Cll X ll
c

DO 2óø FOþJ=I.11
COL= I
SUI'| =Ø. ø
DO 28ø POSN=I,16

SUl.l=SUH+Et (ROt¡, POSN) *D ( F OSN, COL )

îBø CONTINUE
C ( ROW. COL ) =SUM

26ø CONTINUE
C
C DEFINING THE ELENENTS OF THE CALIE(ÂATION SYSTEI"I: tt-l
C

DO 28l I=1.1 I



L2(I)=c(I,t) 137
281 CONTINUE

c
C STORING CALIBRATION PARATIETERS IN A FILE
L

WRITE (*T' (A)') CALIBRATION F.AFAMETERS L2(I)
DO 29et I=1, I I

l¡,RITE(6,*¡¡21¡¡
l,¡RITE(*.*)L2(I)

29E CONTINUE
55 CALL PEXIT

STOP
END



I36'

F'ROGRAN REFFENCE IIAR}.íER ONE
SINCLUDE:'FORINTF.H'
c
C INITIALIZATION
n'

INTEGER{2 X4. y4 . I, J . K. p. I, R. t"tr N. XCOR ( lø0t) . YCOR ( 1øø) . DELX . DELY.I L(576),OrSrT,XP(1ø?f ),yp(løQt),DXrU,VrtiJrFNO

c 
REAL Xt.X2rDXl.x(5),y1.y2,y(5),DELXl.DELvl

C I¡,IAGE FROCESSING

CHARACTER FUFFER(256)
I=INIT (62ø)
CALL AUTO
CALL CHAN(I)
CALL OUADII(1)
CALL DOUAD (ø)

1B CALL SETIND(ø)
CALL CLEAR (ø.7)
CALL SFUF(I)
TJRITE (*.'(A\) ') CHOOSE THRESHOLD VALUE ¡
READ (*,'(BN, Ió) ') I
CALL SCALING (ø. 255, I,255.BUFFER)
CALL SCALING ( I+1,ø,255 I ø' BIJFFER)
CALL LUTD (ø tø.ø t256, BUFFER)
CALL SYNC(I)
CALL SNAF(1 )

CALL SYNC(ø)
UJRITE(*,'(A\) ') Is rHE FRoCESSED il"4AGE ACCEFTABLE (yES,zNo: r/Ø))
READ(*,'(BN,16)') J
IF (J. EE. I ) THEN

GOTB T7
ELSE

GOTO lA
ENDIF

f.

C READING THE II,IAGE 5 BY 9
C PROCESSING THE IT4AGE BY USING THRESHOLD VALUE
c

17 OPEN ( I l,FILE='TE|-4Pø_TXT' .STATUS=.NE[J, )
J=1
DO 5 Y4=1 .427.J

DO tø X4=l,Et l.S
I=IFIXFi(X4,Y4)
IF ( I. EO,255) THEN

XCOR (J ) =X4
YCOR(J)=Y4
I,JRITE (II.T) XCoR(J) .YC0R(J)
J=J+1

ENDIF
1ø CONT I NUE
5 CONTINUE

C I¡JINDOWING
C DELETION OF PIXELS l,lITH VALUE EG¡UAL TO tø5
C CALCULATION OF TRANSITION F.OINTS IN EACH I¡JINDOW
C CALCULATION OF CENTROID OF EACH HARþIER ¡2-D COORDINATES
C WRITING 2-D COORDINATES OF THE CENTROID OF EACH NAR}..ER I¡¡ DATA FILE
C

REWIND 1 I



139
OFEN ( t4.FILf='TEi4P1. TxT' .STATUS='NEt¡' )

F=Ø

I.JFI TE (t. ' (A\ ) ' ) CHOOSE WINDOITJ SI ZE
FEAD (*, (BN,I6)') N
DO 2ø t,i=1.J-1

READ (11.*) XCOR(K) rYCOR(K)
X2=Al. Ø

Y2=Ø.Ø
DX1=Ø.Ø
DO 4ø Y4=YCOR (K) -Nr YCOR (K) +N

DO 3ø X4=XCOR(K) -NiXCOR(K)+N
I=IPIXF(X4.Y4)
L (O) =I
S=O- I
IF(S.Ee.Ø)L(S)=B
IF (L (O) . EA. lø5) L (O) =L (S)
IF (L (O) . NE. P) THEN

xP (o) --x4
YP (O) =Y4
T=O- t
IF(L(O).EO.CI)THEN

DX=XP (O) -XP (T)
Xl=(XF(O)-DXl2. )*DX
Y1=YP(O)+DX
X2=X2+X I
Y2=Y2+Y 1

DXl=DXl+DX
ENDIF
F=I
O=O+ I

ENDIF
3ø CONTINUE
4ø CONTINUE

X (K) =X?/DX I
Y ( l( ) =Y2IDX I
t¡TRITE ( 14, *) X (1.:)' Y (K)

2øI CONTINUE
IF (K-1. LT. T ) THEN

I.JRITE (*I'(A)') NUI4EEF OF DETECTED MARKERS I5 LESS THAN I
GOTO 55

ENDIF
c
C ELII1INATION OF REPEATED DATA
C

OPEN (55.FILE='OUTC!. TXT' .STATUS='NEt^l' )

FEI¡IND 14
l^J=11- I
IF(I,J.GT.1)THEN

60T0 45
ELSE

DO 35 J=l.W
READ(14,*)X(J) rY(J)
wFITE(55,*)X(J),Y(J)

I'5 CONT I NUE
GOTO 55

ENDIF
45 DO 4ó ll=l.W

READ (14.*) x(fl).Y(M)
46 COT'TT I NUE

I 2=Ø
DO 5ø H=l rW

J=m+l
6Ø IF (J-GT.t^l) GOTO 7A!

DELx I =X (J ) -X (F1)

DELYI -Y (J ) Y (m)



IF(.NOT. ( (ABS(DELXI ).LT. I. ø).AND. (AFS(DELYI ).LI. I.ø) ) )THEN I4O
J=J+l
GOTO óø

ELSE
GOTO 5ø

ENDIF
7ø XR=X (H)

YR=Y ( t1)
l2=12+l
WRITE (I,*) XR.YR

5C' CONTINUE
IF (I2.GT. I)THEN

g,,RITE (*.,(A\)') ,NUHBER OF DETECED MARKERS IS GREATER THAN 1'
GOTO 55

ELSE
WRITE (55.r) XR.yR

ENDIF
55 CALL PEXIT

STOP
END

' -, :l r l
:,,::'
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PFOGRAI4 REFRENCE ]IAR¡:ER TI,JO
:3 I NCLUDE: 'FOR I NTF. H '
c
C INITIALIZATION
c

INTEGER*2 X4 r Y4. I' J, lL1, P, Q, R. f't, N. XCOR ( I øø ), YCOR ( I Qtø) . DELX . DELY r
I L(S7ó),O,S,T,Xp(1øø),yp(1øCr),DX,UrVrtJ,FNO
REAL Xl.X2,DXIrX (5) rYT.Y2.Y(5) .DELXl.DELYl

c
C I]IA6E FROCESSING
c

CHARACTER ETUFFER (256)
¡=INIT (62ø)
CALL AUTO
CALL CHAN(T)
CALL OUADTT (T )

CALL DOUAD(C})
18 CALL SETIND(O)

CALL CLEAR(8I,7)
CALL SBUF(I)
NRITE (*T'(A\).) CHOOSE THRESHOLD VALUE ¡
READ ({r' (BN, 16) ',) I
CALL SCALIN6 (øt,255, I r255,BUFFER)
CALL SCALING ( I+I Iø'2A:J,CI I BUFFER)
CALL LUTD (ø,ø.ø.236r BUFFEF)
CALL SYNC(I)
CALL SNAP( I )

CALL SYNC(ø)
I¡JRITE(*i' (A\)') IS THE PROCESSED I¡146E ACCEPTABLE (YES/NO: I/ø'?'
READ(*,'(BNr16)') J
IF (J.EO.T) THEN

GOTO 17
ELSE

GOTO TB
ENDIF

c
C READING THE IMAGE 5 BY 5
C PROCESSING THE II'4AGE BY USING THRESHOLD VALUE
C

t7 OFEN ( I I .FILE='TEmFel. TXT' .STATUS='NEt{' )

J=1
DO 5 Y4= | ,477 ,5

DO 1ø X4=1 rSl I,5
I=IFI XR ( X4. Y4)
IF ( I. EE,255) THEN

XCOR (J ) =X4
YCOR(J)=Y4
t¡RITE (ll.*) XCOR(J),YCOR(J)
J=J+l

ENDIF
Iø CONTINUE
5 CONTINUE

c
C t^JINDOwING
C DELETION OF PIXELS I^JITH VALUE EOUAL TO 1ø5
C CALCULATION OF TRANSITION F'OINTS IN EACH t¡JINDOW
C CALCULATION OF CENTROID OF EACH l'1ARf.:ER :2-D COORDINATES
C t^lRITIr.¡G 2-D COORDINATES OF THE CENTFOID OF EACH flARtr.ER IN DATA FILE
C

REWI¡'¡I) I I
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F =Q)
O=l
I¡JRITE (i.,(A\) .) CHooSE T,JIND0I^,I SIZE :
READ (*,,(EIN,Ió).) N
DO 2ø l'.=l.J-t

READ (11.*) xcoR(l:) .YCOR(K)
X2=Ø-Ø
Y2=Ø.Ø
DXI=Ø.Ø
DO 4ø Y4=YCOR(K)-N.YCOR(K)+N

DO 3ø X4=XCOR(K)-N,XCOR(K)+N
I=IFIXR(x4.Y4)
L(O)=I
S=O- I
IF(S.EO.Ql)L(S)=ø
IF (L (O) . E8. 1?t5) L (O) =L (S)
IF (L (O) . NE. P) THEN

XF (O) =X4
YP (O) =Y4
T=O- I
IF (L (O) . EO.ø) THEN

DX=XP (O) -XP (T)
x1=(XP(O)_DX,/2. )*DX
Yl=YP (O) *p¡
X2=X2+Xt
Y2=Y2+Y I
DXI=DXl+DX

END IF
F=I
O=O+ 1

ENDIF
39} CONTINUE
4ø CONTINUE

X (ja.) =X,2/DXl
Y (Kl =Y2/DXl
tIRITE ( l4r*) X (K),y (K)

2ø CONTINUE
IF (K-1.LT.1) THEN

WRITE (*r ' (A) ') NUI'IBER oF DETECTED ¡IAFKERS IS LESS THAN I
GOTO 55

ENDI F
c
C ELIIIINATION OF REPEATED DATA
c

OPEN (5óTFILE='OUTetØ. TXT' TSTATUS=.NEt4. )
REiIIND l4
t¡J=K- I
IF (1.¡. GT. I ) THEN

GOTO 45
ELSE

DO SS J=l.W
ÃEAD(r4,*)x(J).Y(J)
t¡IRITE (5ó,*) X (J ) ,Y (J )

35 CONTINUE
GOTO 55

ENDIF
45 DO 4ó l'l=l.t¡J

KEAD (14.*) x(M).Y(M)
46 CONTINUE

r2=Ø
DO SCl H=l,þJ

J=H+ I
6ø IF (J.GT,w) 60T0 7ø

DELXI=X (J) -X (f4)
DELYl=Y(J)-Y(M)
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GOTO óø

ELSE
GOTO 5ø

ENDIF
7ø XF|=X (fi)

YR=y (F1)

12= I2+ |
l¡JRITE (+,*) XR,yR

5ø CONTINUE
IF (I2.6T. I)THEN

*RITE (*.,(A\),) ,NUMEER oF DETECED I.,'ARI.:EFS Is GREATER ÏHAN 1,GOTO 55

r¡FITE (Só,+¡ XR,yF
ENDIF

35 CALL F.EXIT
STOP
END
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F.ROGRAI1 EIIF'TY DATA FILE
:lINCLUDE:'FORINTF- H'
n
c CFEATING AN EMFTY DATA FIL€ : 'ourr. TXT' Foñ THE FROGFAH It-4AGEl _ Foñc

OPEN (3ø.FILE='OUTI . TXT . . STATUS= .NEl.r' 
)

CALL PEXIT
STOF
END

F'ROGRAM ETIF.TY DATA FILE
:} I NCLUDE: ,FOR 

I NTF. H ,

c
c CREATING AN Er'tPTV DATA FILE; 'our2.TXT'FoR THE FRoGRAt't IMAGE2.FoR
c

OFEN (35.FILE='OUT2. TXT' .STATUS=.NEW. )
CALL FEX IT
STOF
END

F.ROGRAM EI'IF'TY DATA FILE
3 I NCLUDE: 'FOR I NTF. H '
C
c CREATING AN E|4PTY DATA FILE : 'XyREFt.Txr.FoR THE pRo6RAf4 IMAGE1.FoRc

OPEN (l9,FILE='XYREFl. TXT,.STATUS=.NEIJ. )
CALL PEX IT
STOF
END

FÃOGRA}4 EI-1FTY DATA FILE

'INCLUDE: 
,FORINTF.H,

c CREATING AN Et'lFTY DATA FILE: 'XyREF2.TXT.FoF THE PROGRAM INAGE2.FoFc
OPEN (2ø,FILE:' XYREF2. TxT. .STATUS=.NEw. )
CALL F'EX I T
STOP
END

F.RBGRAII ENF.TY DATA FILE
* I NCLUDE: ' FOR I NTF. H '

OFEN (25.FILE='FF|NOl. TXT. .STATUS=.NEW. )
CALL PEXIT
STOF.
END

F'FOGFAII EIIF.TY DIITA FILE
t I NCLUDE: ' FOR I NTF - H

OFEN (:ó.FILF='FÍìNU?. TX'I' .STATUS='NEW. )
CALL PEXIT
STOP
END
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PROGFAII IIIAGE REDUCTION ONE
TINCLUDE! 'FORINTF.H'
c
C INITIALIZATION
c

INTEGER*z X4.Y4.I.Jrli..PiG.R,r-,1 .N,xcoR(løtø).YCoR(1e'ø).DELx.DELY.
I L(576),O,S,T,XF(1øø),YF (1øø),DX,U,Vrl¡J,FNO,FRNO
REAL XlrX2,DXl.X (7. 1øø) .y1,y2.y (7. 1øø) .DELXI.DELVT.XN(1øø) .

1 YN(l?'?!)
c
C II.IAGE PROCESSING
c

CHARACTER BUFFER(25ó)
I=INIT (62C1 )

CALL AUTO
CALL CHAN(1)
CALL G¡UADM(1)
CALL DOUAD(ø)
DO 55 N=l,søQl

1B CALL SETIND(EI)
CALL CLEAR(Qlr7)
CALL SETÌ¡JIN (35, I ,51l- ,477)
CALL SBUF(I)
WRITE (*, ' (A\ ) ' ) CHOOSE THFESHOLD VALUE :
READ (*,'(EN,Ió),) I
CALL SCAL I NG ( O}, 255, I . 255 , BUFFER )

CALL SCALING ( I+I,ø,255,ør EUFFER)
CALL LUTD <ø.ø,ø,?5ó, EUFFER)
CALL SYNC(I)
CALL SNAP(I)
CALL SYNC(gI)
WRITE(*r'(A\) ') IS THE FROCESSED INAGE ACCEFTAELE (YES,zNO: t/ø)?'
READ(*, ,(BN, 16) ') J
IF (J. EE. 1 ) THEN

60T0 17
ELSE

GOTO rA
ENDIF

c
c
c

FBSITIONING THE FILE AT THE END

l7 OFEN(3Ø.FILE='OUT1. TXT' )

FNO=O
DO 2 J=I.1OØ

DO f I=1.7

OF THE OLO DATA FILE

READ (f,ø,*rEND=4) X(I..l).Y(I,.1)
5 CONTINUE

FNO=Fl.l0+ I
2 CONTINUE
4 BACI,:,SPACE 3el

FNO=FNO+ 1

c
c
C
C

READING THE I|IAGE ll BY fi (t'1 : READING INCFEAP1ENT)
F.ROCESSING THE II1AGE FY USI¡IG THF{ESHOLD IJAI.UE

T^JRITE (*.' (A\) ') 'CIIOOSE FEAD]I\¡G INCIìEAHËNT
READ (*,.(EtN,Ió)') H

OFEN ( lî,FILE='TEtlFf . TxT .STÂTl.lS- NEW')
l-i



Do s y4=l ,477 ,n I 46
DO 1ø X4=t,51lrt'1

I=IFIXÃ(X4.y4)
IF ( I. EO.255) THEN

xCOR (J ) =X4
YCOFi (J ) =Y4
T.JRITE (tZ.*) XCOR(J).YCOR(J)
J=J+l

ENDIF
1E} CONT I NUE
5 CONTINUE

c
C T{INDOI.JING
C DELETION oF PIXELS I¡IITH VALUE EOUAL TO lAtS
C CALCULATION OF TRANSITION POINTS IN EACH t¡lINDOt^l
C CALCULATI0N OF CENTFOID OF EACH IIARKER :2-D COORDINATES
C i¡JRITING 2-D COORDINATES oF THE CENTROID OF EACH È|ARKER IN DATA FILE
c

REI.JIND I2
OPEN ( 15. F I LE= 'TENF3. TXT ' . STATUS= 'NEt,,' )

I r=Ø
F,=Ø
ñ- {

WRITE (*.'(A\)') ,CHOOSE WINDOþJ SIZE :'
READ (*r'(BN, Ió) ') N
DA 2ø K=l,J-l

READ (12.*) XCOR(|":) .YCOR(K)
X2=O. Al

Y2=Ø.Ø
DXl=ø.O
DO 4?l Y4=YCOR(K)-NTYCOR(K) +N

DO 3ø X4=XCOR(K)-N.XCOR(K)+N
I=IFIXR(X4.Y4)
L (O) =I
S=O-1
IF(S.EO.Ø)L(S)=?l
IF (L (O) . EO. lel5) L (O) =L (S)
IF (L (O) . NE. F) THEN

XP (O) =X4
YP (O) =Y4
T=O- 1

IF (L (O) . EE. ø) THEN
DX=XP (O) -XF (T)
Xt=(XP(O)-DX/2. )*DX
Y1=YF (O) *DX
X2=X2+Xl
Y2=Y2+Y I
DXl=DX1+DX

ENDIF
P=I
O=O+ 1

ENDIF
3ø CONTINUE
4ø CONTINUE

IF (DX1.LT.I5) GOTO 2ø
I1=I1+1
XN(I1)=X2/DXl
YN(Il)=Y2lDXl
t,JRITE ( 15.+) XN ( I ¡ ) .\'N( I I )

2ø CONTINUE
IF (I1.LT.A) THEN

T^JÁITE (*.'(A) ') NUF1FER OF DETECTED MAR}..ERS IS LESS THAN A
60T0 55

ENDIF
c
C EL I I'1¡ NAÌ I ON OF REf.'Elì I E LI OATA
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REWIND I5
l.r- I r

45 IIO 46 M=l.W
FEAD (15.*) XN(f1) .YNfl'l)

4ó CONT INUE
OFEN ( 16,FILE='ïEMF4. TXT' TSTATUS='NEl,l' )

l2=Ø
DO 5ø M=l.W

J=M+1
6ø rF(J.GT.W)GOTO 7et

DELX I=XN (J ) -XN (N)
DELYl=YN(J)-YN(tl)
IF(.NOT. ( (ABS(DELXI ).LT.4.ø).AND. (AEIS(DELYI ) .LT. 4- Ø) ) )THEN

J=J+l
GOTO 6ø

ELSE
GOTO Sqr

ENDIF
7Ø I?=I2+l

WRITE ( ló. *) XN (N) rYN (l'l)
5ø CONTINUE

IF (I2.EO.A) THEN
GOTO 51

ELSE
I,IRITE (*t'(A\),) NUI'1BER OF DETECTED IIARI.IERS IS NOT EOUAL To

GOTO 55
ENDIF

51 FEWIND I6
OFEN ( l9.FILE='XYREFl.TXT' )

DO 54 I=l,1ØØ
READ (19.*,END=8Ø) XN(I2),YN(I2)

54 CONTINUE
AØ BACI.|SF'ACE 19

DO 52 I=1,12
READ (I6.*) XN(I) !YN(I)

52 CONTINUE
h,KITE (*.*) XN(I2) rYN(I2)
iTRITE (* t ' (A\ ) ' ) IS THE COORD. OF REF, I,IARKEF COFRECT (YES,zNO :

l t/ørî
READ (*.',(EN,Ió)',) I
IF (I.EO.T) THEN

GOTO 7l
ELSE

GOTO 55
ENDI F

7l t,RITE (19.*) XN(I?).YN(I2)
OPEN (55.FILE='OUTø. TXT' )

FiEAD (55.*) XR,YR
DO Sf, I=1,I2-1

X ( I ,FNO) =XN ( I ) - ( XR-XN ( I2) )

Y ( I,FNO) =YN( I ) + (YR-YN( Iî) )

wRITE (f,ø.{) X(I,Ft.¡O) ry(I.FNO)
þIFITE (+.t) X (I,FNO),Y(I,FNO)

5I CONTINUE
t¡IRITE (t,+) FNO
OFEN (15.F ILE= 'FRNOI . TXT ' )

DO l5 I=1.141Ø
ÃEAD (?5.r.El{D=16) FFiNO

15 CÚT.IT I NUE
I5 hACI' SF.ACE 1'5

WRITE (}.'(A\) ') 'THË FÉAI1E I'JUMBER OF THË F.RCICESSED IPIA[-;E IS :
I FRNO=
ÃfAD (r. (HrJ.l6) ) FFl.lO
t¡JF:lTC r:5.', ttìt,¡lj



14855 CONTINUE
56 CALL FEXIT

STOF'
END
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FROGRA|í If,tAGE REDUCTION T[,JOI I NCLUDE: 'FOR I NTF, H .

C INITIALIZATION
c

INTEGER*2 .X1:Ia, I, J r t*a r F,, O, Ã, m, N i XCOñ ( løA,), 
'COR 

( lQÌø) r DELX. DEL' rr L (j7 6, I o , s , T , xp ( t óø ) , yp ( t øø t , ox , u,;, * , FNo, FRNo

,^.o. LilifuTr 
L.x (7.røø) .y1,y?.y <7. røør .oÈiii,òErvr.iNrløør,

c
C IÈIAGE FROCESSING
c

CHARACTER FUFFEF(?56)
I=INIT (62A!)
CALL AUTO
CALL CHAN(I)
CALL OUADM(I)
CALL DAUAD (ø)
DO Eg N=trSØØ

18 CALL SETIND(ø)
CALL CLEAR(ø.7)
CALL SFUF(r)
WRITE (*r.(A\).) ,cHoosE 

THFESHOLD VALUE:READ (*,,(BN,16) .) I
CALL SCALIN6 (ø, 255, I, 255, FUFFER)
CALL SCALING ( I+1,ø,255,ø,eurreRl
CALL LUTD (ø,ø.ø,?56. EUFFER)
CALL SYNC(I)
CALL SNAP(I)
CALL SYNC (ø)
I.JRITE(+. , (A\) ') IS THE FROCESSED II,IA6E ACCEPTABLE (YES/NO¡ T/ø)",READ(*,,(BN,Ió),) J
IF (J. EO. T ) THEN

GOTO 17
ELSE

GOTO lE}
ENDIF

C
C F.OSITIONING THE FILE AT THE END OF THE OLD DATA FILEC

1 7 BFEN (35. FILE= .OUT2. TXT . )
FNO=Ø
DO 2 J=l.letØ

DO 3 I=1.7
READ (iS.*.ENÞ=4) X(I.J) .y(I.J)f, CONTINUE

FNO=FNO+ I
2 CONTINUE
4 RACI-::SF'ACE f,S

C 
FNO=FNO+I

C READING THE IMA6E H EY T,1 (M : FEADING INCREAMENT )C PROCESSING THE IMAGE EY USING TI-IiEsT¡oI-o \,,ALUE
c

WRITE (+. ' (A\ ) ,) CI-IIJ0SF READII'IG INCIiEAI.IENT :READ (*.'(EN.Ió)') 
M

OFEN ( r?,FILE= TEHF'î. TXT. .STATUS=.f,JEr.J.)
J=1
DO 5 y4=t .477.n



Do 1Ø x4=l,51 l.H 150
I=IFIXR(X4.y4)
IF ( I. EO..]55) THEN

XCOFi (J)=X4
YCOFi (J ) =Y4
t^JRITE (1?.*) XCU¡{(J) .YCOR(J)
J=J+l

ENDIF
1ø CONTINUE
5 CONTINUE

C

C I.JINDOI,JING
C DELETION OF F.IXELS I,JITH VALUE EAUAL TO 1ø3
C CALCULATION OF TRANSITION FOINTS IN EACH I¡JINDOH
C CALCULATION OF CENTROID OF EACH MARr.:EF !2-D COORDINATES
c TJRITING 2-D COORDINATES oF THE CENTROID oF EACH trARpiER IN DATA FILE
c

REWIND 12
OPEN ( 15.FILE= 'TE|'1F3. TXT' .STATUS=,NEIJ' )
I t -n
F=Ø
O=1
I¡JRITE (*.'(A\)') CHOOSE WINDOT^' SIZE :
READ (*,'(EN,16)') N
DO 2Ø t,:=1.J-1

READ ( 12,*¡ ¡66ç(l: ) .YCOR(t,:)
X2=Ø- Ø

Y2=ø. Ø

DXl=Ø-Ø
DO 4AÌ Y4=YCOR ( li. ) -N, YCOR ( t-: ) +N

DO 3Ø X4=XCOFi (|.1 )-N,XCOR(l.:: )+N
I=IFIXR(X4.Y4)
L (O) =I
S=O- r
IF(S.EG.Ø)L(S)=Ø
IF (L (O) - EO. 1ø5) L (O) =L (S)
IF (L (O) . NE. P) THEN

XF (O) =X4
YF (O) =Y4
T=O- r
I F (L (O) . EO. gI) THEN

DX=XF (O) -XP (T)
X1=(XF(O)_DX,/2- )*DX
Y1=YF'(O)*DX
X2=X3+Xl
Y2=Y2+Y I
DXI=DX1+DX

ENDIF
F=I
O=O+ I

ENDIF
f,ø coNT I t'.tr_rE

4ø CONTINUE
IF (DXr.LT. T5) GOTO .]ø

I1=I1+1
XN(Il)=x2/Dx1
YN(Il)=Y?/DXl
WFITE (tS.*) XN( I 1 ) .yN(I I )

2ø CONTINUE
IF (II.LT.A) THEI{

WFITE (+.'(A} ') ¡¡LII,IL{EFì IIF DETECTED IIAÃ}.IERS IS LESS THAN A
GOTO 55

EI.¡D I F
C
c ELIMIl.lAl tO* ,|l' FEt F-ATED L)írt/i
C
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RET.JIND I5
w=I I

45 DO 4ó ¡l=l.tJ
READ (15.*) xtJ(N).YN(f1 )

46 CONTINUE
OFEN (l6.FILE='TEt'1F'4-TXT .STATUS='NEW' )

DO 5ø H=l.l^J
J =È1+ I

6ø IF(J.GT.t¡)GoTo 7ø
DELXl=XN(J)-XN(Ì.1)
DELYI=YN(J)-YN(ll)
IF(.NOT. ( (ABS(DELXI ).LT.4.ø).AND. (AES(DELYI ).LT.4.ø) ) )THEN

J=J+l
GOTO 6ø!

ELSE
GOTO 5ø

ENDIF
7ø l2=!2+l

wRITE ( 16. *) XN (t4) . YN (t4)
5ø CONTINUE

IF (I2.EO.B) THEN
GOTO 51

ELSE
I,JRIÏE (*.'(A\)') NUMEER OF DETECTED I-IARI-íEFS IS NOT EOUAL TO

IB
GOTO 55

ENDIF
51 FEWIND 16

OFEN (2ø.FILE=' XYREF2. TXT' )

DO 54 I=1.lØa)
READ (2ø,*.END=BEI) XN(I2) .YN(I2)

54 CONTINUE
Aø EACKSF.ACE 2ø

DO 52 I=1r12
READ (16.*) XN(I).YN(I)

52 CONTINUE
I.JRITE (*r*) XN(I2) .yN(I2)
TJRITE (*. ' (A\) ',) ',IS THE COORD. OF REF. HARI.íER CORRECT (YES/NO :

1 I,Qt)?
READ (r.'(BNr16)',) I
IF (I.EO.1) THEN

GOTO 7l
EL5L

GOTO 55
ENDIF

71 TJRITE (2ø.xt XN(I2) rYN(I2)
OPEN (56.FILE='oUTøø. TXT' )

READ (56.+) XR.YR
DO sf, I=1,I2-l

x ( I,FNO) =XN ( I )- (XR-XN( IZ) )
Y ( I,FNO) =YN ( I ) + (YR-YN ( I2) )
t¡IRITE (S5.*) X(I,FNO) rY(ITFNO)
I¡JRITE (*,*) X(I,FNB),Y(I,FNO)

5f, CONTINUE
t¡JRITE (*,*) FNO
OPEN (?ó.FILE='FRNO:. TXT' )
DO 15 I=l,16Ø

READ (26.*,END=1ó) FRNO
15 CONTINUE
1ó EiACI:.SFACE 26

I¡,FITE (*.'(A\)') 'THE FRAmE NUmBEF OF THE FROCESSED IHAGE IS :
1 FRNO=
READ (T. . (EN. Ió) ,) FRNO
WRITE (2ó.*) FRNO

55 CONTINUE
36 CALL F'EXIT

5TOF.
FTJf)
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PROGRAI4 I'IARKER TRAC}(ING ONE
:SINCLUDE:' FORINTF. H'
:}LARGE

C INITIALIZATION
c

INTEGERT2 I'INO. FNO. NNNO, FNOl, l'1 (7 )

REAL X (7,tøø' ,Y (7,tøø),XNl(7i 1øø) ,vNl (7,1øQ,) ,Xp(7 tløø) ,yp(7,
r 1øø) .DIST(7r7),EI6,AX (7,løø) rAy (7,1øø) ,BX(7,røø) ,By (7.
I lQtø) ,LARGE,DISTA (7,7' ,f

c
C READING FROl"l OLD DATA FILE=3ø INTO MElloRY
c

OPEN (5ø.FILE=.OUT1. TXT. )

FNO 1 =O
DO 1ø! FNO=I.1OB

DO 2ø I'íNO=\r7
READ (3ø,+,END=4) X (ttNO.FNO) !y(HNO,FNO)

2ø CONTINUE
FNOl =FNOI + I

lE CONTINUE
4 t¡¡RITE (*.*)FNOI

c
C CREATING FINAL TI¡JO DIT4ENTIONAL DATA FILE
r
C INTERACTIVE IDENTIFICATION OF NAR}'íERS IN THE FIRST TWO FRAMES
c

OFEN (4ø,FILE='NOUTl. TXT',STATUS='NE[^J' )

OPEN (77rFILE='TEl"lP2ø. TXT',STATUS='NEIJ' )
DO 3ø FNO=!.2

DO 4Ql llNO= I r 7
I¡JRITE (*r ' (A\) ') ASSIGN CORFECT f4ARt:EF NUI.iEER: NMNO=
READ (*, .(BN, Ió) .) 

NMNO
XNI (NMNO, FNO) =X (l-lNO. FNO)
YNI (Ni4NO, FNO) =Y (MNO. FNO )

4ø CONTINUE
DO 42 Nt'tNO= I ,7

t¡,RITE (4ør*) XNI (NHNO.FNO).YNl (NHNO.FNO)
t¡¡RITE 177,*I XNI (NHNO,FNO) .YN1 (NNNO.FNO)

42 CONTINUE
3C} CONTINUE

C ¡DENTIFICATION OF Ì4AR},:ERS IN THIÉD FRAtlE: USING TNO DIMENTIONAL
C LINEAR EXTRAPOLATION AND NEAREST NEIGHBOUR CRITERION
C

REI,JIND 77
DO 45 FNO=I.2

DO 4ó NIINO= I .7
READ (77.+) XNl (NMNO.FI',]O) .YN1 (NNNO.FNO)

46 CONTINUE
45 CONTINUE

OFEN (78.FILE='TE|'1F21. TXT .STATUS--'NE[^J' )

DO 51 FNO=.1
DO 5ø lì=l -7

xF (lj..FNO) =XN1 (l,..Ft.rt_r-2) +?. + ( XNl (l,:..FNO-t ) -xNl (l,...Ft,Io--) )
yF (l. .FI¡O)=vNl (t..FNO-:) +f . * (yNl (l: ,Ff!O-1)-yN1fl,:..FNO-l) )

5ø CONTINUE
OFEN (îî.F It.E= 'TEHF f :. Ï ): T . STATUS= l,lEtl' )

L=Ø
DO 6r¿ t=l.7



EIG=1ØØØO-Ø
Do 7ø J=1.7 153IF (t:.EO.1) GOTO 72

ÃEWIND 22
IF (I.:.EO.2) THEN

ñEAD (22.*) Ì.1 (t)
IF (J.EO.H(1)) GOTO 7ø
IF (J.NE,H(tr' ÊOTO 72

ENDIF
DO 7t I=t,r,i-t

READ (22.*.END=72) ll(I)
IF ( (J.EA-7).AND. (t4(I).E8.7) ) GOTO 7l
IF (J.EO.ñ(I)) GOTO 7C'

7I CONTINUE
71 DIST(l:.J)=((xF(KrFNo)-x(J.FNo))**2.+(YF(K.FNo)-y(J.FNo))

I **2.'t x* <1. /2. )
IF (DIST(I.:.J).LT.FIG) THEN

BIG=DIST(K,J)
N=J

ELSE
BIG=BIG

ENDIF
7ø CONTINUE

L=L+ I
f1 (L)=N
t^JFITE {22,+¡ ¡1¡¡
XNt (tí,FNO) =X (N,FNO)
YNI (KTFNO)=Y(N,FNO)
WRITE(4O,*¡ XNI (K,FNO),yNl (K,FNO)
I¡JRITE (78,*) XNI (KrFNo) rYNI (KtFNo)

6ø CONTINUE
5I CONTINUE

c
c IDENTIFICATIoN oF f'tARl(ERS : UsING THREE-POINT.Tr.to DIf.tENTIONAL
C LINEAR LEAST SOUARES APPROXI¡lATION AND NEAREST NEIGHFOUR CRITERION
C

RET.JIND 77
REWIND 78
DO ó5 FN0=1.2

DO óó NÌ'îNO= I .7
READ (77.+) XNI (Nt'tNOTFNO) tyNl (NHNO.FNO)

66 CONTINUE
65 CONTINUE

DO 67 N|INO= 1 .7
READ (78.*) XNI (NMNO,S).yNl (N|4NO.S)

ó7 CONTINUE
DO 85 FNO=4.FNOl

DO 9Ø Í,i=t ,7
AX il{.FNO) = (-XNt (F:,FNO-3) +XNl (KTFNO_1t ) /2.
AY (ll, FNO) = (-yNl (K,FNO-3) +yNt (K,FNO-I r, /2.
EX (t,i.FNO)=(XNI il.1 rFNO-S)+XN1 (K,FNO-2)+XNl (li.FNO_I )_

r 6. *AX (K,FNO) ) /3.
Fy (l,:: ,FNO) = ( vNl (l<. rFNO_S) +yNl (R rFNO_2) +yNl (F:: .FNO_r ) _

I 6.*AY(¡I:,FNO))/3.
XF (ll. FNO) =4- *AX (l":.FNO) +BX (l.i. FNO)
YF (F:, FNO) =4. *AY (1"í,FNO) +BY (l*1, FNO)

9ø CONTINUE
OFEN (2f, .FILE='TENFZ3.TXT',STATUS=,NEH. )
L=Ø
DO tøø ¡,i=1 .7

LAFiGË= rØØøø.ø
t)O 1lØ J=\.7

IF (|':.Eo_l) GOTO 96
FiEI,, I ND 2f,
IF (l':.Eo_2) THEN

RFAD (2f,.*) H(1)



IF (J.EO.r,t(l) ) 60T0 llø 154IF (J.NE.H(l) ) GoTo 9ó
ENDIF
DO 95 I=1.],i-l

O=1.1- 1

READ (23.*,END=96) t'l (I)
IF ((J.EO.7).AND. fi1(I).EO.7)) GOTO 95
IF (J.EO.È4(I)) GOTO 11ø

95 CONTINUE
96 DISTA(K.J)=((Xp(KTFNO)-X(J,FNO))**2_+(yFil.lrFNO)-y(J.

1 FNO) ) **2. > ** <t . /2. I
IF (DISTA(K.J).LT.LARGE) THEN

LARGE=DISTA (K,J )

N=J
ELSE

LARGE=LARGE
END¡F

1 Iø CONT¡NUE
L=L+ I
i,t (L) =N
t^JRITE (23,*¡ ¡1¡¡
XN1 (K,FNO) =X (N.FNO)
YNl (K,FNO)=Y(N.FNO)
I¡JRITE (4ø,+) XNr (K,FNO),YN1 (K,FNO)

IøØ CONTINUE
85 CONTINUE

REWIND 2J
DO 15Ø I=1.7

READ (2f,.*.END=151) M(I)
r5ø CONTINUE
r31 CALL F'EXIT

STOP
END
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FROGRAI4 F4ARI.:ER TRACKING TI,JO
$INCLUDE: 'FORINTF.H'
$LARGE
L

C INITIALIZATION

I NTEGER*z llNO r FNO, Nl"tNO, FNO l . t'1 ( 7 )
REAL X(T,lQlQlQl),y(7rlQlQlø),XN2(7,1Q)øø)ryN2(7,lQlQtø),xp(7,tøøøt,yp17,

1 lelc'ø),DIST(7,7r.BIG.AX t7.tøøø),Ay(7,1øøct).EX (7,tøøør,By(7.
r ratøø),LARGE,DISTA(7,7),r

c
C READING FRO|4 OLD DATA FILE=3S INTO NEmORy
L

OFEN (35.FILE='UUT2. TXT' )
FNOI=O
DO lø FNO=I,lElØQt

DO 2C! f,tNO= 1 r 7
READ (35r*,END=4) X (tlNOrFNO),y fi'1NO.FNO)

2ø CONTINUE
FNOI=FNOI+l

lE CONTINUE
4 t'¡RITE (*,*)FNO1

c
C CREATING FINAL Tt¡¡O DI|4ENTIONAL DATA FrLE
c
C INTERACTIVE IDENTIFICATION OF IIARKEFS IN THE FIRST TWO FRAI'1ES
c

OPEN (45rFILE='NOUT2. TXT' .STATUS='NE[^J' )
OPEN (77,FILE='TEi4P2ø. TXT',STATUS='NEW' )
Do 3ø FNO=I.2

DO 4el HNO=I,7
tfRITE(*t',(A\),) ASSIGN CORRECT HAR|.:ER NUHEEF: NmNO=
READ (r,' (EN,16)') N|'1NO
XN2 (NI'INO,FNO) =X (MNO.FNO)
YNz ( NIINO , FNO ) =Y ( PINO , FNO )

4ø CONTINUE
DO 42 NMNO=1,7

l¡TRITE (45.*) XN2 (NÌINO.FNO) .yN2 (NF|NOTFNO)
tTRITE (77,x¡ XN2 (NHNO,FNO) .yN2(NHNO,FNO)

42 CONTINUE
sQI CONTINUE

c IDENTIFICATI0N oF EARKERS IN TH¡RD FRAiIE:usING Tr.Jo DI|4ENTIONAL
C LINEAR EXTRAPOLATION AND NEAREST NE¡GHBOUR CRITERION
c

REWIND 77
DO 45 FNO=I,2

DO 4ó NMN0=1.7
READ <77.*) xNz(NMNOTFNO) .yNz(NmNO.FNO)

46 CONTINUE
45 CONTINUE

OFEN (7A.FILE='TEllF21. TXT' .STATUS='NEt¡' )

DO 51 FNo=3
DO 5Al ï.=r ,7

xF (l.:. FNO) =XN2 (l:.. FNO-2) +2. * ( XN2 (1,;.. FNo_ I ) _XN: ( t,:. FNO_2) )
yF (ti.FNo) =yN2 (t, ,FNO-2) +î. i (yN2 (li.FNo_I ) _yNî (tt.FNO_2) )

5ø CONTINUE
OFEN (22.FILE='TEÌ'IF?1. TXT' .STATUS='NEt,l' )

L=O
DO óqÌ | =l .7



r56
ÊIG=løøøù.ø
DO 7ø J=1.7

IF (f:. EO. 1) GOTO 72
REWIND 22
IF (h:.Ecl.2) THEN

READ (?2.*) t'1 (l)
IF (J-EO.r.1 (l)) GoTO 7q'
IF (J.NE-f1 (r)) 60T0 72

ENDIF
DO 7t I=1.K-l

READ (22,*.END=72) M(I)
IF ((J.E6t.7).AND. (Ft(I).EO.7)) 60T0 71

7! CONTINUE
72 DIST(K.J)=((XFft,:rFNO)-X(JTFNO))**2.+(yF(KTFNO)-y(J.FNO))

I **2.r**(1./2.,
IF (J. Ea. I ) BIG=tøøøø.ø
IF (DIST(I.:,J).LT.BIG) THEN

BIG=DIST(tí.J)

aara*=t
EIG=BIG

ENDIF
7ø CONTINUE

L=L+ 1

14 (L) =N
t^JRITE (22.*) H(L)
XN2(K,FNO)=l (N,FNO)
YNz (1.(, FNO) =Y (N.FNO)
t¡IRITE (45, *) XN2 (K,FNO) rYN2 (KTFNO)
t,JRITE (78,*) XN2(KTFNO) .yN2(K.FNO)

6ø CONTINUE
5I CONTINUE

c
C IDENTIFICATION OF I,IARKERS : USING THREE-POINT.Tl.tO DI|4ENTIONAL
C LINEAR LEAST SOUARES APPROXII'IATION AND NEAREST NEIGHBOUR CRITERION
c

REI,^JIND 77
REI,IIND 7A
Do ó5 FNO=I.2

DO ó6 NIINO= I r 7
READ <77.*) XN2(NMNO.FNO).yNz(NHNO.FNO)

66 CONTINUE
65 CONTINUE

DO 67 NMNO=I r7
READ (78,*) XN2 (NMNOrS) ryN2(N|4NO.3)

67 CONTINUE
DO 85 FNO=4.FNOI

DO 9ø Pí=t ,7
AX (l( r FNO) = (-XN2 (Kr FNO-3) +XN2 (K,FNO-1) ) /2.
AY ( lr:, FNO ) = ( -yN2 (K, FNO-S ) +yNz (K, FNO- t, ) / Z.
FX ( K. FNO ) = ( XN2 (K r FNO-S ) +XN2 ( K r FNO-2) +¡¡.¡2 ( K. FNO- I ) _

I ó, *AX (K,FNO) ) /3.
Ery ( i':. FNO ) = ( yN2 (K. FNO_3) +yN2 (t,t r FNO_2) +yN? (Fi r FNO_ I ) _

| 6-*AY(1.:!FNO))/3.
XF ( l.i. FNO) =4. *AX (l(:. FNo) +BX (k.. FNO)
YP (|"i, FNO ) =4. *AY (K, FNO) +Ey (K. FNO)

9ø CONTINUE
OFEN (2-:..FILE=' TEHP23- TXT' .STATUS='NE|J' )

L=Ø
DO løØ l': =1.7

LARGE=1OØØØ. Ø

DO 11ø.'l=1.7
IF il,:.EO.1) GOTO 9ó
REt¡ I ND 2f.
IF (}'...80.2) THEN

READ (2f,.*) Ì'1 (1)



rF (J.EO.r,t(1)) GOTO tler 157
IF (J.NE.tl(1)) GOTO 9ó

ENDIF
DO 95 I=l.X-r

READ ( 23, *, END=96) ll ( I )
IF ((J.EA.7).AND. (ll(I).EO.7) ) GOTO 95
IF (J.E8.H(I)) GOTO ltel

95 CONTINUE
96 DISTA(K,J)=((XP(KTFNO)-X(JTFNO))**2.+(vp(KTFNO)-y(J.

I FNO) ) *r2. ) ** ( 1. /2. )

IF (J.EGl. l) LARGE=lØØØØ.Ø
IF (DISTA(K.J).LT.LARGE) THEN

LARGE=DISTA (l<. J )

N=J
ÈL5E

LARGE=LAR6E
ENDIF

T 1ø CONTINUE
L=L+ I
N (L) =N
t¡RITE (23,*) H(L)
XN2 (K,FNO) =X (NTFNO)
YN2 (K.FNO) =Y (N.FNO)
þJRITE (45r*) XN2(K,FNO),yN2(K,FNO)

Iøø CONTINUE
85 CONTINUE

RETJIND 23
DO 15ø' l=l .7

READ (25.*.END=151) M(I)
15ø CONTINUE
151 CALL FEXIT

STOP
END
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SUEFOUTINE HATINV (A.N)
DII,IENSION INDEX ( I I .3)
REAL*8 A (I I. r T ) TDETERFI.FIVOT
EoU I VALENCE ( I RotA, t JRot't ) . ( I coLUfl. J CoLUr'r ) . ( ANAX, T r sþ¡Ap)rØ DETERM=l . Ø

15 DO 2O J=l,N
1B INDEX(J.3)=ø
2ø CONTINUE
3ø DO 55Ø I=l.N
4ø AhAX=O.O
45 DO lø5 J=t.N

IF (INDEX(Jr5)-1) 6ø. lQtSróq'
6ø DO tete) K=t rN

IF (INDEX(K,5)-1) Bø, 1øø1773
Bø IF (A|4AX-AES(A(J,K) ) ) 85,1øø,løQ)
A5 I ROI¡,=J
9e) I COLUt4=lí

AI4AX=ABS(A(J.t:) )
1øø CONTINUE
Tø5 CONTINUE

INDEX ( ICOLUH! 3) =INDEX ( ICOLUm. S) + I
26ø INDEX(I,1)=IROþt
27ø INDEX ( I ,2) eICOLUH
l30t IF (IROW-ICOLU|'4) 14ø,f,1ø,14ø
l4ø DETERM=-DETER¡4
l5ø DO 2øø L=l.N
16ø STJAP=A(IROt¡t,L)
17ø A ( IROI¡I,L ) =A ( ICOLUT'4,L )
1Aø A(ICOLUII.L)=SI¡JAF
2øø CONTINUE
3lø PIVOT=A ( ICOLUH. ICOLU¡í)

DETERIf =DETER14*P I VOT
33Qt A ( ICOLUÈ|r ICOLU|4) =t. et
34Ct DO 55ø L=trN

A ( ICOLUIí r L ) =A ( ICOLU|4. L ),/pI VOT
39ø CONTINUE

DO 55ø L1=1.N
IF (L1-ICOLUH) 4øø.55Ø. 4ØØ

4øø T=A (Ll. ICOLUN)
42ø A (Ll r ICOLUTí) =At. At

43ø DO 45ø L=t.N
A (L1,L) =A (L1,L) -A ( ICOLUfi.L) *T

43ø CONTINUE
55ø CONTINUE
6øø DO 7lØ I=l,N
6tø L=N+t-I
62ø IF (INDEX (Lr I )-INDEX (L.?) ) 63.ø ,7 1ø.63Ø
óf,ø JROI¡I=INDEX(Lrl)
64ø JCOLUM=INDEX (L.?)
65el DO 7C)S P.= r . N
66ø SI¡JAF=A(K.JROIJ)
67ø A (K,JROW) =A (tl T JCOLUM)
7øø A(K.JCOLUT4)=SttAF
7ø3 CONTINUE
TICI CONTINUE

DO 73ø ti=l rN
IF (INDEX (}a.f,)-1) 7r3.73Ø.7 r-¿

7:ø CONTINUE
GOTO 74ø

7T5 WÃITE (*.'(A) ,) IIATRIx IS SINGULAR
74C} RETUFN

END
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SUBROUTINE NAT INVq} (A. N)
DINENSION INDEX(f,.3)
REAL*8 A (3.3) .DETERH.F.IVOT
EeUMLENCE ( IROIJ,JROw) . ( ICOLUfl. JCOLUfI), (At"tAX.T,STJAP)

tØ DEÍER¡1=1. Ø

15 DO 2Ql J=l rN
1B INDEX(J,3)=Q)
2ø CONTINUE
3et DO 55e} I=l.N
4ø AIIAX=Ø. O

45 DO rø5 J=l,N
IF (INDEX(J,3)-l) óø, lQts.óQ)

6ø DO løq' K=l,N
IF ( INDEX (l:,3) -l ) eø.1øø.7t3

BAt IF (AHAX-ABS(A(J,K))) BS,lQtgì,lQ)ø
A5 I ROI^J=J
9ø ICOLU|I=I.:

Af4AX=ABS(A(J.K) )

I Q}AI CONT I NUE
I C'5 CONT I NUE

INDEX ( ICOLUII, 3) =INDEX ( ICOLUm r 3) + I
26ø INDEX(I,1)=IROÞJ
27ø INDEX ( I .2) =ICOLUM
l3ø IF (IROW-ICOLUH) l4et,31ø,14ø
l4ø DETERII=-DETER|4
l5et DO 2øø L=l,N
1ó'ø SI¡JAF=A ( IFOtl. L )

t7ø A ( IROW,L) =A ( ICOLUiI ,L)
lBø A(ICOLUi1 .L)=SWAP
2øø CONTINUE
51ø FIVOT=A ( ICOLUI4, ICOLUN)

DETERT4=DETERH*P I VOT
33el A( ICOLU|4. ICOLU|4) =1. el
34ø DO 35Cl L=l.N

A ( ICOLUÌ4, L) =A ( ICOLUM, L) /F'IvOT
35ø CONTINUE

DO 55gt Ll=l,N
IF (Lt-ICOLUIï) 4Atø.55ø,4øø

4øø T=A (Lr , ICOLU|'4)
42ø A(Ll r ICOLUll.)=ø.ø
43ø DO 45et L=l.N

A (Lr .L) =A (Ll ,L) -A ( ICOLUN. L) *T
45ø CONTINUE
55ø CONTINUE
óøø DO 7lO I=l rN
6lø L=N+l-I
62ø IF (¡NDEX(Lrt)-INDEX(Lr2) ) 63et.71Qlr63ø
63ø JRO[¡J=INDEX (L,I )

64ø JCOLUH=INDEX (L,2)
6=ø DO 7C'5 K= I , N
66ø SWAP=A(!1,JROtl)
67ø A(K,JROIJ)=A(l'l,JCOLUi'I)
7øØ A(1.:,JCOLUN)=Sl,lAP
7ø5 CONTINUE
TIQI CONTTNUE

DO 7f,ø K=l rN
IF ( INDEX (F:.3) -t' 713,73ø.7 t'r

734} CONTINUE
60T0 74Ar

7T5 UJFITE (+.'(A)') HATRIX IS SINGULAR
74ø RETURN

END
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FROGRAI.I TDC CALCULATION
$INCLUDE: 'FOR¡NTF.H'
TINCLUDE: 'SUB4.FOR'
¡DEBU6

'LARGEc
C INITIALIZATION
c

INTEGER*Z ROIJ r COL, F OSN, J J . F r FNO I, FNO2. FNO
REAL*8 Ll ( l r ),L2 ( 1 1 ), xN1 (7, lQlQt), YNr (7, 1oQt), xN2 (7, lQlø) iyN2 (7. 1ø

I ø) tB(4,S) .C(4.1) rD(3.4) ,SUl.trF(3,4) ,G(3,1) ,A(5.3) ,E (3.3)
I rX3(7,lQtø) ,y3(7r lQtø) ,23(7,lQtQÌ) ,L
DII-4ENS¡ON INDEX (3.3)

c
C CREATING A NEI,¡ FILE FOR THREE DII,TENTIONAL COORD¡NATES OF ÌIARI.íER
e

OPEN ( IQt,FILE=' TDC. TXT' .STATUS='NEIJ' )
c
C READ¡NG CALIBRATION FARAI'IETERS OF TþIO CAIIERAS
c

OPEN (5.FILE='CAL IBI . TXT' )
OPEN (6.FILE='CALI82. TXT ' )
DO lø I=l.rt

READ (5r*) Ll ( I )
lgI CONTINUE

DO l5 I=1.11
READ(6r+)L2(J)

I5 CONTINUE
c
C READING Tþ,lO DII'IENTIONAL COORDINATES OF MARKERS
c

OPEN (4ør FILE='NOUTl. TXT' )

OPEN (45,FILE=' NOUT2. TXT' )
FNO I =el
DO 2ø J=1,1Oøøl

DO 22 l=1,7
READ (49t.*rEND=4) XNt (I.J).YNt (¡.J)

22 CONTINUE
FNOl=FNOt+t

2ø CONTINUE
4 FNO2=O

DO 25 J=l,lClQlQl
DO 27 l=t ,7

READ (45,*rEND=S) XN2(I rJ) ryN2(I.J)
27 CONTINUE

FNO2=FNO2+ 1

25 CONTINUE
c
C CALCULATION OF THE ELET4ENTS OF NATñIX tEl : t4 X Sl
c
Cr
C TRANSPOSE OF T,IATRIX tBl : tDl=tErl : tf, X 4l
n
C CALCULATION OF THE THREE DIÈ.IENTIONAL COORDINATES OF NAFI.:ERS
C

5 IF (FNOI.GT.FNO3) THEN
FNO=FNO2

ELSË
FNO=FNOI

ENDIF



c
C CREATING A DATA FILE FOR IHE DISTANDE FETT.JEEN THE I.IARI(ERS NO. 5 AND 6 16I
c

OPEN (33.FILE='DIST.TXT' .STATUS='NEI¡J' )
C

DO 3ø J=l.FNO
DO 4er r--1.7

B(tr1)=Ll (t)-L1 (9)*XNl (I.J)
D(r.1)=B(t.r)
B ( I .2) =Lr (2) -Ll ( 1ø) *xNl ( I .J)
D(2,1)=B(1,2)
B(li3)=Ll (3)-Ll (tt)*XN1 (I,J)
D(3,1)=B(1,5)
B(2tt)=Ll (5)-Lr (9)*YNt (J,J)
D(1,2)=B(2r1)
812,2) =Ll (6) -Ll ( lø) *YNl ( I.J)
D(2 12)=B(2r2)
B (2rS) =Ll (7) -Ll ( I I ) *YNl ( I,J)
D(3,2)=B(2,3)

C

B (5, I )=L2( t ) -L2(9)*XN2( I rJ)
D(1,3)=E(3,1)
B (3, 2) =L2 (2, -L2 ( løl *XN2 ( I r J )

D(2r3)=E(3,2)
E (3r 3) =L2 (3) -L2 ( I I ) +XN2 ( I ,J)
D(3,3)=B(3rS)
B (4 r I ) =L2 (5) -L2 (9) +YNz ( I,J)
D(1,4)=B(4,1)
E (4 t2' =L2 (6) -L2 ( tø) *YN2 ( I . J )
D(2r4)=B(4,2)
I (4, 3) =LZ <7, -L2 ( I I ) *YN2 ( I,J)
D(3,4)=B(4,3)

c
C CALCULATION OF THE ELEi4ENTS OF IIATRIX tCl : 14 X ll
c

C( I r I )=XNl (I tJ)-Ll (4)
C(2, I )=YNl ( I,J) -Ll (8)

C
C (3, I ) =XNz( I,J) -L2(4)
C (4, t ) =YN2 ( I, J ) -L2 (B)

CT
C MATRIX ñULTIPLICATION : tAl=tBl tBl ¡ tS X 3l
c

DO 7ø R0t^t=l r3
DO Aø COL=I,3

SUl"l=O. Ø

DO 9ø POSN=!r4
SUI.I=SU¡I+D ( ROT¡' . POSN ) +B ( POSN . COL )

9ø CONTINUE
A (ROl,l. COL ) =SUt4

BQ} CONTINUE
7ø CONTINUE

c T -l -1
C I'IATFIX INVERSION: tEl={ tEl tBl } =( tAl } : t3 X 3l
c

N=S
CALL }4ATINVEI(A.N)
DO lclø N=!.3

DO llø 1.1=1.3'
E(N.N)=A(t'l ,N)

I 1ø CONTINUE
Iøø CONTINUE

C T -I T
C MATRIX |-4ULTIPLICATION: tFl=i tEl tFl i fFl : tf, X 4l
C PSEUDO- I NVERSE I.,IATR I X CALCULAT I ON
C
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DO tI?t ROW=I.f,

DO l4Qt COL=I.4
SUI'1=Ø. Al

DO 15ø POSN=I,J
suM=sul'l+E (ROW. POSN) rD (FOSN. COL )

15ø CONTINUE
F (ROI.J, COL ) =SUf1

14ø CONTINUE
lSE CONTINUE

C ¡ -T T
C IttATRIX TIULTIFLICAT¡ON : tGl={ tBl tBl } tBl tCl : tJ x l lC THREE DI|4ENTIONAL COORD¡NATES OF HARKER : X y Z
f'

DO 16A! ROW=I rs
SUM=O. qÌ

DO lBet POSN=I.4
SUll=SUf{+F (ROtt.FOSN) *C (POSN. I )

lAø CONTINUE
G(RO]¡J.l)=SUi,t

lóEI CONTINUE
c
C THREE DITI1ENTIONAL COORDINATES OF ñART.ER

X3(I!J)=G(lrl)
Y3(I,J)=G(2,1)
Z3(I.J)=6(3.t)

ITRITE ( lø,r) XS ( I,J) ryS ( I,J) , ZS( I,J)

IF (I.EO.6) THEN
L= ( ( X3 (6 r J ) -X3. ( 5, J ) ) *r2. + (yS (6 r J ) -y3 (S, J ) ) *+2. + ( ZS (ó.

J)-25(5,J) )**2. )** (I- /Z.l
þTRITE(33,*) L

ENDIF

4ø CONTINUE
3Q' CONTINUE

CALL PEXIT
STOP
END

c

C

c
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PROBRAI-I CALCULATION OF EULER ANGLES
$ I NCLUDE ¡ ,FOR I NTF. H ,

$LARGE
$DEBUG
c
C INITIALIZATION
c

INTE6ER*2 FNO
REAL X5(TrtQtCtQt),Y3(7.tøøør,23(7,1øøø).Rl2,E(tt.Br2.Br3.XMrYr.t.Zt'1 ,

RlSrCl I ,Cl2,Ct5,Al I ,A12,A15,R34, 82l ,822,823,42t ,Ê'22,ê.231
Czl .C22 rC23 r RSI'I r BJ l, 832, 853, R4H' A3 I r 432 ¡ 433' CJ 1' C32' C33 r
PSIS ( lQlQt) ,PHIS ( letet) ,THES ( lQtø) ,D11rDt 12,D13,El t ,E12,E13,
F 1 I r F I 2, F I 5, PSIE ( tøCl), PH¡E ( løCt ), THEE ( I øø ),D21,D22,D23,
Ezl,E22 te23 tFzl tF22 rF23rPSIW ( IøQt),PHIt¡ ( IQ,ø) r THEiI ( IøQl)'
THEST (1etø),PHISt (1øCt) rpSISl (letø) TPSI52(løQl),THESll (1øAl)

,PSIEz ( lQtø), THEEl l ( tOet), THEE t ( lelQt) TPHIE t ( lClø) T PS IEI ( lQ!ø
) rPSIt¡¡2 ( lø9t) ,THEt¡ll I ( løø) ,THEtJl ( løø) ,PHIl.¡1( løø) rFSIwl ( 1C'ø
), R46 r Rll7, R56, R, AC|l, ACt2, AC]3, BQl l, BQlz, BQl3, CQll, CCl2, CCts, Tø, Tøø,
TeløQlrDon,DQtz,Dø3rEot1,Eø2,EQls,Føl rFøz,FQl3,Al,A2,A3

c
C CREATING NEt¡¡ FILES FOR EULER ANGLES
c

OPEN ( l5,FILf='EULERI . TXT' ,STATUS='NEþJ')
OPEN ( 16,FILE='EULER2. TXT' TSTATUS='NEW')
OFEN ( 17.FILE='EULERS. TXT' .STATUS='NEt¡' )

c
OPEN (71 rFILE='EULERIø. TXT' .STATUS='NEI¡J' )

OPEN (72,FILE='EULER?ø.IXT',STATUS='NEW' )

OFEN (73,FILE='EULER3ø. TXT' .STATUS='NEþJ' )

C
C READING THREE DIi'IENTIONAL DOORDINATES OF t'lARl:ERS FROI'I FILE='TDC.TXT'
c

OPEN ( lB.FILE='TDC. TXT' )

FNO=O
DO lø N=lr lØQlO

DO 2ø l,t=1,7
READ (tO.*.END=4) X3(M,N) .Y3(11,N),23(N,N)

2ø CONTINUE
FNO=FNO+ I

Iø CONTINUE
4 FACKSPACE IC'

c
C CALCULATION OF UINT VECTORS OF BODY ROTATING AXES
c

C FIXED AXES UINT VECTORS : I,J.ti

C BODV AXES UNIT VECTORS : i.i.k
c

DO 3ø N=l.FNO

C SHOULDER UNIT VEtrTOR : t Eø(N) l=t iø(N) jO(N) kØ(N) l
c
c
c
c
c
a

i Ø (N) =A61 *I +AQ'2+J+Aøf,*K

jo (N ) =ÊØl * J +Bø2*J+Eøf,*F:

t,:Cì ( N ) =CØ I * I +CQ!?*J +Cø::*l:l

R I 2= ( ( X I ( I . N ) - X_a. ( 2. N) ) **:- + (yf. ( I . N) -Yf, ( î. Ì.¡ ) ) r 13. + ( Z_:. ( I . N) -



164I Zf, (?,N) ) r+2. ) ** <1. /2.,,
Fell= ( X3 ( I .N) -X3 (2,N) )./Rtz
EØ2= (Y3 ( 1 ,N) -yJ (2,N) ) /Rtz
ErØ3= (23 ( I,N) -ZI (2.N) ),/Rl2
Tø= (Bø1 **2. +Bø2*+2. +BøJ**2., ** ( t - /2. I

A1= (Y3 ( I .N) -yJ(2rN) ) * (2f, (S.N) -23(2.N)I (Y3 (3,N) -Y3 (2,N) )
A2= <73( t .N) -23(2,N) ) * (XS (3.N)-XS (2.N)

I ( z3 (3,N) -23 (2,N) )
A3= (XS (1,N) -X3 (2rN) ) * (VS (J.N) -yS (2rN)

I (X3(3,N)-X3(2,N) )
Rl3= (41 +*Z . +A2**2.+A3*+2., ++ ( l. /Z-,
AAll=Al.zRlS
Aø2=A2/Rr3
Ae!3=43/R 13
Tøø= (Aøt **2. +Aø?*tZ. +AøJ+*Z., +* ( l. / 2. )

CCI I =Aø2*Bet3-AAt3+BQt2
CO2=Aø3*BØ1-Aøt*Fø3
cgt3=AB 1 *BA2-àø2*Bø!
ÍØØØ= (Cøl**2. +CøZ*+z. +CøJ**2. )x*<L./2.)

UINT VECTORS : t Et (N) l=t i I (N) jr (N) kt (N)

i I (N) =A1 lrI+At2*J+Al3*K

j I (N) =Br 1*I+812*J+Bt3*I

k 1 (N) =C1 I * I +Cl2*J+CtS*l<

R34= ( ( X3 (3.N) -XS (4,N) ) *+2. + (yS (3,N) -y3 (4,N) ) **2. + ( ZJ (SrN) _
23(4,N) )**2. ) +*(1./2.,

Bl l= (XJ (3.N) -X3 (4.N) ),/RS4
Br2= (Y3 (3,N) -Y3(4,N) ) /RS4
Bl3= (23 (3,N) -ZS (4,N) )./RS4
T1= (Bl 1**2. +812**2. +BlS**2 . ) *x q1. ¡2.,

Xll= (2. /3. ) *XJ (5tN) + (t - /3. ) *X3(6.N)
Yf4= (2. /3. ) *Y3(5,N) + ( t. /3. ) *yS(6.N)
Zt4= (2. /3. ) *23(5rN)+ ( 1.,/3. ) *ZS(6rN)
RSH= ( ( (VllrY3 (4,N) ) * ( ZS ( J,N) -ZS (4 rN) ) - ( Zf4-ZI (4.N) ) *(YS (3,N) -Y3 (4,N) ) ) **2. + ( ( Zl,l-ZS (4,N) ) + ( XS (3,N) _X3 (4.N)

(XÌl-Xs (4,N) ) * (ZS (SrN) -23 (4,N) ) ) +*2. + ( (Xll_Xi (4,N) ) *(YS (3,N) -yS (4,N) ) - (y|,|-ys (4 rN) ) * (XS (SrN) _X3 (4,ñl I I **2. I** <1. /2.,
Cl I = ( (Yl'l-YJ (4,N) ) * ( 23 ( 3rN) -23 (4 rN) ) - ( Z¡4-ZS (4,N) ) *(Y3(3rN) -Y3(4,N) ) ),/RsH
c12= ( (Zn-23(4.N) ) * ( x3 (3rN) -X3 (4.N) ) _ (xM_xs (4 rN) ) *

( z3 (3,N) -23 (4 rN) ) ) /R3t1
Ct 3= ( ( Xtl-X3 (4 rN) ) * (y3 (S rN) -yJ (4. N) ) - (Vt{-yf, (4. N) ) *(x3(3,N)-x3(4.N) ) ) /R3N
T2= (Cl 7**2.+Cl2**2. +ct3**2 . ) *t <1. /2. )

Al l=Bl2*Cl3-Bt3*Ct2
Al2=Bl3*Cl l-Bt 1*CtJ
413=Bll*C12-Bl2rCll
T3= (Al 1 **2. +Al2**2. +AlS**2 ., *+ (1. /2. )

UNIT VECTORS: t E2(N) l=t i2(N) ,=,*, l..Zr¡¡l lT
i 2 (N) =A2l * I +A22*J+A2f,*t,;

j2 (N ) =B2l + J +822*J+82f, rtÍ

) - (23 ( I iN) -23 (2.N)

)-(x3(1rN)-X3(2rN)

)-(Y3(t,N)-Y3(2rN)

)r

)*

)*

C

c ARr"{
c
c
c
c
a

c
c
l.

I

I
I
t

I

I

I

)-

a

C FOREARH
c
c
c
c
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R4l,l= ( ( X3 ( 4. N) -XÞ1) +*2. + ( Y3 (4.N) -ym) **2. + ( Z3 ( 4.N) -Ztt) **2- )
I *+ (1. /2- 

'E2r= ( X3 (4 rN) -XN) /R4H
822= (Y3 (4.N) -Yl'|) ,/R4f4
823= (23 (4.N)-Zf4) /R4t4
Pl= (82l *r2. +822**?.+823rr2.' *+ ( t. / 2-l-

c
F46= ( ( (Y3 (6,N) -YS (4,N) ) * ( ZJ (5rN) -23 (4,N) ) - ( ZS (6,N) -ZS (4.N) ) *

I (y3 (5,N) -y3 (4,N) ) ) **2. + ( (23 (6rN) -23(4,N) ) * ( X5 (5,N) -X3 (4,
I N) )-(X3(ó.N)-X3(4rN) )r(23(5rN)-23(4rN) ) )**2-+( (X3(6,N)-
I X5(4,N) ) * (y3 (5rN) -y3 (4,N) ) - (y5 (ó,N) -y3(4,N) ) * (X3 (5,N) -
I X3(4.N)))**2.r**(t./2.)

A2l= ( (YI (6 rN) -YS (4 rN) ) * ( ZS (5,N) -ZS (4,N) ) - ( ZS (6,N) -23 (4.N) ) *
I (Y3 (5,N) -Y3 (4.N) ) ) ,/R46

A.22= ( (7J(ór N) -23 (4 r N) ) * ( X3 (5 rN) -X3 (4,N) ) - ( XS (ó, N) -X3 (4, N) ) *
1 (23(5,N)-23(4,N) r' /R46

423= ( (X3 (órN) -X3(4rN) ) + (Y3 (5rN) -Y3 (4rN) ) - (YS (ó.N) -Y3(4.N) ) *
I (X3(5,N) -X3(4,N) ) ) /R46

p2= (A2l**2. +Ê.22+*2.+A25**2.' *x ( l. /?.'
c

C2l=Ê.22*823-423*822
C22=A23*B2! -42 I *823
C23=A2l+822-A22tB2L
P3= (C2 I **2 . +C22{*?. +C23**2., ** ( L - / 2 -,

C HAND UNIT VECTORS : t ES(N) l=t i3(N) j3(N) k3(N) l

c i3(N)=431*I+A32*J+A33*K

C j3 (N) =F3'l*I+832*J+833*l'(

e k3 (N) =C31*I+C32*J+C33*I:
c

Rl,l7= ( ( Xtl-XS (7, N) ) ++2. + ( Yt4-Y3 (7, N ) ) +*2 - + ( Zt't-23 ( 7, N) ) **2. )
I ** (L. /2.,

BSI = ( Xl'l-XS (7, N) ) /RÈ17
832= (Yll-YS (7 tN, | /Rn7
835= (Zl'l-ZS (7.N) ) /RM7
ol= (B5l**2. +832**2. +E|53**2. ) ** ( 1. /2. )

c
R56=( ( (Y3(5.N) -Y3(7 rN) )* (23(ó.N) -23(7.N) )- (23 (5.N)-23 (7.N) ) *

I (Y3(6rN)-Y3(7,N)))**2.+((23(5,N)-23(7,N))*(X3(6,N)-X3(7rN)
I )-(X3(5,N)-X3(7,N) )*(23(6,N)-23(7,N) ) )**2.+( (X3(5,N)-X5(7r
I N))*(y3(6rN)-y3(7,N))-(y3(5,N)-v5(7,N))+(X3(6,N)-X3(7,N)
1 ))+*2.)*+(t./2.)

A3l= ( (Y3(5,N)-Y3(7rN) )+ ( Z3 (6rN) -23(7,N) ) - (23 (5,N) -23<7 rN) ) *
I (Y5(6rN)-Y3(7,N) ) )/R56

432= ( (25 (5rN) -23 (7rN) ) r ( X3 (6,N) -X3 (7rN) ) - ( X3 (5,N) -X3 (7,N) ) +
I (23(ó,N)-23(7rN)))/Ã56

A33= ( (X3 (5,N) -X3 (7,N) ) r (y3 (6,N) -y3 (7,N) ) - (y3 (5,N) -v3 (7,N) ) *
I (X3(é.N)-X3(7,N) ))/R56

82= (A3lr*2. +43i2**2. +433**2., +* ( l. / 2. )
c

a3¡ -632*835-433+832
c32=433+B3l-A3lrF3f,
Cf,I=AJ I *Er32-9f,!*EI. I
Qf,= (C31+r2. +C32**2. +C-:,J*Ì2. ) ** ( I . i/?. )

C

C CONVEÃSION FACTOR : DEGREES,zFADIANS
c

R=lB0l. /3. r415927
C
C CALCULATION OF EULER ANGLES FOF SHOULDER : F.HI-S.THETíI-S.FSI-S
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c
c
c
L

c
c
c
c
c
c
c
c
c

C

c

c

C TRêNSFOR¡,IATIT]N ÈIAÏRIX FOR SHOULDER :
T

FIXEDAXES tEl=rI J Kl

f eø,*, )=t TØ: r I:
t El(N) l=t Tl I t E l

-1
t El(N) l=t Tl I t Tel I t Eø(N) l

-l T
ORTHOGONAL AXES : t T I =t T l

-t
t D0l l=t Tl lt TO l

Del I =Ar I *Aøl +41 2*Aø2+At 3*AQl3
DøZ=At t *BQt I +A I 2*Bø2+A I 3*Bø3
D63=Af I tCgt I +A I 2*CCl2+A I 3tCCtJ

EB I =81 I *Aø I +Bl 2+AQt2+B I 3*AQ!3
EQì2=B I 1 *RO I +B I 2*BQt2+B I 3*BQt3
EO3=81 I *Cø I +Bt 2rCø2+Bl S*CQ!3

Fell =c r I *AQt I +c I 2*Aø2+C I 3*Aø3
FOZ=C I I *BQl I +C I 2*Bø2+C I 3*Bø3
F03=C I I *CQt 1 +C I 2*CQt2+Cl 3*Cø3

PSI52 (N) =ATAN (-Dø3./Fel3)
PSIS (N) = (ATAN (-DQls/FQ)3) ) *R
FHIS (N) = (ATAN (-EQll /EQl2) ) *R
THES (N) = (ATAN ( (EøìS*COS (PSI52 (N) ) ) /Fø3) ) *R

THESI I (N) =ASIN(EO3)
THESl (N)=THES11 (N)*R
PHISI (N) = (ACOS (Êø2/COS (THESI I (N) ) ) ) *R
PSISI (N) = (ACOS (Feì5/COS (THESI 1 (N) ) ) ) *R

IF (PHIS1 (N) . GT.9qt. ) PHIS (N) =PHISI (N)
IF ( (PHIST (N).LT.9cl. ).AND. (PHIS(N).LT.ø. ) ) PHISI (N)=PHIS(N)
IF (PSISI (N).GT.9Cl. ) PSIS(N)=PSISI (N)
lF ((PSIST (N).LT.9q!. ).AND. (PSIS(N).LT.ø. ) ) PS¡Sl (N)=PSIS(N)

c
t¡RITE (13.2øø) PHIS(N) .THES(N),PSIS(N)
TJRITE (7 1tzøøl PHISr (N) ,THESl (N) ,PSISt (N)

2øø FOR]'1AT ( 1CtX.5F14.2)

C CALCULATION OF EULER ANGLES FOR ELBOl¡l : FHI-E,THETA-E,FSI-E
c
C TRANSFORMATION IIATRIX FOR ELBOI,J :

C tEl(N)l=tTll (El
c^
C tE2 (N) l=rT2l tElc,
C tE2(N)l=tT2l tTll tEl(N)lc -t r
C ORTHOGONAL AXES : tTl =tTl
C -t
C tDll=tT2l tTll
C

Dl l=A2l *Al I +A?2*Al 2+423*Al 3
D I 2=A2 I *Bl I +A22*B I 2+A23*B I 3
Dl 3=421 rCl I +A22rCl2+42f,+C I f

C
Er 1=82 I *Al I +822+41 2+82:.*41 :,
El 2=82 I *B I I +El22*81 2+B23rE{1 f,
E I 3=Et2l *C I I +822*C I ?+823ìC I I'
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Fl l=C2l iAt I +C22*Al 2+C23+Al f,
F l?=c2t*Fl I +c22*B I 2+C23*81 3
Fl3=C?1 rCt I +C22rCl 2+C25*C I f,

PSI E2 (N) =ATAN ( -D t 3/F I 3 )

PSIE (N) = (ATAN (-DI3/FI3) ) *R
PHIE (N) = (ATAN (-El I /El2) ) *R
THEE(N)=(ATAN( (El3+COS(PSIE2(N) ) ) /Fl3) )*R

THEEII (N)=ASIN(Et5)
THEEI (N)=THEEI I (N) *R
FHIEI (N) = (ACOS (Etz/COS (THEEt 1 (N) ) ) ) *R
PSIEr (N) = (ACOS (F13ICOS (THEEI I (N) ) ) ) *R

IF (PHIEI (N).GT.9ø. ) PHIE(N)=PHIET (N)
IF ( (PHIEI (N).LT.9Al. ).AND. (PHIE(N).LT.Ql. ) ) PHIEl (N)=PHIE(N)
¡F (PSIEI (N) .GT.9Cl. ) PSIE (N) =PSIEI (N)
IF ( (PSIEI (N).LT.9ø. ).AND. (PSIE(N).LT.ø. ) ) PSIEr (N)=PSIE(N)

t¡JRITE (16.2Q!ø) PHIE(N) rTHEE(N),FSIE(N)
wRITE <72,2øøt PHIEl (N) TTHEEl (N) ,pS¡El (N)

L

c
C CALCULATION OF EULER ANGLES FOR I¡JRIST : FHI-WTTHETA-WTPSI-II
c
C TRANSFOR¡4ATION FIATRIX FOR I.JRIST :
c
c
c
c
c
c
c
C
c
c
c

tE2(N)l = tT2l IEI

clsc.¡lr = tr3l
tES (N) I = tTSl tTzJ tE2 (N) l

-l T
ORTHOGONAL AXES ! tT2J =tT2l

T
tD2l=tT3l tT2l

D2 I =A3 1 *A2 t +A32*A22+A33*A23
D22-A3l *82 I +A32+822+A33*823
D23=43 1 *C2 t+A32'C22+433rC23
81O= (D2l**2. +D2?*+2. +D23*+2. ) ** ( l. /2. )

E2l =BSl *42 I +F32*A22+835*A23
E22=BS I *82 I +832*F22+833*823
E23=83 1 *C2 | +832xC22+833*C23
82ø= (E21 **2. +822**2. +E23+*2. ) *+ ( l. /2. )

F 2 | =C3 ! + A2 I +C32+ A2 2+C53 *A2f,
F22=CJ I *82 1 +C:i2*822+C35+823
F23=C3 I *C2 1 +Cfi2*C22+C33rC23
83ø= (F2 I +*2. +F22**7. +F23**2. 

' 
** ( | . /2. I

PSIt¡r2 (N) =ATAN <-D23/F23)
PSIW (N) = (ATAN ( -D23,/F23) ) *R
PHIt¡ (N) = (ATAN <-Ezl /E22) ) *R
THEt¡t (N) = (ATAN ( (E23*COS (pSIt¡tz (N) ) )./F23) ) *R

THEI¡11 (N) =ASIN (E23)
THEI4l (N) =THEWl l (N) *R
FHII¡Jl (N) = (ACOS (E22,/COS (THEI,Jl I (N) ) ) ) *F
V=FZ3,zCOS ( THEWI I (N) )

IF (V.GT.I.) THEN
V=1-Ø

ENDIF
F'SltJl (N) = (ACOS (V) ) +R

C

C
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IF (FHItJl (N)-GT.90. ) PHII,J(N)=PHItJl (N)
IF ( (PHIWI (N).LT.9ø. ).AND. (PHIUI(N).LT.ø. ) ) PHIWI (N)=PHItt(N)
IF (PSII{l (N).GT.9ø}. ) FSIw(N)=PSIWt (N)
IF ( (PSIWI (N).LT.9ø. ).AND. (PSItt(N).LT.Ø. ) ) PSIwI (N)=pSIu(N)

t¡JRITE (17.2øø, PHITJ(N),THEW(N) .FSIw(N)
l¡IRITE (7312øø, PHIWI (N) rTHEttt (N),FSIttl (N)

3A' CONTINUE
CALL PEXIT
STOP
END
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PROGRAI'4 STICK DIAGRAF1 PLOTTING IN XY PLANE
TINCLUDE: 'FORINTF.H'
fLARGE
c
C INITIALIZATION
c

REAL XNI (7,1øø) rYNl (7.1øQl),zNl (7,løgt)
INTEGER*2 X (6, lQlQ!),Y (6' lQl?t),ll,N,FNo

c
C FEADING THREE DII4ENTIONAL COORDINATES FRof4 FILE : TDC.TXT
c

OFEN ( lØ'FILf='TDC. TxT' )

OPEN (92.FILE='TE|'1P92. TXT 
"STATUS='NEW' 

)

FNO=B
DO lB J=l ¡ 1OØ

L=l
DO 2ø l=1,7

READ ( I Ct , * , END=4 ) XN I ( I , J ) , YN I ( I , J ) . ZN 1 ( I r J )
IF (r-EO.5) 60T0 2ø
IF (I.E8.6) THEN

XNI (L,J l=(8. / 1 1. ) *XNl (5,J)+ (3. /t t. ) rXNl (6'J )

YNl (L,J) =(A. / I l. ) *YNl (5'J) + (3- /r r. ) *YNl (ó'J)
60T0 1øet

ENDIF
XNl(L,J)=XN1(I'J)
YNt (L'J)=YNl (I rJ)

tøø P=XNI (LrJ)*47Q!
t4=INT (P) -15ø
X(L.J)=512-H
o=YNl (LrJr*47ø
N=INT (O) -254Ì
Y(L'J)=N
t¡RITE <92.+) X (L'J) rY(L'J)
L=L+ I

?ø CONTINUE
FNO=FNO+ I

1E} CONTINUE
c
C INITIALIZINC THE BOARD
C CLEARING THE SCREEN TO INDEX 255
C SET THE INDEX TO O FOR PLOTING
C

4 I=INIT (62O)
CALL SETIND(255)
CALL CLEAR(ø,7)
CALL SETIND(EI)

C FLOTING STICI'I DIAGRA|4 FOR TI¡JO DIHENTIONAL IÌ4AGES
C NOTE THAT THE IMAGE PLANE IS NOT F'ARALLEL TO XY.XZ,AND YZ PLANES
c

t¡TRITE(*.*) FNO
REWIND 92
DO 3Al J=l.FNO

DO 4ø I=1.ó
READ (92.*) X(I.J).Y(I.J)
IF ( I. LT. f,) GOTO 4ø
IF (I.EO.3) THET]

CALL ¡1OVETO (X(I,J),Y(I'J) )

ENDIF
IF (I.GT.f,) THEN
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CALL LINETO (X(I,J),Y(I,J) )

EI.ID I F
4ø CONIINUE
3ø CONTINUE

CALL F,EX I T
STOF
END
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F.ROGFAH STICI.. DIAGRAI1 FLOTTING IN ZY F,LANEt I NCLUDE: 'FOR I NTF. H '
SLARGE
c
C INITIALIZATION
c

REAL XNl (7.tøØ) ryNl (7,l?tct) !zNl (7. røet)
INTEGER*2 X (6, løø),y (ó, tetø),ll,NiFNO

c
C READING THREE DINENTIONAL COORDINATES FROM FILE : TDC.TXT
C

OPEN ( tgtrFILE=, TDC. TXT. )
OPEN (93rFILE='TEf,tp9J. TXT',STATUS=.NEt¡t. )
FNO=Ø
DO 10 J=trlOØ

L=1
DO 2ø I=1.7

F|EAD ( I ø r * , END=4 ) XN I ( I . J ) r yN I ( I , J ) , Z N I ( I . J )
IF (I.EO.5) GOTO 2et
IF (I.EQ.6) THEN

YNI (LrJ)=(8./ 11. )+yNl (S,J)+(J../f l. )*vNl (ó,J)
ZNI (L,J)= (8. /l 1. ) *ZNl (SrJ) + (S. /t t. ) *ZNl (6. J)
GOTO tetø

ENDIF
YNI (L,J)=yNt ( I,J)
ZNI (L,J)=ZNl (I.J)

løø p=ZNl (L tJr*47ø
pt=INT (p)
y(L.J)=477-tl
Q=yNl (L¡J)*476
N=INT (0) -29ø
X(L,J)=N
l¡JRITE (93r*) X(L,J)ry(L,J)
L=L+ I

2ø CONTINUE
FN0=FNO+l

1ø CONTINUE
C
C PLOTTING STICTí DIAGRAM FOR Tt¡,O DIMENTTONAL IT4AGESC NOTE THAT THE IÞIA6E PLANE IS NOT PARALLEL TO XY,XZ,AND VZ PLANESc

4 I¡JRITE(*.*) FNO
REt¡¡IND 93
DO 3Ct J=t,FNO

DO 4ø I=t 16
READ (93t*) X(I.J),y(I.J)
IF ( I. LT.3) 60T0 4ø
IF (I.EG.3) THEN

CALL HOVETO (X(I,J) .Y(I,J) )
ENDTF
IF ( I.6T.3) THEN

CALL L¡NETO (x(I,J),Y(I.J) )
ENDIF

4ø CONTINUE
trø CONTINUE

CALL PEXIT
STOF.
END
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F.FOGRAI-I STICT< DIAGRAT1 PLOTTING IN XZ PLANE
$INCLUDE: 'FORINTF.H'

'LARGEC
C INITIALIZATIDN
c

REAL XNt (7tløøì- ryNt (TrtetQÌ) rzNt (7rlø0r)
INTEGER*2 X (ór lCtQt),y (6, l?tQ'),llrN.FNO

C
C READING THREE DIT4ENTIONAL COORDINATES FRO¡í FILE : TDC.TxT
f-

OPEN ( lCt rFILE=' TDC. TXT' )
OPEN (94 rFILE='TEllP94. TXT' , STATUS='NEt¡l' )
FNO=0'
DO lel J=l . lQlO

L=l
DO 2Ø l=t ¡7

READ (lO,*,END=4) XNf (IrJ) tYNI (I,J),ZNl(I,J)
rF (I.EO.5) GOTO 2ø
IF (I.EE.6) THEN

xNl (LrJ) =<8. / | l. ) *XNl (5,J) + (3_,/11. ) *XNl (6rJ )

ZNl (L,J) =(8. / 11. ) *ZN1(5rJ) + (3.,/11. ) *ZNl (6,J)
GOTO 1ø6

ENDIF
XNI (LrJ)=XNl (I.J)
ZNt (LrJ)=ZN1 (I rJ)

tøø P=xNl (LrJ)+478
t4=INT(P)-154t
X(LrJ)=512-t",1
Q=ZNI (LrJr*47ø
N=INT (Gl)

Y(L,J)=477-N
WRITE (94,*) X(L,J)rY(L,J)
L=L+1

2ø CONTINUE
FNO=FNO+ I

1ø CONTINUE
c
C F'LOTTING STICK DIAGRAII FOR TT,¡O DIIIENTIONAL ITIAGES
C NOTE THAT THE IIIAEE PLANE IS NOT PARALLEL TO XY.XZ.AND YZ PLANES
c

4 t¡JRITE(*,*) FNO
REI¡IIND 94
DO f,ø J=l,FNO

DO 4Al I=1,6
READ (94,*) X(IrJ),Y(I,J)
IF ( I. LT.3) GOTO 4ø
IF (I.E8.3) THEN

CALL i4OVETO (X (I,J),Y(I.J) )
ENDIF
IF (I.GT.3) THEN

CALL LINETO (X(I,J),Y(I,J) )
ENDIF

4Ø CONTINUE
IO} CONTINUE

CALI- F'EX I T
STOF.
ENLI



B. Hardware Component technical specifications
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Hardware Component Technical Specifications

(1) TV Camera:
Panasonic, Model IÌV-CD2O (B & W)

510(H) x 492 (V) Elment CCD TYPe

Internal or external sYnc.
Scanning t 521 Lines/60 Fields/30Frames

H: 15'734 K Hz
V: 59'9 Hz

Resolution: H: 38o lines at center
V: 350 llnes at center

Lens Mount: C-Mount

(2) Zoom Lens:
TV Zoom Lens
12.5 mn - ?5 mm

1: 1.8
C - Mount

(3) VCR:
Sony, Model SL-HF 1000
PIay back speed: freeze, 7/lO, 7/5, normal
Tape counter: frame by frame counter
Adjustment: slow tacklng adjustment

freeze Picture adjustrnent

Sony, Model SL-700

Tape: Sony, DYnamicron PR0-X/L-250

(4) Video Light:
SAFARI, ModeL VS-650
Focusing video quartz Iieht
Lanp type: DYH 120Vl650W

(5) Monitor:
Sony, Model CVM-112 (B&Il)
Video monitor
Picture tube 11"
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(6) PC:

IBM-PC-XT compatible personal computer (Mind II)
640 K nemory
8 mHz clock

(7) Video Digltiser Board:

Ilatrox PIP-10244 video-digitiser-fram buffer board
Runs under PIPEZ software

(8) Image Processing Monitor:

Sony Trinitron RGB color monitor with conputer
and RGB (image) channels

(9) Calibrating Frame:

18" x 26" x 38" steel frame with eight 1.5" table-
tennis balls (calibration markers)

(10) Body Marker:

77/!6" white sperical reflective narkers



C. Detailed collected data
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