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The literature review, Chopter One, is in threc poris. The first port
W Sl I P, T SR (U S ; nlingt
concerns the development of locomolion anciysis, pic oy fict CInPNOs|

NE ECONA Part 1§ a reviaw o

on the methods of mecasurement usesd.

H : H | S s KOy g $ A Ve o B el
kinematic measurement syz,a‘cms in which the attributes and limitations of ecch

method are fully discussed. The final part of the review describes other
television/computer systems that have been used or developed for locomotion
measurement ond discusses the limitations of these systems.

. . 1o i ¢ Lt ' . SR R W
Chapter Two discusses methods of detecting the spatial posit’on of bedy
segmants using a television camera ond justifies the use of a passive marler

. H {3 a A wnntitad R T ARG sl
system to indicate anatomicoi tandmarks. A scitable material for markers

and its response is described. Mathods of identifying the signals preduced
by the markers in the camera video outpui cre suggested, and the circuits
for the marker defectors used are presented.

The principles of operation of a television/computer interface designed

. 1. ~ . . 8] o s
i generate the spatial co-ordinates of markers are described in Chaprer Thres,

A simple scheme to obtain these co-ordinates is first of all presented ond the
limitations of this mathod are shown ond used to justify the develepmeni of
o more complex digiiol system. A description is presented of the fuaciional
elements of this system, which generates the co-ordinates of markers dstected
in the video signals from up i six television camercs., The basic principles
of television referred to in this chapter will be found in Appendix Al;
similarly those aspecis of the POP 12 computer system which directly concern
the interface are described in Appendix A2,

Chapter Four presents the logic of the interface in the form of a
descripffon and a set of logic drawings. The nomenclature used to describe
the logic is first of all discussed and then a detailed description with the
aid of timing diagroms and tobles is presented for each drawing.

Computer programming of the interfoce is described in Chaopter Five
The instruction set created to control the interfoce is listed, and two programming
exaomples are provided to show how the instruction set may be used. A method

of decoding the interface data, to relate the co-ordinates to the camera



P

which generated them, is also presented. A summary of the computer
software written and listed in Appendix A3 is given.

Chapter Six describes how the system was tested in all aspacts of iis
design and in its suitability for human locomotion measurement.  Errorz ond
methods of calibrating the data are discussed. The co-ordinaies genercted
by the interface for the trajectories of markers placed on o walking subject
are presented and a means of identifying merkers from co-ordinate datoe is
described. Some modifications to the basic design are suggested to give
improved performance. The performance of the system is summarised aid

comparisons are made with other methods. Clirical and other apgiicaiions

of the system are discussed and recommendotions for future work are given.
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.1 Introduction
It is the purpose of this chopter to review the literature concerning the
development of locomotion analysis, the different types of kirematic measurement

systems ond television/computer systems.

i.2 DeQelopmenf of Locomotion Anolysis

Scientific enquiry into the nature of human locomation has a history
extending back to the time of Ancient Greece. Aristotle (384-322 BC)
described the aciions of muscles and subjected them to a geometrica! anolysis.
Leonardo da Vinci (1452-1519) described the mechanics of the body in standing,
walking up and down hill, rising from sitting, and jumping. William Harvey,
in his notes "De Motu Locali Animalium" (Harvey (1627) ), frequently refers
to the work of Aristotle when discussing the relative motions of body segments.
In these notes Harvey also stresses the function of the antagonistic action of
muscles In modulating movement. Typical of these philosophers was the great
range of their studies. Harvey was no exception, and his reference to the
kinds of gait in man resembling that of a duck, a creune, o crow ete. were
not facetious /cbmmer.ts but typical of the way in which he drew his illustrations
from e’very'kind‘ Q§;~§qhimcl life which he had studied. Borelli (168C) described
forward moﬁon as' the projection of the centre of gravity of the body and
consequent loss of stability ‘wil\vich was regained by swinging the limb through.
Borelli considered fhe skeleton as a system of levers and again did not confine
hu sgud!es to humems, as Flgwe 1.1 shows.

" The Weber brothers (1836) were perhaps the first to cmempf some quantitative
measurement of locomoﬂnn. They used meosurmg lines and evolved a theory
- which cons!derod ﬂ'\e ;wmg phase of gait as a pure pendulum. Thiz theory

was icfei’ repud!o'ted by Fischer (1895-1904), Carlet (1872) investigated human
»”wcﬂdng mmg a pneumohc ;ysfem of recording displacements of parfs of the
~»body, foot pressure and pariods of muscular octivity. The test subjects were
: £ wa'k in a circle around the recording equipment.
ll' wus'nuf‘unm the advent of photography that significant advances in
~ .quantifying logomotion were made. Muybridge (1882), in America, demonstrated

[
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the ability of the phorographic system to arrest mation. He uvsed 24 fixed
cameras and two portoble batteries of {2 cameras each o photograph animale
and people in action. Investigaticns were performied on human subjects walking,
running, rising from the sitting position and various other activities. The serial
photographs were combined and used to show a slow motion moving picture cof
the recorded event. In some of the studies the background wes divided into
squares to allow a quantitative estimation to be made of the displacement: of
various ports of the body., The photographic technique was further adapted

ond improved by Marey (1895). His technique was to use a single plate comera
which had a rotating disc with stits mounted in front of the lers, The subject
. was dressed in black and the limbs and joints were marked with shiny strips

and bright buttons. The tests were corried out in bright suniight and a "stick"
diagram of the subjects motion was recorded on the plate, Figures 1.2 ond 1.3.
This technique, known as chronophotography, is still in use in verious forms
today.

' Fischer (1895-1904) was the first to perform u comprehensive analysis of
three dimensional movements of parts of the human body. In these investigaticis
the subject was dressed in black and carried incandescent light tubes strapped

to the various segments of the body. The subject walked in a darkaned room
in the view of four plate cameras; the plates being exposed at a conttant
cyclic rate. The exposed images of the tubes on the plate govs: stick diagrums
representing the successive pos!ﬁ'ons of body segments. Measurements from these
plates were corrected to eliminate errors due to perspective, which was
complicated by the layout of the cameras. Two of the comeras were perpendicular
to the axis of progression (one on each side) and the other two were positioned
obliquely at 30° to the line of progression to obtain the frontal view. The
information was analysed to obtain displacement, velocity and occeleration
curves against time in three dimensions. This data together with data collected
by Fischer on the mass properﬂes ‘of the body segments was used fo calculate
resultant forces acting on the centres of gravity of the segments. Fischer's
work has been referred to by dll subsequent investigotors and his findings largely

conditioned the mechanical design of external prostheses for the first half of

this century.




Figure 1.2, One of Marey's subjects dressed for photography
(From Bernstein (1967)).
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Figure 1.3. Stick diagram produced by Marey's techrique
(From Bernstein (1967)).
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Amar (1916) extended Fischer's work by develeping on insirument which
measured three components of ground to {oot force. This "force plote” was
of purely mechanical design, spring defleciions indicating the applicd forces.
Investigations into the gait of subjects wearing external prostheses wera ade,
and the results were used to suggest improvements in prosthetic desion. Elftman
(1938) olso designed a mechanical force plate, in which the spring deflections
were recorded by a high speed cine camera, which aiso recorded the position
of the foot in one plane. Elftman (1939) extended his work o study the
planar kinetics of the leg, using the force plate to measure stance ghase
forces and cine photography to measure displacements. As recording technigues
improved investigators attempted to look for finer detuils in the reccrdzd
patterns of locomotion. Bernstein (1940) used chronophiotography with repeated
exposure rates from 60 to 190/sec aond claimed that small details in the patterns
of motion, in the derived curves of force etc., were common to all normals in
locomotion. In the waveforms of the horizontal component of force acting on
the centre of gravity of the thigh he claimed to observe, consistently, |C
distinct features in one cycle = Figure 1.4, Studies were made of the develop-
ment of running technique in children using chronoptotography, os well os many
other types of movement, Data on the segment mass parameters of the body
was also collected by Bernstcin (1934) from studies of 150 live subjects.  Most
of Bernstein's work was carried out in two dimensions, ,but he did some fests
in 3 diméﬁsidns,by means of s:téreoy photogrophy (using @ mirror to provide the
second Image). - ‘

A maiofl landmark in locomotion analysis was the research carried out by
the College of Engineering and the Medical School of the University of
Californla, Berkeley. Their report, University of California {1947), covers a
wide range of work, and provides much original information cbout the character-
istics of human locomotion in the normal and in the amputee. Their studies
provided dota on the rotations of the lower limb segments about their long
axes, Levens (1948). This data was obtained by making measurements of the
spatial position of stainless steel pins which were inserted into bony prominences

qf the limb, from the recordings of three 35 mm cine cameras. Two dimensional



Figure 1.4, Force curves ot the centre of gravity of the thlgh in normal
© . .walking used by Bernstein to illustrate distinctive features
. during the walking cycle. Above: vertical components.
Below: horizontal components. (From Bernstein (1967)).




studies of motion were made using interrupted licht techniquas, and three
dimensional mecsurements were made with cine cameras. One of the principal
advances made by the California group was the development of a force plaic
which could measure the six quantities necessary to define the resultant force
actions transmitted between ground and foot during wulking., The ohjectives
of these studies were "l) to gain an accurate knowledge of the functions of
components {of the body), so that repair techniques could be improved, 2) to
form the basis of physiotheropy treatment, 3) to provide design parameters for
external support devices and limb replacements". Figure 1.5 shows o port of
the experimental set up.

Details of the iabour involved in the University of California studies are
contained in Bresler and Frankel (1950). In this paper it is revealed that io
calculate the external forces and moments in the ieg during normal level
walking some 14,000 numerical calculations were made, 72 curves were plotted,
and 24 curves were subjected to graphical differentiation for only one siric=.
The calculations were performed on desk calculators and the dato processing
for the first subject took 500 man houis, this was reduced to 250 man hours
for the fourth (last) subject.

In a historical review of gait analysis Steindler (1953) claimed that
"kinetic analysls of gait reveals and enlightens many situations concerning the
practising phys,icion.'..." ; also that it had "....become apparent that the
kinetic analysls of go?t hos developed into a guide for clinical practice and
an effective adviser in difficult and controversial situations....”. The colossal
manual effort involved in a proper kinetic analysis of gait certainly precluded
its use in a clinical situation, and restricted the number of tests that could
" be made for research studles; hence the results of such studies needed to be
treated with caution if they were to be applied to other subjects,

Saunders et'al (1953) proposed, on the basis of the University of California's
research, that locomotion is fundamentally the transiation 6f the centre of gravity
of the body through space along a pathway requiring the least expenditure of
energy. Six factors which had a major influence on this motion were identified:~
rotation, tilt and lateral displacement of the pelvis together with knee and hip

flexion and knee/ankle interaction. Loss of any of these motions lead to




Figure 1.5, Part of the University of Colifornia's experimental set up =
the glass walkway. (From University of California (1947)),

Figure 1.6. Photographic recording of locomotion as used by Murray (1964).



compensation by the others, which was reasonably effective if only one
determinant was lost but the loss of two deferminanis lead to an increase

in energy requirements of three times. The force plate and interrupted

light photography were used in these particular studies, and the energies
referred to were the mechanical energy requirements not the physiological
energy requiremenis. The codence of normal gait was compared with that

of various pathological gaits by Drillis (1958). The cadence for normals was
found from a sample of 936 pedestrians on « New York city street. Measurements
of pathological gait were made in the laboratory using foot contact switches to
record the times of the various' phases of gait, and a iachograph wus used to
record the horizontal velocity of the trunk. More detailed studies were made
using interrupted light photogrophy ot frequencies from 25 exposures/sec to

100 exposures/sec. Mention is also made in this paper of the use of 3
accelerometers to determine the acceleration of the subjects' centre of gravity,
but no results are quoted.

Use was mczde of a stroboscope to obtain interrupted light stick diagrams
by Murray (1964). 60 male subjects were analysed, measurements being 1aade
of 1) duration-of the walk cycle and its phases, 2) length and width of steps
and strides-ond foot ongles,. 3)-soggital rotations of pelvis, hip, kiiee and
ankle, 4) vertical, forward and luleral excursions of the head ond neck, 3)
;fmm\'fersézfamﬂonr?oﬁ: the pelvis.ond thorax, and &) saggital excursions of the
upper -extremities. k4. -markers were used ond the subject was filmed in
sami~darkngss:in: one plane, but.with on overhead mirror to provide the view
of lateral movements. - Figure 1.6 shows one of the photographs from which
measurements weré:-made, obviously a considerable amount of manual effort was
required. - Murray suggested that the results of these investigations showed the
walking potterns:of normal :men, however although a fairly large sample was
taken compared:with: other work the size of sample was still relatively small,
The 60:subjects were split into'§ age groups, and the sampie for each age
‘group was split-into’ three further groups by height.

‘The resultant force action-at the human hip joint was studied by Hunt
(1965)  using cline cameras ond o force plate similur‘in design to that ot the

‘University of California. During this work accelerometers- were used, mounted




on the shank, to check the differentiation procedures used to obtain
acceleration from the cine displacement/time data. The results showed that,
generally, the differentiation procedure was satisfactory and that the use of
accelerometers available at that time would involve excessive complications
and constriction of the test subject. Paul (1967) determined the forces
transmitted by the hip joint using cine photography, force plate and EMG
recordings, during normal level walking. The displacement data was obtained
in three dimensions by using two cine cameras, and measurements were made
over a complete gait cycle. The manual measurement of the film and force
plate records, and preparation for input to a digital computer took 23 man
hours.” A considerable improvement over the time required for the University
of California studies but still a major obstacle for this sort of study. Paul was
able to compare his results with an in vivo test made by Rydell (1966) who
used an instrumented femoral head prosthesis. Paul's results showed some
agreement with those of Rydell, when compared on a basis of body weight
ond stride . length. Morrison (1967) used the same experimental techniques

. a8 Paul to evaluate the forces transmitted by the knee joint. The reasons for
these studies were similar to those given by the University of California group.

Grieve (1968) iIntroduced the concept of angle/angle diagrams, in which

the angles of rotation ‘about one joint were plotted against those of another
joint, - This method produced closed loops which Grleve suggested provided
consistent and recognisoble patterns, tliustrating this by showing the changes
produced by different walking speeds.  Data for these studies was obtained
using cine film and because of this time consuming method only 13 subjects
were studied. Pelzer (1969) used a varlety of the available techniques to
measure locomotion and also measured oxygen consumption and CO, production
to assess the physiologlcal ‘energy cost of particular activities. An Instrumented
pylon, similar to that first used by the Unlversity of Califomia (1947), was

~ developed fo mecsure directly the oxial load, knee moment, anterlor=posterior
shear, medial ~lateral shear and forque. -

A study of hip joint motien in three planes was made by Johnston and

—Smidt (1969) using electro-gonlometers. They measured extension and flexion,

abduction and adduction, and Internal and external rotation. Patterns of hip



movement for normal subjects were presented and quolitative ohssrvations of
departure from the "normal" patterns were noted in certain pathological coses.
Measurements from the recordings were made manually. Kettelkamp et al
(1970) followed up Johnsion's work with a similar study of the knee using

the some goniometer apparatus. In both studies errors arose due to the
geometrical offset of the goniometer with respect to the joint centre, and
due to the mobility of the soft tissues to which the goniometer was strupped.

Wirta (1970) uses a variety of techniques for his ancl,sis - electro-
goniomefers,‘foof switches, myoelectric detectors ard twin force plates,
together with specialist instrumentution to measure the spatial displocement of
the hips. The significant aspect of Wirta's system is his data collection method.
The system records the data on magnetic tape which is then processed auto-
matically to provide data in punched card form, suitable for input to a digital
computer. However this system still involves many physical attachments to
the subject and hence constrains completely free movement, as Figure 1.7 shows.
Extensive use is made of a computer, as the key to a data handling system,
by Lamoreux (1971). In this system an exoskeleton, Figure 1.8, is used to
measure skeletal motion. This apparatus s instrumented with potentiometers
as in the more normal electrogonicreter. Information from instrumentation
which measured pelvic displacement and heel contact was also reccrded.  The
collected data was digitised and stored by a computer system and the data
was subsequently processed to produce parometers such as flexion-extension at
the joints, relative rotation etc. which were presented graphically. All the
experiments reportéd in this poper were based on one test subject.

Assessment of locomotion performance ofter total joint replocement has
been made using. a quantitative measuring system by Charnley (1968) and Murray
(1972), The system used by Chai'nley is discussed in o paper by Jacobs et ol
(1972) in which the waveforms of the vertical components of force, as measured
by force plates, are subjected to further analysis, Comparisons are made
between norma! aond pafhologicul gait, and waveforms are classified according
to shape. It was claimed that certain mathematical parameters help distinguish
one wave from another and also bear a distinct correlation to the diagnostic

state of the hip joint. Murray (1972) carried out an analysis on 30 patients




Figure 1.7. Wirta's apparatus to measure hip position during walking.
(From Wirta (1970)).

Figure 1.8. Lamoreux's "exoskeleton" in use. (From Lamoreux (1971)).



before and ofter hip joint replacement. The same measuring system was
used as in Murray (1964) for the locomotion studies. The paper cancludes
by saying "The quantitative values presented in this study provide a basis
for comparing the functional performance following maior reconstructive
procedures on the hip". However it is difficult to see how true comparisons
can be made because of the number of variables - the ages of the subjects
ranged from 36 to 85, there were large variations in the extent of ihe
pathology, the degree to which other joints were affected, a lack of inform-
ation about weight and height etc. The improved performance was clearly
shown in the results, but a large amount of manual effort was required to
obtain the data.

'A strain gouged foice plate and cine cameras were used by Poulson (1973)
to perform a biomechanical analysis of the leg during fast and slow walking,
walking up and down a romp, and up and down stairs. In his studies on the
biomechanics of the leg in normal level walking he considered 1) muscle force,
2) internal joint force, 3) muscle tension versus length, 4) segment energy
levels, 5) joint power and 6) muscle power. The cine film and force plate
record were franscribed into a form suitable for inpui to a digital computer by
using an X-Y analyser.  This device produces coordinates in punched tape form
of the positlon of a pointer ‘which is placed over the point on the recording to
bs measured. *Even Ustrig this labour saving device 13 .to 2 howrs were siill
fequiréd to “transcribe the “data for one stride.

A statlstieal study of ‘the kinemdtics of normal locomotion was presented
in a paper B’)I"Wi‘nté‘i‘ et al (1974). The data for this two dimensional analysis
was collected by a television-computer system. Three walking speeds were
analysed over at least 3 strides for each test. Ranges of lincar und angular
measurements of ‘displacements, velocities and accelerations are shown, and
comparisons “dre made ‘with the studies of Murray (1964) and Lamoreux (1971).
These comparisons’ show agreament between the studies where comparable
measUrements ‘were ‘made; except in the case of the angular accelerations
of the ankle reported by Lamoreux. Winter et al suggest that this difference
might be attributed to the different types of footwear used, the instrumentation




worn by Lamoreux' subject and the fact that o treadmill was used. However
the lost two factors would certainly have affected the other parameicis also,
Lamoreux used a sampling rate of 200/sec compared with Winters 60/sec;

this could also account for the difference in the accelerations measured because
Winters' results would have been subjected to a much higher degree of smecoth-
ing and hence loss of the high frequency components which would produce

the higher accelerations.

.3 Kinematic Measuring Systems

For the purpose of this review these systems will be grouped under the
following general titles:= Photographic, Non=Photographic Optical, Contacting,

and Other Techniques.

1.3.1 Photographic Systems

Interrupted Light, This method was introdured by Marey (1695) and is
still in use today. The use made of the techrique by Marey and Fischer has
already been discussed. Bernstein (1934) made refinements to the technique and
used the system extensively, he referred to it as cyciography. Tiny gos filled
electric light bulbs were used to mark positions on the test subject, the light
from these bulbs to the camera was interrupted by means of a rotating shutter.
Bernstein' clalmed that he ‘could ochieve exposure rates.of up tn 600/sec, although
to avoid the recorded light dots from merging with one another, such high
exposure rates rc‘ould"\c‘bnly ‘be used when observing purely fast movements. Most
of his experiments were made ot exposure rates of between 60 and 190/sec.,
the measurement of shutter speed being accomplished by the determination of a
tone emitted by a siren located on the shutter ond rotating with it. Later an
electromagnetid tuning—fork was used to switch a neon bulb and the speed of
the shuttel was adjusted unfil a circle of astericks marked on the shutter
oppeared motionless when illuminated by the neon. Enlargements were made
- of the exposed film anc‘ during this process a grid of 3 or | mm squares was
superimposed on the recording. Measurements of the displacements of the
recorded points were then taken and used for the analysis, Cyclography is

not sultable for the recording of overlapping movements, and to overcome this



deficiency Bernstein introduced kymocyclography i.e. cyclographical exporures
on slowly and evenly moving phoiogrophic film. A further exfension of the
technique was the three dimensional recording of movement by placing o mirror
at 45° to the main optical axis of the objective and so effectively moking a
stereoscopic recording. The manual labour involved in obtaining quantitative
data from these methods must have been colossal, although Bernstein refers to
this part of the procedure os being "easy".

The University of Cclifornia used the interrupted light technigue in their
fundamental studies of locomotion as reported by Bresier (1950) and Eberhart
(1951). Opthalmic electric bulbs were attached to the subject at estimated
joint centres of the leg, on the iliac crest, and on the heel and toe of the
shoe, The lights were continuously lit and the subject walked in a darkened
room, the field of view of the open camera lens being interrupted 30 times/sec
by a rotating disc with an 18° opening. The speed of the disc was made
uniform by using a mains synchronised motor to drive it. A Kodatron speed
lamp was synchronised with the shutter and fired to catch the subject in mid-
field for identification. The data wos measured from the resulting photograph
using a toolmakers' microscope (30X magnification) «:d a scale factor, Oniy
data in one plane was cbtained using this method and Eberhart stated thot the
interrupted light technique waus "not particularly useful in evaluaticn of gait".

More ‘recent use of the method has been reported,by Murray (1964, 1967,
1972), Instead of using light sources os markers and o rotating shutter Murray
uses' reflective markers and a stroboscope flashing at 20 times/sec. Fourteen
markers are used to identify various anatomical landmarks on the subject, and
an overhead mirror in the field of view of the camera provides a view of
lateral displacements of markers on the head, neck, thorax and pelvis. Although
enly sampling the positions of the points ever); 0.05 sec Murray frequently
quotes intervals between events such as 1.06 & 0.09 sec (Murray (1964), p.294).

All: interrupted light-measurement systems suffer from the problem of manual -
data reduction. . The technique ton be quite accurate for movements in one
plane, but there are tdentification problems if movements overlap, and if a

point reémains more or less stationary (as in the foot during stance phase). Also



if the subject moves out of the defined plune of motion then parallax wiil
occur. The recording of movement in 3 dimensions is not impossible, os
Bernstein demonstrated, but it is difficult. Anocther disadvantege is that
subjects are generally required to walk in a darkened room.

| Cine. Muybridge's serial photographs of human and animal movement
can be said to have pioneered cine photography. Elftman (1939) was one of
the earliest users of cine photography to obtain displacement~time data of
locomotion, although he only made two-dimensional mecsurements., The University
of California made extensive use of the method and an evaluation of i use
is given in Eberhart (1951). In these studies two ~ameras were used, set up
to provide front and side views of a glass walkway (Figure [.5). The side
view camera was also used fo provide a bottom view by means of a mirror
placed at 45° to the vertical underneath the glass walkway; by this means
it wos possible to obtain an estimation of the transverse rotation of the leg.
An adjustable contoct brace was strapped to the pelvis locating on the posterior
and anterfor iliac spines; onterior and posterior projections were attached to
this brace to magnify angular displacements and allow the transverse rotations
of the pelvis to be measured. To measure transverse rotations at the ankle,
targets were fixed to a "U" shaped bracket holding two small pins. The pins
entered the cortices of the bone of the medial and lateral malleoli , ofter a
local ancesthetic had been administered. These projections on the onkle und
the pelvis could be seen via the mirror and hence it was possible to measure '
the transverse rotations. Saggital and lateral displacements were measured
from 1" diameter black dots on a white background placed over the joint
centrés of the Iimb. To minlmise errors due to parallax the cameras were
placed forty feet away. Measurements of the target displacements, to an
accuracy of %", were taken from each frome of the exposed film; as the
cameras: were running ot a film speed of 48 frames/sec. the manual measurement
process tock a considerable time.  High speed cine, with film speeds of up to
700 frames/sec:, wos olso used during these studies. Filming had to be done
‘oufdoors in bright sunlight. "No quantitative results are quoted from the high
speed cine tests and 1t appears that only qualitative use was made of the

technique.



A much higher degree of accuracy was obtained by Paul (1967) wio
used cine photography in his studies of the forces af the hip joint. Two
Paillard Bolex H16 reflex 16 mm cameras were used running at a film spzed
of 50 frames/sec. Synchronous electric motors provided the drive ta the
cameras and the frame speed was shown to be constant within 0.4% by
filming a crystal controlled timing unit. After a test run the film was re=
wound and thon re-exposed to a grid of 5" squares placed in a known position
in the field of view. Subsequent measuremenis were taken from the film
using the grid as a reference, optical errors thereby being restricied to those
occurring within a 5" square. A high level of illuminction was required
(8 KW total giving an illumination of 260 foot candies over the measurement
area) as the markers used to identify the anatomical landmarks were small
(" diameter) white paper spots, and exposure times were relatively short for
indoor high speed filming (1/125 sec). The comera records were synchronised
by firing a flash bulb which was in the field of view of both cameras. Firing
of the flash bulb also triggered an event marker which was recorded on a U.V.
recorder along with ground reaction forces provided by a force plate. A
worst possible phasing error of 18 m S was quoted, and the measurement accurary
of the dis,p‘qqemem of the markers was stated to be 0.05" (~ | mm). The
measurament of film and force plote ~ecords for one test on one subject occupied
two operators .for. approximately 9 hours; - preparation and checking of the data
for lnput,tq,g chpufer:. took a further 5 hours. Corrections for parallox were
made in the subsequent analysis.

In_an. attempt. to ramova the .manual effort required to analyse cine film
KRSYQDC{ (1971 & 1972) developed a computer-based system to do the processing.
A flying gpot_sganner*und& ‘computer control was used to interrr.gate each frame
of the test film. . Two digital to analogue converters provided the deflection
voltages, from digital x, 'y coordinates, to. position the scanner beam. Once
the, defjgctiqtg&voltogexhud ‘heen set up. the scanner beom was turned on and
the oﬁ_qtp@gt;;a;f,;hgaphqfoﬂwlﬂpljer: was. read with an analogue fo digital converter
to provide q:»?mésum‘ment .af, the transparency of the film at the point x, y.

It was stated. that a 35 mm frame can be resolved. into 4,000 x 3,000 elements



with this system, During filming the comera wos moved dlong parallel 1o

the subject and to provide the necessory spatial reference § parallel digital
encoded bars contained between two continuous bars were visible in the
background. Anatomical landmarks were indicated hy 1" diameter black

spots on a white backgreund, the spatial reference bars being 1" wide and

also black on a white background, as seen in Figure 1.9. The computer
programs used to obtain the displacements from the film providad for operator
intervention at any stage. Initially a coarse scan of the first frame was done
and the results displcyed, the operator then marked off the area of the spatial
reference code and selected the spots to be analysed, defining a neighbourhood
for each spot, Figure 1.10. Having set up the initial conditions the computer
program then reads the reference code and locates the specified spots from
frame to frame, providing a continuous on-line display as shown in Figure .11,
Processing speed for 5 spots in one frame was about 15 sec if no operator
intercction was required. EMG signals from 4 major muscle masses were
recorded simultcneouély on a FM tape recorder together with signals from foot
switches which were used to synchronise EMG data and displacement data,

No details of the measurement accuracy of this system were given and the
difficulties of expanding the system to three dimensional measurement were not
discussed. Synchronisation of EMG records and displacement data, by using
the foot switch signals, could not be particularly accurate becouse of difficulties
In estimating the corresponding times of heel contact etc. from the displacement
data.

An automatic system for transcribing data from cine film has also been
developed in the Biomechanics Facility of the Childrens Hospital in lowa City,
U.S.A. (Pepoe (1970)). This system utilises fibre optics to provide a line
scan of cine film, and Is interfaced to a PDP 12 computer. Three sheets of
fibres are used, with 1024 fibres In each sheet. The fibres are arranged in
bundles in such a way as to digitally encode the position of a light spot falling
on the fibre ends by illuminating an array of phototransistors. The sheets are
clamped together and cine film is projected onto the fibre ends. The illuminated

phototransistors provide a digital x co-ordinate (to | part in 1024) of any light




l.11. On line computer display of marker trajectories produced by

Kasvand's system (Kasvand (1971)).



spols in the film. The y co-ordinate is provided by o shatt ercoder which
is rotated by the moving film. The shaft encoder incremenis o counter in
the PDP 12 which is reset at the beginning of each cing {ilm frame, providing
750 counts/frame. If two light spots fall in line then the co-ordinctes
generated by the system will be erroneous. This would piove to be a limiiction
when markers are placed close together, such as on the foof, or at the pelvis.
The film is processed at the rate of 2 frames/sec., which is faster than the
flying spot scanner method of Kasvand (1971), but furiher processing would be
required to identify co-ordinates belonging to particular markers.

In a more conventional cine system Sutherlond (1972) discusse, the
discrepancies that con be made in manual measurements of cine film. Comparisons
were made of the differences in values computed frem meusurements, made by
two observers, of the same piece of film. The porameters compared were
rotation of the pelvis, femur and foot; flexion-extension of the knee; and
plantar flexion and dorsiflexion of the ankle. The discrepancies in values
were most serious where the total range in the value of the parameter was
smiall.  The worst case was pelvic rotation in which there wus an average
discrepancy of 2.6° (20% of total range) and a maximum discreponcy of 6.3¢
(48% of total range). The best agreement obtained by two observers wos in
the measurement of flexion-extension of the knee. Here the average discrepancy
was only 5% of the total range and the maximum was 13%. Repeatchbility of
medsure‘menls,’;;by;q.single observer was found to be better and resulted in
variations of computed parameters of 0° to 2.5°, Sutherland used a Vanguard
motion analyser to obtain the displacement measurements from the film; even
so it took 2 hours to digitise .the data.

... .Cine systems have played a major part in the most important locomotion
studles. However the manual effort required to obtain data from film has
been a great obstacle. The number of subjects studied and the number of
tests carried out for each subject has been severely limited by this constraint.
Semi -automatic systems of film analysis have reduced the data collection time
substantially, fully automatic systems are still in the development stoge and
present problems of synchronisation of film data and other data. If a fu”y

automated system were developed to the point where three dimensional studies




of movement together with data from other sources could be achieved there
would still be disadvantages in using cine. Firstly the recorded movement

is not immediately available, the film must he developed; secondly in

addition to the cost of computer processing time (which will be requiied for

any comprehensive analysis) there will be an appreciable cost in film and

film processing; - thirdly flying spot scanners for this purpose are not commercially
availoble; and lastly an appreciable amount of computer time would be required
for data collection.

Photogrammetry.  The technique of obtaining three dimensional measure-

ments from two planar recordings of an object has been used extensively in
surveying (Halbert (1960)). The method requires that ‘wo simultaneous record~
ings are made of the spatial position of the object. Providing the distance
(base) separating the recording devices is known and the focal length (principal
distance) of the optical system is also known then the third dimension (usuvally
called depth) can be derived from the two plenar measuremants. bLernstein
(1934) made the first use of the meihod for studies cf humon movement; no
details of the accuracy obtained were given and his general method has alreacy
been discussed, More recently Ayoub (1970) has dev-ioped a stereometric
system for measuring human motion. A measurement accuracy of 2% was
claimed, olthough to obtain this it was stated that it was necessary to measure
the differences in the spatial positions of common points in stereo-pairs (the
two planar recordings) to within 0.0004 inch. Stereocomparators can certainly
measure to very high accuracies, but it must be remembered that when
photographing ‘movements, because ‘of the relatively long exposure times used,
there Is certain ‘to be a degree of blurring of the image. To use the limits of
accuracy of o stereocomparator sharp edges are required. The other measurements
involved, base and principal distance, :must also be known to a high degree of
accuracy, as’ony errors In:these measurements will affect the overall accuracy
considerably, Ayoub studied hand ond arm movements using sterec-photography
and the Interrupted light technique to produce multiple exposure stereo-pairs.
The type of movement studied is limited for the same reasons as with interrupted

light photography and again manual measurement of the results is necessary.



Lippert (1973) used d photogrammeatiic system to study tha mobility of
fracture fragments of the tibia. Lippert rejected convertiona! methods of
movement mecsure‘menf, such as cine photography, because of the "artificial
restrictions imposed on the subjects’ movement by the measuring opparatus”.

In Lippert's tests targets were attached above and below the fracture site by
stainless steel pins inserted into the bone (through both cortices), A Zeis

SMK =40 stereocamera was used and a measurement resolution of 1.0 = 1.5 mm
was claimed. The patient was photographed, on the same film, in four
positions - one "no load" and three other positions which put various loads on
the limb. The tests had to be carried out in a darkened room which, with
patients whose movements were restricted by their plaster casts, wos inconvenient
and occasionally led to targets being knocked. Measurements from the exposures
were made manually and é personnel were required to run the tests.

Photogrammetric methods can be used to obtain three dimensional
displocement=-time data for human movement, but very precise alignment of
the photographic system is required. Meosurements must be made manually
using a stereocomparator, which is very costly and could not be justified for
exclusive use in these sort of studies. The clinical wie suggested by Lippert
is not acceptcble in terms of the effort required, and the insertion of pins inte

the bones of patients.

1.3. 2 Non - Phorog{aphxc Ophccl Methods
Methods of this type did not become availcble unhl the late 1960'.

Obvuously,televlsion/computer,sysfems could be included under this heading

but discussion of such systems will be deferred. Limited studies using non
photographic optical systems have been carried out, but so for the studies

have been restricted to. kinematics (and kinetics where no external forces are
Involved) and no comprehensive analysis of locomotion has yet been presented.
In some coses the systems have only been available for o short time and no
doubt the inclusion of other measurements will soon be attempted; in other
cases the additional foc!lities required for measuring other aspects of locomotion

have not been available,



Systems using polarised light hove been developed by Reed and
Reynolds (1969), Grieve (1969) and the University of Loughborough (1973 cnd
Mitchelson (1975)). The techniques used are essentially identical and so a
description will be limited to that of the University of Loughborough system.
A schematic diagram of the system is shown in Figure 1,12, Light from a
D.C. powered light source is polarised by a linearly polarised filter which fis
rotated. This has the effect of rotating the plane of polarisation through 180°,
which happens twice for every revolution of the polarising filter. The polarised
light is received by a matched pair of photodiodes connected in opposition to
each other., A window of polarising filter is placad over each photodiode
with the planes of polarisation at right angles to each other. The effect of
this arrangement is that any non-polarised light incident on the photodiode
pair Is received in equal amounts by each and thus the resulting signals cancel
each other. On the other hand polarised light incident to the photocells is
first transmitted to one cell and extinguished at thz other, and then vice versa
as the plane of polarisation of the light source rotates. A sinusoidal voltoge is
thus produced by this receiver. A reference mark on the rotating filter of the
light source is detected by a photocell, a reference pulse being produced every
time the mark passes the photocell. The logic of the electronic circuitry is
arranged so that a linear voltage ramp is initiated on receipt of the reference
pulse, and the ramp is stopped when the sinusoidal signal from the receiver
passes through its ’ze'ro reference voltage in a negative going sense. The firal
value reached by the voltage ramp is stored in a sample and hold circuit.
This voltage represents the angular displacement of the receiver with respect to
the light source. Any orlentation of the receiver to the light source can be
chosen as zero angular displacement by delaying the referencc puise by an
appropriate time. The output voltage is updated once for every revolution of
the light source filter, in the case described |50 times a second. The measured
noise level of the onéular displacement output was stated to be in the region
of 0.3 degrees (In a total range of 180%, and the linearity of the system was
quoted as 0.1° over the total range. Measurement errors can arise when the

receivers undergo two rotations with respect to the plane of polarisation of the
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light source, in addition to the rotation which is being measured. Mitchelson
shows that this can amount to a measurement error of 7° for two additicnal
rotations of 20° in planes mutually perpendicular to the plune in which the
measured rotation is taking place. Obviously careful positioning of the
receivers can keep such errors low for locomotion studies. Analegue outputs
of angular velocity can be obtained by appropriate analogue processing of the
angular displacement voltage; although the effects of noise must be carefully
considered, and preclude the derivation of acceleration in this way.

This fechniq;e orovides a relatively inexpensive means of obtaining
angular displacement data. The disadvantage of the technique is the need to
attach the receivers to the body and provide a power source and connecting
leads to them. Also only relative measurements are made, the technique does
not provide absolute measurements.

A continuous light spot position sensor forms the basis of the commeiciol
SELSPOT system, Lindholm (1974), Seleom (1975). The sensor is basically a
large area silicon photo-diode of the Schottky barrier type manufactured by
United Detector Technology Inc.. An equivalent circuit of a single axis sensor
of this type is shown in Figure [.14 (from Woltring (1573)). The average position
of a light spot imaged on the sensor surface at any instant varies the current
in the load resistances. A dual axis version of the sensor provides the two
dimensional co-ordinates of the Incident light spot. In order to monitor the
position of more than one light source time division multiplexing must be used.
In the SELSPOT system small light emitting diodes (LED's) ore used as the light
sources and are placed over anatomical landmarks. The LED's are switched on
in turn to give a short pulse of light; the x, y co-ordinates from the detector
for each LED being processed by special noise suppressing and lirearizing
circults (noise 'Is’\suppressed By‘ 60 dB and non-linearity is decreased from 60%
to 0.5%). The co~ordinates for each LED are then made available as analogue
signals on individual output channels. The resolution of the system depends to
a large extent on signal to noise ratio in the signal processor and detector, and
hence on the incidént;power of the light source on the detector. For sufficiently

large incident power (~ | mW) a resolution of IO'-4 (I in 10,000) is quoted
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(Woltring (1973)), however currently available LED's cannot produce this
sort of incident power at the ranges of interest in locomotion studies. The
duration of the incident light pulse olso affects the signal to noise ratio due
to the time constant of the sensor, so that Laser LED's of high power but
rather short duration (200 NS = | uS) are not particularly suitable. However
a resolution of better than |0-'3 is claimed with currently available LED's over
a range of 6 m within a cube of 3 m sides, at a sampling frequency of over
200 Hz for up to 30 LED's (Selcom (1975)). Three dimensional measurements
can be obtained by using two sensors, and there is also the possibility of using
extra sensors positioned so as to pick up light sources that may occasionally be
obscured to the main sensor. The SELSPOT system has the advantage that
output signals are obtained for individual markers and there are therefore no
co-ordinate/marker identification problems; also the resolution and sampling
frequency specifications of the system are good, provided LED's of sufficient
power are available. The disadvantages of this type of system are the necessity
for active light sources to be mounted on the body, the need for switching
circuits, and the consequent requirement of power supply all of which would
have to be attached to the subject if trailing leads are to be avolded. The
light sources used only have a narrow solid angle of radiation and hence some
kind of lens has to be used with a consequent reduction in radiant power. The
mounting of the light sources could prove difficult on some anatomical landmarks
(porticularly over joints if the light source is strapped onto the subject).

A similar system to SELSPOT, using the same detector, has been reported
by Woltring (1974). The positions of three LED's can be sampled at 300 Hz
with this system, However at present the resolution is rather poor - | in 400
with the LED | m from the camera, becoming less as the LED is moved further
away. This system Is still In the experimental stage and it is hoped to improve
the resolution by a factor of four for distances up to 3 m,

Another opto-electronic measurement system is being developed by Mitchelson
(1974, 1975). This system, colled CODA (Cartesian Optoelectronic Dynamic
Anthropometer) uses on array of silicon photodetectors in front of which s

placed an encoded optical mask, Figure 1.15. Cylindrical optics are used to

focus point sources of light into a line image onto this array. The component
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of movement of the point source that is at right ongles to the orientation of
the line image causes a corresponding shift of the line image across the focal
plane. The first seven rows of detectors are behind the digitally encoded
portion of the optical mask, and a direct digital readout of the pesition of
the line image is thus obtained (7 bits). Further resolution of the position is
obtained by using the analogue vernier part of the opiical mask. The analogue
vernier consists of 4 rows of 64 transparent wedges, the pattern of wedges being
advanced by 1/4 of the interval between wedges for each row. As the line
image moves across the wedge the amount of iight falling onto the photodeiectors
is linearly proportionate to the position of the image on the wedge. However,
the width of the line image may be as much as % the base width of a wedge
so the linear relationship only holds good in the central half of the wedge.
Due to the staggered arrangement of the 4 rows the line image can only fall
in the linear part of a wedge on cne row at a time. The system can select
the row in which there is a linear response, which therefore provides 2 further
bits of resolvﬁon (I out of 4 rows). The analogue output of the ss!ected row
is then dlglhsed and a further 6 bits of resolution is claimed. The seven hits
from the digitally encoded portion of the mask together with the two bits from
the row selection and the remaining 6 bits obtained from the cnologue cutput
gives' a total of |5 bits re‘sbl’dﬁon. One bit is lost in order to avcid ambiguous
or erroneous rﬁafching of thebﬁfputs from the digital and onalogue parts of the
sysferﬁ. Two more bits are lost in the arithmetic processing necessary to derive
parollcx free three dlmensioncl co-ordinates. A final output resolution for the
lnsfrument of 12 bits or | part in 4096 is the design ;pecif?cafion. The broad
frmnspcl_l"’entw pcrﬂéﬁ of fhe op’t‘i‘col 'kn‘!.ask provides o reference signal which allows
corrections to be made for ‘fluétuéﬁons in the Intensity of the light sources.
Three dimens!oncﬂ co-ordinates are obtalned by using three cameras. One
of fhe ‘cameras ls orienfed so that lf Is sensitive only to the verticol components
of dlsplocemenf, the other two cameras are both oriented to be sensitive to the
horizontal components of movemenf. These two cameras are separated by a
known base Iengfh and therefore stereo-photography principles con be applied
to derive the "deprh" component of position. Corrections for the effects of

parallax can also be made. As in the SELSPOT system LED's are used to
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provide the light source, but due to the faster response of the sensors used

it has been possible to use the higher power Laser LED's. Ecch light source
is switched on in turn to give a light flosh of approximately 200 nS duration,
90 uS is then required to derive the co-ordinates of the light source; and
so with a total of 10 light sources (morkers) a sampling frequency or repetition
rate of | KHz can be attained (although Mitchelson appears to be limiting
the system to 8 sources).

Mitchelson states that the resolution of the system is timiied by the signal
to noise ratio af the sensors. With the laser light scusice 2 m from the camera
this is stated to be 33 to I; which gives an overall resolution of better than
| in 4,000 (when the resolution of the digital part of the system is also
considered). The signal level from the LED at the sensor follows the inverse
square law so there is a corresponding decrease in resolution with increasing
distance from the camera. Table l.| shows the effect of this on the resolving
power of the system. The "width of overlag" columns give the amount by
which the fields of view of thc eutside cameras overiap and hence the working
dimensions of the system. With this system the subject would walk towards
the cameras, so the minimum overlap required to ensure that lateral movements
would be observed would be 0.75 m. If the recording of motion is started
when the subject is 7 m from the camera then two and possibly thre: strides
would be accommodated, and the resolution would vary from 10 mm to 0.5 mm,
At the present stage of development of thls system there is a systematic error
of | part In 400 due to the imprecision of the vernier (wedge) part of the
optical mask., This error Is compounded when calculating the parallax free
co-ordinates of the light source and Mitchelson (1974) quotes errors in
horlzontal and vertical co-ordinates of | part in 130, and of | part in 200
for the depth co-ordinate,

The overall accuracy of this system must also depend on the accuracy
with which the constants of 1) base length between the outside cameras, 2)
focal length and 3) width of the focal plane can be set up, These constants
are used in the analogue computation of the parallax free co-ordinates and

are represented by preset constant voltages or currents. Any inaccuracy in

/



Distance Field of view | Overiap for; Ovearlap for
from of base base Resolving
camera Resolution! | camera =, 5m =l m power
m m m m mm
2.0 1:4000 o 0.5 0 0.25
2.5 - 1:2500 1.25 0.75 0.25 0.5
3.0 1:1800 .5 {.0 0.5 , 0.85
3.5 {:1300 1.75 .25 0.75 /.3
4.0 {:1000 2.0 I.5 1.0 2.0
5.0 1:640 2.5 2.0 1.5 4,0
6.0 1:450 3.0 2.5 2.0 7.0
7.0 1:330 3.5 3.0 2.5 10.0

Table 1.1,
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setting up these constants will offecf the overall cccuracy. Pracise alignmant
of the sensor with the optical system is required, und also the camera must
be oriented precisely to the external measurement axis. Mitchelson suggests
that improvements in the precision of the optical mask and more efficient
diffusion of the light from the laser landmarks will allow the design specification
of a resolution of | part in 4,000 to be reached.

These optoelectronic methods are mostly still at the development stage.
If the design speclhcaﬁon of some of them are attained then they will provide
‘powerful mecsuring systems. However it seems most likely that the range over
which -maovemepf’ccn be monitored will be restricted by the power and angle
of radiation of available light sources. To monitor the movement of more than
oneylight source it is necessary to use active light sources which will obviously
require a power supply. Switching of the light sources will require control

ccbles to Be attached to the subject, or a telemetry link,

1.3.3 Contacting Methods
ng_\’ ‘gmte . The electrogoniometer as used by Karpovich (1959) is

a very slmpie cmd cheap instrument; . basically it consists of a precision

potentiomeh' fixed to a support bracket with the spindle of the potentiometer
ﬂxacf fé‘:o' the svpporf bmckef Relaﬂve moﬂon between the support brackets
rofqﬁs Ob" _‘pgt nflometer sp!ndle md hence varies ‘the resistance in direct

“to mgﬁ betwaen the brockets. By sultably attaching the brackets

on etther o ry"einf rekcﬂve moﬂon can be measured. Johnston (1969)
used gonlometers to measure saggital, coronal and transverse rotations about the
hip joint; the same device was used by Kettelkamp (1970) to obtain similar
measurements about the knee joint., The device consisted simply of a linkage
in which the fhr‘e_ev rotations were indiyidually transmitted to three goniometers;
obviously, the measurements obtained were of the rotations of the linkage which
is not the exact centre of the joint, Corrections were made for this but errors
arlsing from movement of the goniometer assembly due to relative motion of

the soft tissues with respect to the skeleton could not be accounted for.

Lamoreux (1971) designed an exoskeleton which was ottached to the lower

limb, Figure 1.16. The exoskeleton at the hip provided an external analogue



Figure [.16. Front and side view of Lamoreux's "exoskeleton". (From
Lamoreux (1971)).
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of the hip joint which, after careful alignment, could have its effective

centre at the centre of the hip joint. The three joirts of this analogue

were instrumented with potentiometers to measure the relative rotations.
Parallelogram linkages were used to measure the relutive rotations at the

knee and ankle. These linkages will transmit two of the three components

of an arbitrary rotation in three dimensions and absorb the third, Lomoreux
states that precise alignment of these linkeges is not necessary and that the
axes of measurement are the axes of the exoskeletal joini between which the
parallelogram linkages are attached. To measure the three compenents of
rotation two linkages are required; with Lamoreux's system simuliansous
measurement of the three components can be made at the ankle kut not at the
knee, Measurements obtalned via the exoskeleton were made while the subject
walked on a treadmill. The physical attachment of the exoskeleton (fotal
weight approx. 6 lbs) and the use of the treadmill, must cendition the subject's
gait.

A potentiometer instrumented !inkage system was used by Kinzal (1972,
1972b) to measure the total motion between two body segments. His linkage had
six degrees of freedom and he could therefore measure the three rotations and
three translatfons which completely describe the motion ot a joint. By making
separate measurements of the joint surfaces Kinzel was able to study the relative
motion between the joint surfaces. The end points of the linkcg: svsiem were
securely mounted on pins which had been inserted into the bone. This system
was used to study the scapula-humerus ioin‘f In Alsotian dogs, walking on a
treadmill. The measurements obtained were able to show the path by which
the scapula moves over tﬁe"hur.herdl? Head, the percentage of the time spent
by the scapula af different Iccoﬁvbhs' on the humeral head, and the apparent
areas of contact. To 'c;pp'fly the system to measurement of human joint motion
would 'fé‘cj‘utré a non-invasive method of attaching the linkage to the subject,
and @ non-rvosive method of méasuring the jolnt surfaces. Both of these
reqvi;!remenfs would limit the accuracy of measurement considerably.

Tochogrogh.‘ This is another inexpensive form of Instrumentation, which,

In its simplest form, consists of a D.C. generator which is driven by a string



attached to the subject., The output voltage of the generator varies with

the velocity of the attachment point of the string on the body. Drillis (198)
used the method to record the horizontal velocity of the trunk. Ganguli (1973)
claimed that the system was suitable for use in a clinical situation. With

his systemb the string was located in horizontal pulleys which were mounted

on shafts extending between floor and ceiling, a bearing being provided at
each end of the shaft. Four such pulleys were arranged at the corners of a
rectangle with the string in a loop around them. The drive to the D.C.
generator was taken from another pulley on one of the shafts. The string was
attached to the side of the subject in the region of the iliac crest of the
pelvis; the height of the string being adjusted by the position of the pulleys
on the shafts. This arrangement would mean that the recorded velocities would
be offected by transverse rotations of the pelvis, and would therefore not be «
true measure of the motion of the centre of gravity of the subject. Ganguli
evaluated the data by taking the ratio of the first perfod to the second paried
of the "centre of gravity" curve (the fundumental frequency of this curve

being twice that of the gait cycle frequency). He claimed that this ratio would
be independent of all factors except the symmetry of gait.

Molen (1972) used similar principles to measure the instantaneous velocity
of the centre of gravity of the body. Magnetic tape prerecorded with pulses
at a fised frequency and'constant tape speed was attached to the subject at
front and rear at the level of the centre of gravity. The tope was then looped
round guides and passed over a tape read head; vibration damping was incor-
porated into this path and the height of the tape read head was adjustable
to suit the subject.  As the subject moved the output frequency of the pre-
recorded pulses was proportional -to the instantaneous velocity of the tape
passing over thé read head. A frequency to D.C. converter was used fo give
a proportiondl cutput voltage. |

" These methods are inexpenslve, but the Information that they give is very
limited. They may show, for instance, an assymmetry in the gait, but it is

most unlikely that they will indicate the cause of the assymmetry.
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Accelerometers. The technique of mecsuring ccceieration directly with

accelerometers was used during the University of Colifornia's fundamental
studies of locomotion. (University of California (1947)). In the report by
Eberhart (1951) on the experimental procedures used in these studics, the
data provided by accelerometers was stated to be "inferior" to that obtained
by using cine film techniques, but this was most likely due to the type of
device available at the time. The vertical and fore- and - aft accelerations
of the trunk together with the angular accelerations cf the shank were measured
directly using accelerometers by Gage (1964). Harmonic analyses were made
of the resulting data ond comparisons were made hetween normal and amputee
gait. The degree of symmetry of gait in the normal was clearly shown by the
dominance of the even harmonics; the odd harmonic values in the amputee
gait being consistently higher, showing the more pronounced assymmetry of
their gait. Gage stated that certain gait defects showed up as specific ab-
normalities in the harmonic analysis, although combinations of defects were
difficult to interpret from the frequency spectra. No attempts to derive
velocity and displacement data from the accelerometer recordings were reported
by Gage. Accelerometers were used to verify the procedures by which acceler-
ations were derived from displacement/time data by Hunt (1965). Measurements
were made from accelerometers mounted on the shank of the subject and the
results obtained.showed general agreement with data dgrived from cine film
recording. . .

Smidt (1971) followed up suggestions made by Gage (1964) and studied the

effect of "i

nduced” abnormalities - by immobilizing certain joints. He used
three. orthogonally. mounted accelerometers placed on the body close to the
centre of gravity. Data was recorded over 4-6 strides and fcot switches were
used to determine. heel strike, foot flat, and toe off. Again, a Fourier analysis
was parfg;meﬁ{ié;oggV,;fjbé;gcce:lqraﬁgq curves of the fore-aft and vertical - thé
lateral ugcq!grqtions..warg not particularly cyclic and hence not suitable for
Fourfer analysis, Smidt quantified the "smoothness" of the gait by taking the
ratio of the sum of the even harmonic coefficients to the sum of the odd
harmonic coefficients. A high harmeonic ratlo indicating a smooth acceleration

curve. Smidt stated that the harmonic ratio could discriminate between the



"induced" abnormal gaits.

The total movement of the shank (with the ore exception of the
transverse rotation) was studied by Morris (1973} using five acceleromeiers
mounted on a perspex platform. Morris suggests thot the inferior results
obtained by earlier .invesﬁgofions using accelerometers was due to the use of
unsuitable transducers. Strain-gauge accelerometers which deform elastically
due to inertial force were used by Morris and stated to be the most suiteble
type. The signals from the accelerometers were recorded on a nortable tape
recorder carried by the subject or passed by a lightweight cable to a fixed
recorder. The recorded data wos processed on a small digital computer which
allowed the use of interactive programmes., The operator selected one cycle
of the data by setting cursors on a visual display of the data to mark the
beginning and end points. This portion of data was then filtered to remove
drift and to set a lower frequency limit to the signal pass band. Further
processing cbtained angular velocity, direction cosine, translational acceleraiion,
velocity and position data. The system developed by Morris has the advantage
that it con be used outside of a specialist laboratory, with little discomfort to
the subject who moy wear normal clothing. However, the system has so far
only been developed for use on the shank. Attaching accelerometers to the
thigh, for lnstoncef,f‘will be difficult because of tissue movement; the site
chosen on the shonk was relatively free of such problems.

- The use of accelerometers always requires some kind of physical attachment
to the subject, and some kind of link to a recording device. Studies have
been limited to one or two segments, and no Investigator has attempted to

incorporate ground reaction Into the analysis, as far as Is known,

1.3.4 Other Techniques.
' . Cine radiographic: techniques have been suggested as a method of galt

.

analysis (Eberhart (1951)). The equipment necessary is not only costly but it is
also limited In its scope. The depth of fleld Is restricted, and the width of
the field of view is somewhat narrow. The only recorded use of such equipment

for locomotion analysis Is by Jenkins (1972); however, this study was of the



gait of chimpanzees. Recordings of the gait were made at 50 fromes per
second while the animal walked on o treadmill. The field of view was
only 25,4 e¢m, which meant that the separate sequences had to be recorded
for each joint. The data was quantified by measuring joint angles from the
film, and the results were compared with the gait of man. The use of cine
radiographic equipment is probably not worthwhile, because of the above
mentioned restrictions and because manual reduction of the data is still
required. It may, however, be useful to obtain data of the movement of
marked positions on the skin with respect to cnotomical skeletal landmarks.
A novel technique to measure the velocity of a point on the body was
developed by Nadler (1958). A sound source (at 20 KHz) was attached to
the point on the body to be measured and three microphones with their
directional axes orthogonal were set up to receive the sound. Because of
the Doppler effect the frequency of the sound received by the stationary
microphones varled proportionally to the velocity of the sound source. This
frequency variotion was measured and hence the instantaneous velocity of the
source would be described in three-dimensions by the signals from the micro~
phones. More than one sound source could be used by choosing different
source frequencies. The method has been used to study hand motion (Kattan
(1969), but has, so far, not been used for locomotion analysis. There are
problems In using the f’eéhnique because of reflections of the sound from the

surroundings, and shielding of the sound by the body.

1.4 Television Systems

~ Several systems based on television, for the measurement of movement,
have been !nd’epénaée‘hﬂy‘dwe‘bped;" All of the systems use the same basic
principle to” obtath ‘the spatlal co-ordindtes Tn one plane of a detectable
point or area within the fleld of view of the camera. This principle is that
one co-ordi‘notemcy be obtatned by reference to the television rastor line
on which the polnfls detected and the other co-ordinate may be obtained
from Tts position on this line. Sampling of the position of o detectable point

in time is obtained by the sequential scanning actlon of the television camera.
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Furnee (1967) reported the development of a television-computer system
to measure arm movements, A detailed description of the method may be
found in Steilberg (1968), a review will be given here. The television
standards used were the 625 line, 50 fields/sec British system (for more
information on television standards see appendix Al)., A 3.995 MHz crystal
conirolled clock was used to count intervols along a line giving, in é4 uS,
256 intervals., 8 uS of this was taken up by the line flyback period which
meant that the active line time was divided into 226 intervals {the x-co-ordinate
counter). For the y-co-ordinate an 8 Lit counter was used which allowed 256
scanning lines to be counted, the remaining scanning lines were bianked off.
Small electric lamps were used to pinpoint landmarks on the arm, the normal
scene illumination and the camera settings were adjusted so thai the light from
the lamps gave the highest level in the video signal. A simple threshold
detector was used which was set to give a constant duration output pulse
whenever the video signal reached the level caused by the lamps. On receipt
of this pulse the contents of the x and y counters were instantaneously stored
in a buffer register. As the light from the lamp covered more than one TV
line it wos arranged that only the detector pulse reccived on the first line
would cause readout of the counter contents. In the version of the system
reported by Steilberg (1968) the co-ordinates contained in the bufier register
were immediately transferred to the computer memory on a cycle stealing
basis, deiﬁ'g' this transfer period no further marker co-ordinates could be
registeréd. ‘However as the system used a direct memory access method to
transfer the data this period would have been of the order of microseconds
(T.e. vefy much less than the duration” of one line - probably cbout 4 uS).
Later versions of the system incorporated a 16 word buffer memory for each
co-ordinate, ‘and” the' contents of ‘this memory were transferred to the computer
or to a digital tape recorder during the field blanking period (Ingen Schenau
(1973)). The sequenndl scanning action of a television comera means that
the ‘positions of the lamps are not all sampled at the same instant, To provide
simbltdnéous'é&rﬁﬁling of the lamp positions the Dutch group introduced a

synchronous ‘shutter into the system, Ingen Schenou (1973) and Stokrom (1973).



This shutter rotated 50 times/sec and a window in the shutter exposed the
field of view to the television camera for 2 mS; syrchronising circuils
ensured that the exposure was made during the field blarking period. Tha
light pattern stored on the camera signal plate was then scanned in the normal
way.

Methods for identifying the lamps from the co-ordinates are discussed in
Ingen Schenau (1973); also various computer programs to filter the resulting
data are presented. Non-linearities due to the camera are corrected by
formula, found experimentally - the linearity of y wos shown to be independent
of the linearity of x. Scaling of the data was done by reference to the
co-ordinates (corrected for non-linearity) of 3 points arranged in o triangle.
The number of lamps that could be used to mark anatomical landmarks was
limited to 5 (in the buffer memory version some locations must be reserved for
pick up of spurious signals). So far only one camera has been used, so only
movements in two dimensions have been studied. Most of the work done by
the Dutch group has been in the study of arm movements, Stokrom (1973),
Ingen Schenau (1973). Some locorniotion studies have been made, but the
resulfs have not been reported other than on the locomotion of cats, Furnee

974) No ottempt hus so fur been made to Incorporate measurements of
externqi forces. -

A mlevlslon sysfem fo measure three dimensional co-ordmofes was developed
by Waas (1969) Two television camercs were used to provide two planar views
of electric Iamps placed on anatom!ccl landmarks of the subject. Up to 4
|amps could be used and it was necessary to place them in positions where
they would olwoys be In view of the two orthogonolly positioned cameros.
Dugitul counters were used to prcv!de the co-ordmafes, similar to the Dutch
sysfem.‘ On detecﬁon of a |ump signal in the video the confents of the
co-ordinate counters were read out and stored on magnetic tape, This transfer
operclﬁon !usfed for 9 full scan l!nes (570 #S) and no further detection of
marker signals could take ploce durlng this time. The system was designed so
that the second camera only gave one co-ordinate, the Z co-ordinate.
Obviously the time r'equi.réd' to transfer co-ordinates to magnetic tape placed

a severe restriction on the :sysrem.;” Markers had to be arranged so that at
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no time in the gait cycle did they come within 9 scan lines of cach other.
It is understood that this system is no longer in use.

A computer interface for television has been developed by Dinn (120).
This is a general purpose digital system which performs an analogue to digital
conversion of the television video signal. The standard Amarican television
system is used (525 lines, 60 fields/sec.) and the sampled crea of each field
can be varied from a single point up to a 256 x 256 window, with the haight
and width of the window independently varioble. The sysiem could be set
to sample every television line or every 2nd, 3rd, 5th, 8th or 12th line, with
corresponding sampling intervals along the line. The amplitude quaniisation
of the video signal conversion could be set to 1, 2, 3, 4 or § bits (i.e. 2-32
levels of brightness). The interface could also be set up to sample every
television field, every second field etc. up to every 64th field. The word
length of the resulting digital data was also varicble and could be set to {2,
16, 20, 24 cr 32 bits, which gives a wide range of compatibility for different
computers. The object of this system was to provide a gereral purpose facitity
which could convert television images into a digital equivalent which could
th.en be processed by a digital computer.

Extensive use of this Interface has been made in studies of human locomotion
at Shriners Hospital for crippled children in Winnipeg., The experimenta! set
up Is described in Winter (1972), and shown in Figure 1.17. The interface is
set to give one bit amplitude resolution (i.e. efther bright or dark) and a
sampling matrix of 96 points by 96 points for each fleld. Comparatively large
reflective markers are used to Indicate various landmarks on the limb, Winter
shows that by using such large markers a more occurate estimation of the spatial
co-ordinates of the centre of the marker can be made - a minimum of 10 sample
points lie within the marker area of the video signal, and a spatial resolution
of | mm is quoted. In order to use the comparatively coarse sample matrix it
is necessary that the field of view of the camera only covers a small area.
This restriction In turn makes it necessary to "track" the subject with the camera,
An operator pushes the trolley mounted camera along a rail ‘keeping the walking

subject in view of the camera at all times. The spatial reference of the




Figure 1.17. Experimental set up of the television system in use in Winnipeg.
(From Winter (1972)).



instantaneous camera position is obtained from large markers placed at known
intervals in the bockground, one such marker always being within sight of

the camera. These background markers are larger than the body markersand

so can be identified in the resulting digital data. Even the restricted sample
matrix of 96 x 96 for each television field results in a very high data rate

of over 20,000 words/sec (assuming that the one bit analogue conversion is
packed into 24 bit words for transfer to the computer). Concequently fairly
large computers have to be used, in the Winnipeg case a CGC [7CC. The
television signal is recorded on a video tape recorder for laic: digital conversion,
after converslon computer programs calculate the cbsolute co-ordinates of the
centre of the body markers with reference to the backgreund markzes, Corrections
being made for the parallax error introduced by the position of the background
markers beihg some distance behind the plane of walking.

A kinematic study of normal locomotion using this system is preécnred in
Winter (1974). From co-ordinate data for 3 to 4 strides fundamental kinamulic
information was calculated including - x, y trajectory plofs, piots of vertical
co-ordinate against ﬁme,'velociﬂes of markers, acceleration, joint angles ard
angular velocities and accelerations. The comparative ease with which the
data 'foi\ ’{fheséﬂ'calt.‘tﬂd\tif;;;wés co!lecfedﬂdemonsfrotes fhe power of the Winnipeg
sysiem. However af this stuge “only two-dimensional measurements con bs made
and the prob‘ems of infroducmg an additional camera to the system hovo yet
to be overcoms. No roraﬂng shutter Is used in the system. The reason for
fhis’iséin:g’ff\ati in normal locomohcn the verhcal position of fhe markers only
varles over a small porf of fhe television scan and therefore the time between
samples is virfuaﬂy constant. OF course fhere Is a lag beMeen the sample
instant for & marker at the fop of the scan and a marker at the bottom of the
scan; bur fhis cculd be correcfed as the time relationship between the fwo
pos!ﬁons s f’ xed Ey the scanmng ‘rate, which is known.

On Tine use of a PDP II/!O mmi-compufer was made by Cheng (1974)
to obtain” co-ordfnotes of markers from a felevision camera. This system is
quﬁ'e s!mllur, 1n some ways, to the’ Dufch system, 8 bit counters are used

for the horizontal and verﬁcal co-ordinates. The horlzontal counfer s clocked




at a frequency of 4.55 MHz, and reset by the line blanking pulses (using

the American stondard television system), which gives 241 horizontal intervals.
The vertical counter is clocked by the line blanking pulses and reset by field
blanking pulses, giving a count of up to 246. A simple threshold circuit is
used to detect the presence of o marker signal in the video (either reflective
markers or light sources are used), and on receipt of a marker pulse the contents
of the horizontal and vertical counter are stored in a buffer register. At the
same time a program detectable flag is set so that the contents of the buffer
may be transferred under program control to the computer memory. On transfer
the computer checks the data to see if it is "noise" (caused by the interface
at the beginning of each field). If the data is not "noise" then it is compared
with previous data to see if it Is caused by a marker being detected on several
lines. If the data is o new set of co-ordinates then it is stored for later
output onto paper tape. Another program detectable flag indicates the end

of a television fleld. During this programmed transfer and evaluation the
interface . is prevented from detecting further markers. The computer progrum
written to process the interface data would, in the worst case, inhibit further
co-ordinate generation for 117 uS (best case time would be 74 uS). Thie
limits the system to detecting a maximum of one marker on any line, which
effectively prevents markers being placed at the same vertical position cn the
body (such as markes on the pelvis for the frontal view). This could be improved,
by resetting the "ready" flag immediately ofter the interface data has been
stored, to a worst case time of 34 .S (best cose 25 uS). However this is
still an unacceptable limitation (greater than half of the television line would
have. been scanned In this time). No corrections are made for non linearity
 of the camera system and, Lecause the system only operates in two-dimensions,
corrections cannot be made for parallax errors.

All of the systems reported, ond still in use, can collect data for two-
dimensional movements. At present none of the systems are operating in
three~dimensions, and only the Winnipeg system Incorporates other measuring.
factlities (EMG data). The Winnipeg system requires that the camera is moved
with the subject, but this does give falrly high resolution. However a fairly



large . computer is required to derive the basic data, and it is unlikely that
results could be viewed in the laboratory within a short time of the test,

The results from Winnipeg have indicated the feasibility of using television to
obtain useful displacement/time data. The Dutch system and that of Cheng
have very much lower data rates but they do not make full use of the
available resolution of a television camera; and the methods of data transfer

to bulk storage limit the marker configuration that can be used.
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2.1 Introduction

The television camera is a sequentlal scanning device which converts

a light pattern focussed onto a target plate into on analogue electrical signal
the amplitude of which is propbrtiona! to the amount of light falling on the
target. The time co-ordinate of this waveform is related to position on the
target. With the British 625 line system the target is scanned from top to
bottom by 292 lines every 20 mS; as a line is scanned the charge pattern
on the target, corresponding to the light pattern, is substantially removed
and a fresh charge pattern may be built up. The charge pattern will be
retained on the target for some time until it is scanned. Unless some means
of controlling the exposure of the camera target is used the trajectory, between
samples, of a movement will be stored on the target (smear effect). This
exposure may be controlled by using a rotating synchronous shutter (Ingen
Schenau {1973)); although it is quite possible to compute the average position
of o moving point between sample instants from the trajectory and dispense
with the need for exposure control. The resolution of the television camera
ts | part in 292 in the vertical scan ond | part In 1000 in the horizontal scon.
The spatial resolution is; therefore, 0.34% and 0.1%. The sampling frequency
of British television sysfems Is 50 Hz; which, according to Winter's studies
(Winter (1974)) , -should be ‘sufficient for locomotlon studies. The basic principles
and parameters of televiston ‘are further discussed In Appendix Al,
2.2 Detection of the Segment

" For the purposes of locomotion analysis it is necessary to find the spatlal

co-ordindtes ‘of deflned points on the skeleton. This requirement preciudes the
posstbility of ‘defacting the outline of a 1imb and then deriving the co-ordinates
of that part of ‘the skeleton. The outline of the limb has a certain degree of
mobility-with" respect to the skeleton; also it would have to be assumed that
the bone was*placed centrally in the limb tissues so that rotation of the limb
"had no efféct on’ the relative posilon of the bone and outline as the television
camera is-o ‘two. dimenslonal detector. A further objection to this method is
the high dato rate that would be required to define the outline, With the

‘television camera: fleld .of view concentrated on, say, one lower Iimb o data
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rate in excess of 30,000 words/sec. would be required. It would not be
possible to measure rofations of the limb and there would be problems in
detecting the outline when other body parts formed the background. Although
the method is attractive in that it would require no atiachments of any sort
on the subject, It is impractical for the reasons outlined above. Methods of

marking anatomical landmarks were, therefore, considered.

2.3 Markers
Anatomical landmarks may be indicated with active or passive light

sources. Light emitting diodes (LED's) have been used as light sources in
various opto-electronic systems (Selcom (1975), Mitchelson (1974), Cheng (1974)).
With this type of source it is necessary to use a diffuser over the source in
order to obtain radiation of light in as wide a solid angle as possible, because
the LED normally has Its maximum intensity of radiation in one main direction,
Without o diffuser it would be necessary for the source to be always pointing
at the camera, clearly this condition could not be met when marking a point
on the limb, due to rotations, Using a diffuser reduces the already restricted
optical power of :.th,e.L;ED. ~ Peak power can only be obtained when the LED
is pulsed ~ up toa point the shorter the duration of the pulse, and the lower
the repetition rate (duty cycle), thek;higher the optical power that can be
obtained, To be able to detect short duration light pulses a camero target
having o fast-response would Ba\«pato be usad, which is costly., The highest
power, currently available, LED's emit light in the Infrared region; this has
the .advantage that the light Is not vislble and will, therefore, not distract the
subject. Also sambient Illumination which does not emit in the infrared region
" can be arranged (Fluorescent Hghting for example,) and optical filters may be
used to ensure that peak signals from the camera target are only caused by
infrared sources, L e

- “Incandescent light bulbs can provide ‘much higher tnte;'tstty levels, with
a much ‘greater solid angle ‘of radiation than LED's; but they tend to be
bulkter and, of course, the light is visible and may distract the subject. All
active light sources require a power supply. This may be provided by small .



individual batteries for each source, or a central powar supply carried by
the subject. If the higher power of LED's, obtained by pulsing them, is
to be used then a pulsing circuit and a means of synchronisation with the
television scan would be required. Inevitably, with active light sources,
there will be connecting leads and also some reasonably firm method of fixing
the source to the skin would be required.

Passive markers require no power supply or connecting lecds, and are
easily attached to the skin, with no restriction of the subject's movements.
. Several ‘mqteriqls were considered from which to form markers, these included
polished metallic surfaces,white paper, retro-reflective tape and coloured
versions of these. The materials were compared by placing 5 mm diometer
somples of each onto a plywood board (which effectively simulated skin tones)
and observing the level of the video signal caused by each under the same
lighting: ¢onditions. Retro-reflective tape gave by far the best response and

was selected :as the most svitable moarker materlal.

2,3.1 Response of Retro~Reflective Tape

The retro-reflecnve tape used was 3 M's “Scotchhte" (see Appendix A4
for choracferlshcs) This material Is a plcsﬂc sheeting containing extremely
smail spherical gloss Ienses which are umformly bonded at their equaiors. The
optical glass lenses funcﬂon as micrqscopic spher:col mirrors which focus and
return (refro-reflect) mcoming hght roys directly back to the light source.

The sheeting has o' preﬁswé sensuﬂve adhesive on the reverse side which is
covered with d remavable paper finer. To obtain the maximum response from
this mafertol “in e felev‘fslon video slgnal, the Ilghﬂng must be positioned
" as close as possible’ ¥ ‘the ‘camerd lens.

With two Malham SE 23 lamps fitted with tungsten halogen 500W bulbs,
one on each side of the camera Iens, and a camera field of view of 2.5 m
“the fo"ow!ng tesults were obtalned:= 1) the video level of the marker was 90%
higher than the level of skin foneés 2) the leve! of signal was within 5% of
Tts peck over ‘the entire fleld of view 3) rotations of the marker of up to 30°

resulted Tn'a change of video level of no more than 5%. These results were

featio
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obtained using a marker of 5 mm diameter and a television camera with a
plumbicon tube. Normal room lighting was left on dbring these tests as it
was considered undesirable to use markers which would require low levels of
background illumination.

On the basis of these results it was decided thot passive markers of retro-
reflective tape would be used instead of active light sources, thereby eliminat-

ing the need for power supplies and connecting wires on the subject.

2,3,2 Size of Marker
The size of marker will depend on the type of system evolved. However

the minimum size of marker Is defined by the television camera parameters

ond the dimensions of the fleld of view. To be sure that the marker Is detected
in the video signal it must be large enough to cover at least two scan lines
sufficiently to provide a detectable signal on each. The diameter, D, of a

marker to meet these requirements is given by:-

p = J W.Hn? + (.o

where Hr = horlzontal resolution of camera
‘Vr = vertical resolution of camera

W = wlidth of field of view covered by horizontal scan

T =x
i

height of fleld of view covered by vertical scan.

For a television camera with a horizontal resolution of | In 1,000, and.
a vertical resolution of 1 In 292 covering a fleld of view of 2.5 m x 1.8 m
a marker dlameter of 7 mm would be required. A smaller marker could still

be detegfed, olthodgh it would not glve as high a signal level,

2.3.3 Marker Shape
The basic shape of a marker which is used to indicate a point on the

body should be circular, so that permitted changes in orientation of the marker
with respect to the camera axes do not change its effective shape. If it Is
~ desired to detect the same marker at two cameros whose axes are at right

angles to each other (as In the case for 3~dimensional measurements) then the



marker should be spherical.

2.3.4 Marker Discrimination

The response obtained from retro-reflective tope is so good that oll that
is required to detect a marker signal in the video is a simple threshold detector.
However an alternative method was considered which could be worth using in
a "noisy" situation. This method uses patterned markers and o hardware pottern
recognition system (Jarrett (1973)). A very simple pattern recognition system
for the marker of Figure 2.lais shown in Figure 2.lc. When the vidco wave-
form, shown in Figure 2.lb, regches a lower threshold level an enabling pulse
of duration T sec is triggered off, if at any time during this psriod the upper
threshold limit is crossed the "marker detected" pulse is generated, as stiown
in the timing diagram of Figure 2.l1d. This idea can be extended to more

complicated patterns, which would reduce the risk of a pattern being generated

&0

by noise and also would eliminate the "smearing" effect of the television ccnera.

An example of this is shown in Figure 2.2, This design of marker would
eliminate the smear effect because the pattern would only be picked up at the
end of the marker trajectory during each sample period.

In the laboratory conditions used it was not found necessary to resort to
patiern recognition techniques for marker discrimination, A simple threshold
deteéfds; ;:s sl;owr;'.l’ﬁ' Figure 2. 3 was used and found to be reliable. A more
sophisticated threshold detecfor which oufomahcolly adjusted its comparison
threshold to be o cerfah\ pfoportlon of the peak signal received was developed
_from a basic desfgn by Texus Instruments (1974) by B. Andrews. The basic
prlnciple of operation for this defecfor is shown in Figure 2.4. The advantage
" of this type of threshold detactor is that any varlation in signal level from the
marker Is automatically compensated for. The circuit for this detector is shown
in Figure 2.5,
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shown gbove.



upper threshold f—\

lower threshold | \U 4

N\

Video waveform

Iowe; threshold S

‘upper threshold

_Monostable T

"“;I\Adlfkel’{;ieteicted' - S
pulse t

.Figuré 2.ld Video j\}}avefdrm qf i;ﬁti;érned marker and timing dicgram
for the logic of Figure 2.lc.



€3

AI

upper threshold N\ /\

noise pulsz

lower threshold \ ' |

AW

lower threshold

upper threshold

Monostable Tj  ——d L.J

&Monoistablvev‘ T2 .

Mondstdgf:l.ﬁi_' Tq
marker detected
pulse : '

video lower :
threshold 1

upper
threshold

K Mono maY r Mono
T2 _I-D‘ Ts

-
Marker

detected

Figure 2,2, Pattern recogﬁﬁiuéﬁgy‘sﬁﬂem to eliminate “smear effect" of the
television camera, The patterned marker and its video waveform
are shown together with the decoding logic and a timing diagram.



64

vPecnk

Video in o §

>—0— Detected
signal out
Figure 2.4. Video digitising circuit with automatic
trigger level (From Texas Instruments (1974)).
- 22 4F 10 K£
Video in I AANA—>
"
: 1710 Detected
sacnS ZS P signal out

Za-

10 Ke |

+ 12V e AAAA——— AN,
Kn
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““detection.
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3.1 Introduction

The currently functioning television/computer systems for !ocomotion
analysis are all limited in several respects. This interface was designed to
overcome most of these limitations and provide a certain degree of flexibility
in its mode of operation. The acquisition of kinematic data is but one of the
requirements for locomotion analysis. In a few cases it may be the only
requirement, however a complete analysis would include measurements of other
parameters, such as external forces.

The requirements to be met by the interface were as follows:= 1) to be
capable of measurement in three dimensions; 2) the ability to provide the
co-ordinates of more than one marker on any single television scan line;

3) that the number of co-ordinates collected during one television field is
limited by the computer and other considerations, not by the interface; 4) to
allow extension of the system without loss of performence; 5) to provide a
system of calibration; &) to allow simultaneous and synchronous operation with
other data acquisition systems; 7) to be simple to operate and maintain.

‘Any system which uses a small computer, such as a PDP 12, must hove
a restricted data rate.  The method used by Winter (1972), in which the whole
video signal' is converted into a digital equivalent and stored, is not practicable.
However it Is not necessary to:restrict the dota rate so much that only a very
limited number of co~ordinates. can be collected in each television field. In
the following:systems the data rate ‘is restricted by only generating co-ordinates
when a marker ‘signal {s-detected in the video.

Frequent réference wil be made in this section to the basic terms and
parameters of televiston syttems, further explanation of these will be found
" in Appendix Al Shﬁﬂ&i‘!y‘wﬁere teference Is made to the PDP 12 computer
further details will be found in Appendix A2,

3.2 Analogue System

‘Initially an analogue method of interfacing the television comeras to the
computer was considered (Jarrett (1978)). © With this system detection of a

marker pulse ‘in the video signal caused the computer to sample two ramp



voltages, the ramps being initiated by the line and field synchronising pulses
of the television scan, The voltages sampled by the computer corresponded
to the co-ordinates of the marker and were digitised and stored. A three
dimensional system was proposed in which the video signal from the second
camera was mixed with that from the first. The fields of view of the two
cameras were arranged so thot the side view comera observed the lower limb
in the bottom half of its scan, and the front view camera (turned on its side)
observed the lower limb in the top half of its scan. The relevant parts of the
video signals containing co-ordinate information were then mixed to provide
one composite video signal as shown in Figure 3.1. A block diagram of this
system is shown in Figure 3.2, and it can be seen that this was a very simple
method which required only three inputs to the PDP 12,

The odvantages of this system were thot it was extremely simple ond could
_ probably be used on different computers with little or no modification, and
that if;wcs rassible to record three dimensional tests on a single video channel,
allowiﬁg off line experiments to be conducted. The disadvantages far out-
weighed these merits in that the co-ordinates of only one marker on each
television ”ne could be acquired; the resolution wos very limited; the system
could nof be exponded to cover several sfndes or the whole body without a
further loss in resoluhon, ramp genevafors of high stability and linearity were
required; and the potential data acquisition capabilities of the PDP |12 were
wasted. Some of fhese limitations could undoubtedly have been overcome
(using severul scmpla and hold ct‘rcutfs, for instance, to immediately store the
value of ramp voltages on detection of marker pulses), but investigations into
a digital system (Jarrett (1973)) showed that it was possible to provide a much

more powerful and flexible system in this way.

3.3 Digital System

The design of a digital system to meet the requirements listed at the
beginning of this chapter requires that the performance capabilities of both
television cameras and the computer are used to the full. One crucially

important aspect Is the means of data transfer between interface and computer.
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Other aspects that must be considered are the use of more than one camera
to obtain three dimensional data, future extension of the system, simultaneous
operation with other systems, control of the interface, calibration, ond
maintenance. By taking all these aspects into consideration at the design
stage it should be possible to arrive at a near optimum solution with the

minimum of compromize.

3.3.1 Data Transfer

There are two basic methods by which digital data can be transferred to
the PDP 12. The first method, "progrommed data transfer", requires that o
flag ic set in the interface when there Is data ready to be transferred, o
computer prégram senses this condition and transfers the data word from the
inferfccﬁe to the Accumulator. The program must then store the data in memory,
decide lf any more data can be transferred, and clear the flag. This process
is illustrated in Figure 3.3 with the time taken for each step shown in brackets,
a total i_ﬁme of 19.05 4S being required to transfer each word. The operation
could be speeded up slightly if a block of data was transferred each time, even
so it would still toke about 15 uS per word.

The second method usei the direct memory access facility of the PDP 12 -
"Data ﬁreck" With this me‘!'hod data transfers to the computer are made
under l’he control of the inferface, When the Interface Is ready to iransfer
data o "break request'f 1 made,” fho 'compufe‘r“complefes the current cycle and
then eni‘ters the "break ;Tq‘te". ,Chce in the "break state" the interface has
comp!eée control and may tronsfer data from or to memory until the "break
request? is cleared. Two types of data break are available ~ single cycle
and thrée cycle,: These moi_ilgswq_geve_xﬁained in detall in Appendix A2, but
thelr bés!c churucierlsﬂcs will be state%d here. Three cycle data break requires
4,8 uS to transfer edch word fhe oddress in mémory to which the data is to
be tron;ferred and a count of fhe number of data words Is provided by two
sequential locations in memory (current address and word count registers). These
locations are set to some initial valve by the computer program, the interface

simply provi&es the address (hord wired) of the first of these locations together
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Figure 3.3. Programmed data transfer.



with the data word to be tronsferred. When data transfers are made the

word count and current address registers are automatically incremented,
overflow of the word count register indicating that all the duia has been
transferred. With single cycle data break the current address ond word count
functions are provided by the interface and only 1.6 uS is required to transfer
each word. All of these data transfer methods can be used to transfer data

in either direction,

~The fastest of these methods still takes 1.6 uS to transfer each word, in
addition to the time required to answer the break request (latency time; which
could be anything up to 18.2 uS, but more usually around 1.6 wS). To
transfer a vertical and a horizontal co-ordinate, therefore, will take 4.8 uS,
which is approximotely 10% of the active line time of the horizontal scan. In
terms of distance, if o field of view of 2.5 m horizontal length were being
covered, this would mean that c‘o-ordinates could not be generated for markers
which were closer than 25 cm ond appeared on the same television line. If
a second camera were being used then only markersseparated by ot least 4.8 uS
scan time could be recorded. For some marker configurations this limitation is
of little consequence, however if it is required to mark several points which lie
close together (such as on the foof) then the limitation is unacceptable. This
problem ‘can be overcome, quite simply, by using a data buffer in the interface,
As markers are- defected their co-ordinates are immediately transferred to the
buffer memory; - allowing for the delays of the necessary control logic this
operation may be completed in 100 nS or less, or 0.2% of the active line
‘time (a distance of 0.5 cm in the above ‘example).

‘The ‘use of a buffer memory in the interface will still place some
restrictions on data acquisifion.  However, these restrictions may be minimised
by moking the correct choice of data transfer time to load the buffer into
computer memory. Three possible times are available for this operation. The
first posstbility requires the vse of a double buffer memory'- as one is being
filled, the other is being unloaded into  computer memory. The additional
‘complexity and expense of a double buffer was considered to be unnecessary

when ‘the other methods were appraised. The second method uses the field



blanking period, when there is no picture information, to transfer data.

This period lasts for approximately 1.2 mS and therefore 750 words of data
could be transferred using single cycle data break (250 using three cycle

data break). It would be unwieldy as well as expensive to provide a buffer
memory of such copacity in the interface, whereas a buffer size of, say,

50 words is practical but something of a compromise. The third, and chosen,
time for data transfer is the line blanking period, which lasts for 12 uS. |If
single cycle data break is used then up to 7 words of data could be transferred
within this period. Transfers could be made on every active line so a total

of 2000 words could be transferred during any single television field.

3.3.2 Co-ordinate Generator (CG)

A block diagram of the basic co-ordinate generator system is shown in
Figure 3.4, The crystal controlled sync generator provides a composite sync
to control the camera scan. Line syncs increment a vertical counter which is
reset by a field sync. To take account of the effect of interlaced scanning
(see Appendix Al). and also to indicate the transition from one television
field to ﬂje next, the vertical counter counts over two fields i.e. up to 625.
This is déne by only resetting the counter on every other field sync. A
horizontal counter is incremented by a high frequency clock (20 MHz), and
counts oﬁproximately 1000 intervals clong the television. line before being reset
by the line sync, When a marker Is cietected in thé video signal o marker
pulse is generated which causes the latch to immediately read the current
contents of the horizontal counter. This horizontal co-ordinate is then trans-
ferred to the buffer memory and the syistem Is then ready to repeat this process
if necessary = total time A~ 100 n S, The horizontal co-ordinctes of up to 5
markers can be stored in the buffer memory. At the end of the television
lin; }hé contents of tﬁe v‘erﬁ'cal cobhter (f.e. the vertical co-ordinate) are
transferred through the horizontal counter and the latch into the buffer memory.
A "breck request" Is made and the contents of the buffer memory are transferred
to the core memory of the PDP 12 during the line blank period. The interface

is ready to repeat this procedure, If markers are detected, on the next line.
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The vertical and horizontal co-ordi;’wcfes require a 10 bit word for
binary representation. The word length of the PDP [2 is 12 bits, thus two
bits are available for coding purposes (4 separate codes). As the number of
horizontal co-ordinates collected during any one line are variable (up to 5)
it is necessary to use one code to identify the vertical co-ordinate. The
three remaining codes could be used to indicate three comeras. This would
be adequate for the three dimensional requirement, but to aliow future ex-
pansion of the system it was considered desirable to provide codes for up to
six cameras. To do this a 3 bit code is required. The block diagram of
Figure 3.5 illustrates how the system, with coding, operates. The 6 marker
detector outputs are fed into a 6 to 3 coder and priority register. When a
marker is detected in a video signal a marker pulse is generated by the
appropriate marker detector and the priority register provides a pulse which
causes the contents of the horizontal counter to be read by the latch, as
before. The coder provides a 3 bit code to indicate which of the 6 marker
detectors provided the marker pulse. In the event that two or more marker
pulses are generated at the same instant the priority register allocates priority
to one of them and only provides one output pulse and the appropriate code.
The two most s:gmflcant bits of the. code are loaded into the buffer memory
aiong with the. horizontal “co-ordinate. The third bit of the code is clocked
into an 8 bit shift reéisfer; As before the vertical co-ordinate is loaded into
the buffer mem&y, ciong with Its code, at the end of the line; and then the
collected data is trcnsferred via dam break, to the core memory of the PDP
12, This ﬂmeg, however, when all the horizonful and vertical co-ordinate data
for the line has been ﬁrdniferred From the buffer memory the shift register word
is then tronsferred. The cllocation oF codes Is shown in Figure 3.6, and it
can be seen thot the vertical co-ordinate is unique and independent of the
third bit. Data fs always transferred to computer memory in the same order,
that is the vertical co-ordinate f;l!owed by up to five horfzontal co-ordinates
ond lastly the shift register word. It is then a simple matter for the program
to reconstruct the oppropriate codes, and hence define the cameras from which

a particular co-ordinate came.
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With the data break method it is possible to run a program independently
of data transfer (with due regard to areas of memory used for program and
data transfer). As a maximum of 7 words are tronsferred during any one
television line, and as data is only generated when a marker is detected,
there is a considerable amount of time available for running programs. Some
of this time can be used for collecting data, via the analogue to digital
conversion facility, from other measurement systems such as o force plate.

This data collection must be synchronised with the television system and the
interface provides synchronising pulses for this purpcse. To avoid the restriction
of having to start data acquisitlon simultoneously a means is provided for
indicating when additional measurements are started. This is done by using
the spare bits in the shift register word (total 12 bits when transferred to the
PDP 12). With this word the most significant bit is permanently set to '0’

to avoid ambiguity with the vertical co-ordinate code. As the system is
restricted to 5 horizontal co-ordinates on any one line then 6 bits of the
shift register word are available for additional coding. When data collection
from some other measurement system is started one of these bits is set to a
'I'. As the shift register word is transmitted with every set of co-ordinates
the exact starhng pomf of thls other data ‘collection is stored. An example
of a set of dato 13 shown Ih Flgure 3.7, togefher wifh the translation of the
codes. i .

For its opemﬂon the co-ordinute generator requires a set of synchronising
pulses, a means of respond!ng to computer software and the control facllities
for single cycle gdatq break trgnsferg. A calibration system is required, and
to simplify tesﬂrég ond fault find!ng it wos considered desirable to provide a
simulator. A bl%ék""‘&ldgraﬁ of ‘the" total system is shown in Figure 3.8.

3.3.3 Sync Generator and Simulator (SGS)
The SGS derives from the television line and field sync inputs six related

synchf'orﬂidﬂén‘pukek which are required at various points in the system.

These are:=-



location |& |1 2134151617819 10{ll] Octul value of bits 2-I1
0 I tve (glgigit g gl | g) g132

| I {HC (gl Hgigigi 1 (@] 1306

2 FIEIHC |G| (FV B F][1]1 ]| P643

3 gl luclgl boiglgl il i ] gear

4 (BB HC @Bt (B8 8] |18|1 |7 B2

5 gigl SRt (glgiglglgigil (@11 | Third code bits

6 Nilhlvclglglehlgilgh | |33

Data as received from the interface.

Bit 2 of the shift register

(SR) word being set indicates that an external event has occurred.

Jlocation | # | 1 | SR (bi)] Code
g L] x vC
N R R Camera |
2 g ﬁ [L{1%)) - Camera #
| 3 g1 1119 Camera 3
4 | ﬂ ” ﬂ | ﬁ(B) Camera £
6 1] X

Tht;ee bits codes for each HC.; X = irrelevant.

Figure 3.7. Set of data showing de-coding.
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I) Field sync A = a 20 uS pulse occurring at the beginning of each
TV field.

2) Field sync B = a 4.7 uS pulse which occurs when Field sync A ond
the Line sync are in phase, i.e. every second TV field (due to interlace).

3) Linesync = a 4.7 uS pulse ot the start of each TV line.

4) Line blank A = a 12 4S pulse initioted by the leading edge of the
Line sync.

5) Leading edge line sync = a 100 nS pulse Initiated by the leading
edge of the line sync.

6) Line blank B - an 11.9 uS pulse which starts 100 nS later than Line
blank A.

High and low logic level versions cre provided of all the above syncs'
and the outputs are capable of driving up to 30 standard TTL (Transistor Transistor
Logic) loads each.

The SGS also contains two 8 bit registers which may be set to any value
by the computer software. These registers are the Field count and Line count
registers. They provide the data Inputs for the initial values of two 8 bit
up/down counters; the field counter and the line counter. Field or line
syncs are used to count down these counters from the initial value. When the
counters ‘pass through ' “an ‘overflow pulse is produced and the couniers are
reset to the Initial ‘value ‘held In the register. With the line counier the
counter is also reset by @ fleld sync ot the end of each television field.

The field counter ‘can be uséd to Inhibit the co-ordinate generator so
that c.o-'-ordihtﬂes" are only generated on every 2nd TV fleld, every 3rd etc.
up to every 256th TV fleld, according to the Initlal value held in the field
count register, - in this-way 1t Is possible to vary the sampling frequency of
the system from 50 Hz down to°0.2 Hz. Obviously such a low sampling
frequency would not be required for focomotion analysis, but there are other
applications  for this system which ‘would require this low rate.

The tine counter has several functions. As with the fleld counter it is
set to give an output pulse accerding to the initial value held tn the line

count register. The first use Is to provide simulated marker signals. This is
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done by using the overflow pulse to trigger a seifes of 7 dual menostables.
This arrangement produces seven 20 wS pulses at intervals of approximately

8 uS. Logic provides various combinations of these pulses, as shown in
Figure 3.9. The‘outputs correspond to video signal levels and are capable
of driving 75~ inputs. These signals can, therefore, be substituted for the
camera inputs and be used to test the complete interface and assist in program
development by providing known inputs. The number of lines on which these
simulated pulses appear Is controlled by the value held in the line count
register which is under control of the computer program. The number of lines
con be varied from every line to every 256th line. Computer instructions are
available to enable and disable the simulator.

Another function of the line counter is to provide synchronisation pulses
to control data acquisition from other measuring systems. The overflow pulse
is used to generate these pulses so that the frequency at which they occur
may be set by the program. Synchronization nulses will always start affer the
beginning of a field ofter receipt of an external enabling signal, i.e. at the
reduesf of the other measdrlng §ystem. The time at which this occurs, in
relation to co-ordinate generation, is stored in the shift register word as
previously described. )

A possible future use for the line counter is to provide a series of out
of phase field syncs . This can be;%done using the logic shown in Figure 3.10.
At the beginning of each normal fleld a 'I' is clocked into the shift register.
This causes o 160 uS field sync to be generated by monostable | at FSI. An
overflow pulse from the line counter clocks this 'I* along the shift register
producing os it goes 160 uS field syncs at FSZ,»F“S3 etc, From the table in
tigure 3.10 it can be seen that o serles of ot of "pﬁase field syncs can be
produced according to the value in the line ’;.f:opnf register. In this way
sampling rates higher than 50 Hz. could be achieved by. using more than one
camera to cover the same fleld of view ond usingthése out of phase field
syncs fo initiate the vertical scan of each comera. If six cameras covered

the ls_qgmﬁeldlgf view a sampling ,,frg_quency of 300 Hz would be achieved.




Figure 3.9. Simulated marker pulses.
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0 - IO{ i,2,3 6.67 mS _
o] EE 78 1,2,3,4 5mS
62 1,2,3,4,5 4 mS
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Logic to generate out of phase fleld syncs.
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3.3.4 Address Register (AR)
The memory of the PDP 12 is organised In 4 K word segments up to a

total of 32 K words. A 12 bit memory address is required to access locations
within each 4 K segrﬁent, and a 3 bit extended address is required to address
the segments - in total a 15 bit address. The address register provides this
and a set of computer instructions have been created to control it. The
initial address may be set up to any value which is a multiple of 8 (10 in
octal notation). The reason for this slight Iimitation is that by ‘fixing the
initial value of the first 3 bits of the memory address to # both the memory
address ond the extended address can be set to thelr initial value with one
computer !nstfucﬂon. This instruction loads a 12 bit word from the accumulator
into the Initial Data Address register; bits 9, I and Il of this word correspond=
ing to bits §, | and 2 of the extended address (8-mode field address in software
terms). /"The remaining bits (@ - 8) are used to set bits ﬂ - 8 of the initial
memory address. "The address register itself is a 15 bit binary counter which is
| A-..Jncren"wﬁted by the Address Accept pulse - a control signal provided by the
data break facility (see Appendix A2). The interface can therefore address
" any location in the PDP 12's memory up to the maximum of 32 K (only 16 K
Is avallable on the machine used at present, but it can be expanded to 32 K).
| Computér instructions have been.created to enable and disable the address
register, and -also to allow it to operate in a double (or circular) buffer mode.
In this mode memory locations |@dds to 277778_ (4 K to 12 K) are used.
When the interface has used all the locations up to 17777g (4 K to 8 K) the
| computer.is signalled ond the program starts to unload this area of memory onto
a mass storage device (such as magnetic tape or disc), while the Interface is
filling vp locatloms 209 to 2777%(8 K to 12 K). Similarly when the
Interface has used up these locations the address register Is reset to |ggy g
and locations 2 oo ) ‘tb’2777% ar§ dumped onto mass storage. By using
this facility it Is possible to have confinuous data rates of at least 4 K words/
~sec I a disk is available as the mass storage device. This effectively means
that the duration of data acquisition is not limited by the core memory size
of the computer, The capacity of an R K05 disk, as used on the PDP 12, is
1.6 M words, With an incoming data rate of 4 K words/sec (approximately
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26 co=-ordinate pairs per television field) a test could be run continucusly
for 6 minutes. Clearly this does not present a limitation cs far as data
acquisition is concerned, but there would be problems (of time) in processing
such a lorge amount of data. Utilisation of the Double Buffer mode for
tr.ansferring data to disk is further discussed in section 6.6.

Computer Instructions to read the current memory address and extended

(field) address are also avallable, and may be used at any time.

3.3.5 Calibration (CAL)

To calibrate the field of view of each comera a grid of markers is placed

in the relevant plane and the system acquires the co-ordinates of this grid.

A computer program organises this data into a calibration matrix for the
particular camera and all subsequent data generated by the camera is referred
to this matrix, and calibrated. This is done by finding the nearest grid point
to the data pcint, the pesition of this grid point in the matrix defines its true
spatlal position; the difference between the yrid point and the data point is
then taken and calibrated by essuming o linear relationship between adjacent

grid po!n‘ﬁ, this difference is then added to the known spatial position of the

nearest grid point.: This procedure can be stated as follows for the x co-ordinate:=~
e G e Xedn ~
Xe T % . K +'l'. - - g
C..oonEm Xgdn = %gd (n = 1 if xgdn > x.)
(n + | if xgdn<xi)
where = Hxlc = collbrated co-ordinate of marker
- xgn= posfﬂon 'of‘nieare's'f grid point in calibration matrix
“x = 'co-ordinafe of nearest grid poinf (grid data point),

o matrlx column n. N
‘ x‘ ‘=" marker co-ordinate (data poinf)
K = callbration” constont

L= shlf,ﬂng factor = to position orlgin

A similar equation Is used to calibrate the y co-ordinate,



The spacing of the elements of the grid should be based on the expected
non-linearity of the system. The camera specifications state a lineority within
1%; to allow for this a grid spacing of 100 uniis is required. A non-linearity
of 1% in 100 units would be | unit, and therefore the non-iinearity becomes
indistinguishable from quantization errors. For the fields of view used for
locomotion analysis a grid spacing of 10 cm is suggested.

For a field of view of 2.5 m width there would be 25 grid poinis in
the horizontal scan. The co-ordinate generator is limited to taking in a
maximum of 5§ co-ordinates in the horizontal scan line, therefore a system is
required to overcome this limitation for the calibration grid. One way of doing
this, of course, would be to slope the grid so that no more than 5 grid co-
ordinates could appear on the same line. A correction would have to be made
to compensate for this slope during calibration of dota and this was considered
to be inconvenient. An alternative solution was found by designing a hardware
cdlibraﬂon control. This control operates by allowing the CG to successively
generate the co-ordinates of columns of 2 markers from the grid until the whole
field of view has been covered, the computer is thensignalled that calibration
co-ordinates have all been acquired.This process is shown, schematically, in
Figure 3.11, and ‘may be consldered as a window 2 grid points wide moving
over the grid. Co-ordinqte;‘ for the calibration grid are generated over two
TV flelds, so that the effects of interlaced scanning mcy. be taken into account
(see Appendix Aly. A set of 'computer instructions are provided to operate the
calibration control, and for maintenance purposes there is o "free run" mode
which allows the control tocpera'fe‘conﬁnubusyly.

Ingen Schenau (1973) found, with his TV/computer system, that the
" linearity in the horizontal wus independent of the linearity in the vertical and

derived quadratic functions for correction terms of the form:-
fx) = bx (' = K)Z
2
gly) = by(y' - Ky

where bx, by, Kx and Ky are constants., The K constant fixed the origin,

and the b constant was found by fitting the quadratic functions to values obtained



Figure 3.ll. Schematic of calibration grid data ac visition.



for the co-ordinates of a grid of points, This gave the following equations

with which data could be calibrated.

' - 4.7.10% (¢ - 128)2
2
)

X
- [ -4 '
y = y'- 4,010 " (y' -~ 128

These equoﬁoﬁs applied to the particular camera and lens used and assumed
that the characteristics would remain constant, With ageing of components
the linearity of the television camera could change over « period of time. It
is considered desirable, therefore, to provide a calibration system which can
easily be used for different cameros and lens and take account of any change

in linearity that may occur over a period of time,

3.3.6 Computer Instructions (INSI and INS2)

The computer instructions required to control the interface are generated
using the Input/Output (6800) class of the PDP 12 instruction set. The
method of converting these software instructions into hardware operations is
described in Appendix A2, A fotal of 28 instructions have been created,
des}ghed o ‘énéu}fe the minimum of manual intervention during use of the
interfoce, efficient programming, and effective maintenance facilities. Details
of the function of each instruction and examples of programming will be found

in Chapfer ‘5.

%0
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4.1 Introduction and Nomenclature

A complete description of the logic of the interface is given in this
section. In describing the function of the logic the signal noming and drawing
conventions used by DEC have been adopted. This system was chosen because
it allows the logic functions to be followed easily and is, of course, compatil:le
with the PDP |2 monuals, Eoch drawing is allocated a name and a number,
the number usually being an obbreviation of the name. Logical signal names
are used in the drawings to minimise the number of signal line crossings and
to facilitate explanation, The signal name consists of abbreviations which
give the origin, function and assertion condition of the signal:i-

The origin is specified by the first word of the signal name and
is the drawing number upon which the signal is generaied,
 The signal description (function) is a description of the logical
vfulncﬁor}\ of the signal when asserted.
The asserted condition is either H (high) or L (low) corresponding
. to +3 or 0 volts respectively, and is the signal level which indicates
that kthle(i__n,te_nded function has occurred (i.e. is True). The signal
is considered not asserted when the signal level differs from the

assertion level. .

Example:- . A ; ,
[Gs-A.. LE LsY L . Refers to a signal which originates on the
| _Sync Generator and Simulator drawing
part A, The signal will be low when the
.. . .. ... . Leading Edge of the Line Sync occurs,
+  [cG-B SGC H_ .. Refers to a signal which originates on the

- .. Co-ordinate Generator drawing part B,
The signalsets the Generate Co-ordinate
e , flip flop when it is high.
Slgnqls ongmatmg from flip. flops are defined in terms of the flip flop
state, as shown in the following table:-

M
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Signal Name State of flip flop Signal Voltage
[CG-B] GC (0) H | 0 +3
[CG-B GC (0) L 0 0
CG-8] GC () H ! +3
[CG-B] GC (h L | 0
Example:-

[CG-B] GC (h L Refers to a signal which originates on the

Co-ordinate Generator drawing part B, The
signal line is low when the Generate Co-

ordinate flip flop is set,

On the drawings and in the description of the logic of each drawing
the origin part of the signal name is omitted if the signal is generated on
that drawing, otherwise it is shown enclosed in square brackets. The logic
symbols used are those which convey the function of the logic element
(conceptual logic) rather than the actual hardware device used, although the
reference number of the actual device is also shown. These logic symbols
are shown in Figure 4,22 at the end of the logic drawings.

- The computer generates the signals [100 BA INITIALIZE H and (100} BB
INITIALIZE H which are used to initiolize the interface. These signals may
be generated by the use of the 10 PRESET console switch or by the program,

In the: Mlowiné description of the logic frequent cross references are
made between logic drawings. For this reason these drawings will be found
together at the-end of this section, The drawing numbers are referenced by
the sub-headings of the logic descriptions. Other figures, which may show
timing diagrams ‘for instance, are placed by the relevant text,

4,2 Moarker Detectors. MD. ,
-~ The ‘cireuits for the two types of marker detector used have been shown

in Figures 2.3 ‘and 2.5. The MD circuit board also contains circuitry used
to condition the field and line syncs from the television sync pulse generator,

These circuits are simple comparators with TTL compatible outputs, as shown



in Figure 4.15,

4.3 Sync Generator and Simulator, SGS,
The drawings for the SGS are shown in Figure 4.16, SGS-A to SGS-D.

_ Generation of internal syncs is shown in SGS-A, line count and field count
functions are on SGS-B, simulator logic is on SGS-C, and external sync

control is on SGS-D

4.,3.1 Internal Synchronisation Pulses, SGS-A,

TTL éompctible field and line syncs from the Marker Detector board (MD)
are i:'ed into schmitt trigger inpu't gates ond used to generate the signals'shown
on this drawing. FSYB is a field sync of 4.7 4S duration which occurs on
every other television field, due to the interlace feature of the camera sync

generator. " Generation of the other signals is self explanatory from the logic.

4.3.2 Line Count and Field Count Functions, SGS-B,
The Field Counter (FC) is an 8 bit binary up/down counter. The clock

input, [SGS-A] FSYA H, will count down the counter from a preset binary
number held in the Field vCount Régisfer FCR). A low level borrow pulse
occurs when ‘the clock’ ‘tnput s low and the counter is at zero. This borrow
pulse ls fed back to ‘the load’ mput of the counter and will cause the counter
to be set to correspond to the data inputs, provided by the FCR. As soon

as the counter becomes non-zero the conditions required to generate the

borrow pulse are not met and the borrow output is returned to its normal high
level The borrow pu]se losts for approxlmately 40 nS, and is also used to
presef ENCG when the Faela "Count mode is enabled ([INSI- C) ENFC (h H).
ENCG (I) H enbbles the Co-ofdinate Generator inputs for the duration of

one televmon field until ENCG is cleared by [SGS-A] FSYA H. When the
Fneld Count mode is dlsabled [lNSI-C] ENFC (0) L ENCG is held permanent-
ly set, The Fle‘d Count Reglster is loaded with the contents of the Accumularor
(b:fs 4- n) by IINSI-C] LDFC H -



96

The Line Counter (LC) is a similar up/down counter except that its
clock input is the television line sync [SGS-A} LSY H. In this case the
counter is also preset at the beginning of each television field by [SGS-A]
FSYA L. The borrow pulse is produced as before and is used for several
functions, The Line Count Register (LCR), which provides the data inputs
to the counter, is loaded with the contents of the Accumulator (bits 4 - |l
by [INSI-C] LDLC H,

4,3,3 The Simulotor, SGS-C. _
The logic in this drawing shows how [SGS-B] LC L is used to generate

the simulated marker pulses. The simulator is enabled by the signal [INSI-C]
ENSM (I) H, and when this condition is met the leading edge of [SGS-B] LC L
will trigger the seven monostables SPT | to SPT 7, The -ve going edge of |
the pdl.f.g produced by each monostable triggers a second monostable to produce
90 nS duration pulses SP | - SP.7, These outputs are combined and buffered

to provide various simulated marker pulse configurations capable of driving

752 inputs as previously shown in Figure 3.9.

4,3.4 External Synchronisotion, SGS-D.
External data acquisition is synchronised by the SYN flip-flop, When
synchronisation :ljs‘;)r‘,equest‘ed by [EXT] SYN (I) H (o signal provided by the

external device, which may originate from a flip flop, as shown here, or may

simply be a level) SYN is set on the -ve going edge of the next field sync,
[SGS-A] FSYA H. SYN () H is then available to signify that synchronisation
has started, It is used here in conjunction with a pulse generated by |[SGS-B]
ICL quafe hneblanpulses. [SGS-B LC L triggers monostable LBK GATE
which is set to provide o 400 S pulse, Whenever this pulse occurs, and SYN
Is. set,. six bu’f;fe[egl_.lingblan pulses will be available as BSYN H, Any
number of pulses can be provided by changing the timing components of LBK
GATE; the six pulses genergted here are used as external sync inputs to the
KWI2 clock of the PDP 2. . The frequency at which this pulse train occurs

is ,Coﬂﬂ‘é'a!;e,_fi by the frequency of [SGS-B] LC L, which in turn is set by the

contents of the. line count register, LCR,
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4,4 Co-ordinate Generator, CG.

The drawings for the CG are shown in Figure 4.17 CG-A to CG-F,
Enable logic and the clock is shown on CG-A, the priority register and
coding is on CG-B, co-ordinate counters ond the high speed latch is on
CG-C, the buffer memory is on CG-D, buffer memory address and control
logic is on CG-E, and CG-F contains the logic for the additional code bit

storage.

4.4.1 Eneble Logic and Clock, CG-A.
The marker detector inputs to the CG are enabled by the signal EMDI L.

The detector inputs are inhibited during the line blank period by [ SGS-A|
LBKA L and also, at any time, by the signal {CAL-A] DISCG L. The
facility to exercise external control over the CG is provided here by the
switch inputs, whose cond-itibq‘n(‘s are sampled at the beginning of each television
field. SWITCH | H and SWITCH ‘2 H will both set ENABLE on the occurrence
of [SGS-A] FSYA H. SWITCH DISCG H will clear ENABLE when the field
sync ocecurs. “00] BB INITIALIZE H (originated by program or console switch)
will also clear ENABLE and hence inhibit the marker detector inputs,

The clock for the herlzontol counter is shown here, it is a simple R-C
mu|hwbrofor as described .in Texas Instruments (1973a). The clock is reset
on the trcuhng edge of [SGS-A] LE LSY L by a 35 nS pulse. This arrangement
has proved to be ent'ireiy'sm't‘isfactory as will be seen by the stability test

described in the Results and Discussion chapter.

4 4,2 Priorlty Register ond Coding, CG-B.
" The murker detecl’or lnputs are confrolled by the priority register PRI,

The cascading input P, Is fu"y over—rldmg and will inhibit each package
when high, A morker detected pulse [MD] CHx H will produce the signal
SGC H which clocks a 'I' into GC. GC () L immediately latches the data
in the priority register and inhibits the PRI inputs. The timing diagram for
this sequence of events is shown in Figure 4.1, The times shown in this
diagram are maximums and in practice the operation is faster, In the event

that marker detected pulses occur at the same time on more than one input,



{MD] CHx H
PR x H
SGC-H
GC () L
Time (nS) 0 | 30 41 50 55
Marker Data latched in PRI
detected and may be removed
from input

Figure 4.1, Timing diagram showing the latching of the camera channel
data in the Priority Register.
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the PRI will only give one output which will coirespond to the input of
highest priority at the time the data is latched, D@ has the highest priority
and D5 the lowest. A 3 bit code, to indicate which input generated SGC H,
is provided by CO # H, CO I H and CO 2 H according to the truth table
shown in Figure 4.2, SGC H also sets the break request flag BRF, which
will request data transfer to computer memory during the next line blank
period by asserting BR L. The Break Request signal BR L is held asserted by
the computer generated signal [100] BREAK (I) L until the last transfer is
about to take place when {CG-F] TSR L clears BRF. |

4.4.3 Co-ordinate Countersand Latch, CG-C.

The 10 bit vertical co-ordinate counter VC is incremented by the -ve
going edge of [SGS-A] LSY H, and reset to zero by [SGS-A] FSYB H. The
VC outputs are fed to the data inputs of the high speed, synchronous horizontal
co-ordinate counter HC. The HC is incremented by the +ve going edge of
[CG-A] CK H and reset to zero by [{SGS-A] LBKB L. The contents of the
HC are continuously strobed into the LATCH on the -ve going edge of
[CG-A] CK H., When é}}_n‘;‘q{ke(‘iﬁs detected in Vthe video [CGjB] GC () L
is asserted and the strobe is disabled, the latch will now contain the horizontal
co-ordinate of the detected marker, The timing diagram for this sequence of
evenfs is shown in Figure 4.3... Atrythe end of each scan line [SGS-A] LE
LSY L will be asserted ond fhe HC will be preset to equal the contenis of
the VC on the next tve going clock pulse This data will then be availdble
in the LATCH ‘and is the vertical co-ordinate correspondmg to horizontal
co-ordinates generoted on that _lmg.

4.4,4 Buffer Memory. CG-D.

The outputs of -the LATCH together with .the code bits [CG-B] CO @ H
and. [CG-B] COIH provrde fhe data inputs to the 16 word (12 bits/word)
random access memory RAM, The dato inputs are written in to the location
addressed by [CG-E] UDC @ to UDC 3 when [CG-E] RAM CE L and
[CG-E) VRAM WE L are both asserted. Durmg write operations the data outputs
QD g to OD ';‘ are high. Data is read from the location addressed by [cG-E)
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Figure 4.2, Truth toble for camera code.

lco4 cK H

[cegleCyL:

. STROBEH .-

oL

Data latched

Figure 4.3, Timing diagrom to latch horlzontal co-ordinate.
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UDC @ to UDC 3 when [CG-E] RAM CE L is osserted and the write enable
input (WE) is held high., During read operationsthe accessed data is placed
on the computer data bus via bus drivers. The timing diagram for write
operations is shown in Figure 4.4, the CE input must be held low for 50 nS
(Access time) and the data input must be available for 20 nS and held for

~ 5 nS after the WE input has been returned to a high level, These times are
maximums and typical times are quoted as 35 nS, 18 nS and 0 nS respectively,
Signetics (1974). The timing for read operations is not critical as
will be described under CG-E. The address inputs are always set up in

anticipation of any read or write operation.

4,4,5 Buffer Memory Address and Control Logic. CG-E,

The address of the location to be accessed in the RAM is provided by
the up/down counter UDC. [CG-A 10 INIT L sets the UDC to zero, which
is the first location to be used for write operations. The UDC is incremented
up on the +ve going edge of {CG-B] GC (I) L, i.e. when the horizontcl
co-ordinate has been read into memory and GC is cleared. GC is cleared by
the signal IVGVC’ L,‘ wﬁich, is Qénerated by the RESET monostable. RESET is
triggered on the -l-ye‘ gomg edge Qf [CG-B] GC (I) H and provides a pulse
of approxirﬁutely 35 n§ duration after a delay of 80 nS (maximum delay 130 nS).
This delay ollpws sufficient time for the horizontal co-ordinate to be lotched
and stored in the RAM, UDC 2 (I) H provides the 'D' input to the limit flag
LF, and wihen;;this: signal is asserted LF will be set on the next RESET pulse
(i.e. wheﬁ a fifth’ horizontal. co-ordinate has been generated), LF (I) L
generates IGC L and Inh’!bi‘ts’fh’e”generoﬁqn of any further horizontal co-
ordinates. [CG-B] GC () H generates the chlp enable and write enable
pulses - RAM CE L and RAM-WE L - to write into memory a horizontal co-
ordinate, These signals are olsd;g;enkeroted by [ SGS;A] LE LSY H (a 100 nS
pulse occurring at the end of each scan line) to write into memory the contents
of the vertical- counter. which are held in the LATCH. The functions of the UDC
during write operations are illustrated in Figure 4.5. A complete timing diagram

for generation' of the horizontal co-érdinate is shown in Figure 4.6.
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[€G-C] Lx (I) H

[CG-E] RAM CE L

e ———e
[CG-E] RAM WE L
Time (nS) O 30 50 55
Start of Data must Data can be
write cycle be removed here
- specified
by here

Figure 4.4. Timing for wriﬁﬁé data into the Random Access Memory.

3 2 |1t | g | write [Additional Functions
9 g g g |HC 1 | None

g g g l HC 2 | None

g g (. g HC 3 | None

Y AN AN | | HC 4 | None

g | v | g | g | Hcs| set limit flog

g 1 ﬂ R i vC None

NB.: The number of HC's is variable, the VC will
always be written after the last HC, and is
therefore not a function of the UDC address,

Figure 4.5. Random Access Memory address counter (UDC) functions during
write operations. (up count).
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[ MD] CHx H

[cG-§ PRxH

(cG-B] GC () L

—
[CG-A] CK H
[CG-C) STROBE H B
[CG-Cl Lx () H | |
[CG-E] RAM CE L
[CG-E] RAM WE L
[CG-E] RESET L
marker o HC stored

detected

Figure 4.6. Complete timing diagram for storing horizontal co-ordinate.
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If horizontal co-ordinates have been generated the break request flag
[ CG-B] BRF will be set and a breck request will be made at the beginning of
the line blank period (break request enabled by [SGS-AJLBKA L, and held
enabled by [100] BREAK (I) L until all transfers have been made ~ see CG-B).
When the break request is accepted the computer generates [100] ADD ACCEPTED
() L which is used to trigger a | 45 pulse from monostable AA,  This pulse in
turn generiates_RAM CE L which maokes the contents of the currently addressed
location o:f the RAM available at the RAM outputs, As this data is provided
on the cor:nputer 10 bus some 500 nS before it is required the access time of
the RAM is not critical. These outputs are taken via buffer amplifiers with
open collector outputs and put onto the EXT DATA bus of the computer.

The first word of data to be transferred will be the last word that was
read into the RAM, i.e. the vertical co-ordinate. On the -ve going edge
of AA L t!'ae UDC is down counted by |, and addresses the RAM location
containing’ the nex! data word (a horizontal co-ordinate) which is then transferred
to computér memory as before. This process is repeated until all the horizontal
co-ordinafés have been transferred, which is indicated by the UDC under-
flowing (i.e. UDC output = llll). When this occurs UDC 3 (l) H generates
RAM CE H which disables the RAM outputs, The next AA L pulse will down
count the UDC to 1110 which provides a clear pulse and resets the UDC fo zero.

These funcfions g_lf‘th‘e‘ UDC during read out of data are shown in Figure 4.7,

" 4,4,6 Additional Code Bits. CG-F.

The third code bit for the horizontal co-ordinate is clocked into the
SHIFT REGISTER by the +ve going edge of [CG-B]GC () L. As each horlzontal

co-ordinate is generated codes are shifted along by one bit; the code for the
last horizontal-go+ordinate generated on any line will be af G, ., The SHIFT
REGISTER data is transferred to the computer when the UDC underflows on
down count, [CG-E] UDC 3 (I) H gates [ CG-E] AA H to generate TSR L,
This signal enables the EXT DATA bus drivers and the contents of the shift
register are transferred to computer memory, Bit @ of this word is permanently

set at zero to maintain the uniqueness of the vertical co-ordinate code, Bit 3



’v‘3v 2 | # | Read | Additional Functions
g | g | vC | None
1.9 ] g | @ |HCS5 |{None
+ 8 g | | HC 4 | None
g g | 2 HC 3 | None
ﬂ g g | | HC 2 | None
o ff g | g 1 g | HCI |None
! I PO | - ] - Read shift register word
and clear break request
flag
I | g -~ | Reset UDC to &

, NB:‘VThS"MmEé;')o?'horizorital co~ordinates is variable and

i the VC will always follow the last HC and will be
' read out first,

Figure 4.7, -Random Access Memory address counter (UDC) functions
L <f_c?u;!qgwrqu;‘gpergtiqns. (down coun:f)._,’
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is set by [SGS-D] SYN (l) H which will indicate if an external device is
being sampled; bits I, 2, 4, 5 and é coan be used in o similar way if required,
TSR L also clears the break request flag [CG-B] BRF, to end the sequence of

data transfer to the computer.

4.5 Address Register AR.
The drawings for the AR are shown in Figure 4.18 AR-A to AR-C, The

initial data address register and the 15 bit data address counter is shown on
AR-A, address increment logic and some computer bus drivers are on AR-B,

and the rest of the bus drivers are on AR-C,

4,5,1 Initial Data Address Register and 15 bit Address Register. AR-A,

This drawing shows the Initial Data Address Register IDA, the 12 bit
Memory Data Address register DA and a 3 bit Data Field Address register DFA,
IDA is loaded with data from the accumulator, AC, by the +ve going edge of
[AR-B] STO IDA H. Of to G2 of the IDA provide. the data inputs DF to D2
of the DFA, Q3 to Qll of the IDA provide the data inputs DF to DB of the
DA, The DA and DFA are preset to equal these data inputs by AR-B LO
IDA L. The DA and DFA is a I5 bit synchronous counter which is incremented
(or preset to the value held in the IDA if [ AR-B] LO IDA L is asserted), by
the +ve going edge of [AR-B] A L. '

4,5,2 Address Increment Logic and Computer Bus Drivers.. AR-B,

The computer instruction 6331 (LDCA) generates [ INS2-B] BIOT 6331 L
and [ INS2-B] LDCA L, These two signals are combined to produce STO IDA H,
the combination being used to improve noise immunity. This signal generotes
LO IDA L, ond triggers the monostable LDCA CLOCK to produce a 300 nS
pulse which in turn generates |A L. These signals load the IDA register with
the data held in the Accumulator and preset the DA and DFA with the new

contents of the IDA register on the +ve going edge of 1A L, A timing diagram
of this sequence of events is shown in Figure 4.8, The delays introduced by

the various logic elements have not been included as their effect on the timing
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[100] BAC x () H

IDA dx (Y H

[ AR-B] STO.IDA H

[ AR-B} LO IDA L

[AR-8] 1AL

DA x () H }
DFA x (I) H )~

Data from Clock data Clock data into
AC into IDA Address register

Figure 4.3..; Timing diagram for. loading ond setting up initial address.
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has been designed out, 1A L is also produced by the [100] ADD ACCEPTED
() L signal from the computer, the DA and DFA being incremented on the +ve
going edge of this signal to provide the next address in computer memory in
readiness for the next data transfer,

When the Double Buffer Mode of operation is set ( [INS2-E] DBM () H)
LO IDA L is generated whenever the DA is at 77778 and DFA bit | is high;
on the next clock pulse (IA L) the contents of the IDA register are loaded into
the DA and DFA. The timing diagram for this operation is shown in Figure 4.9,
The table in Figure 4.10 shows the areas of memory used by the AR according
to the initial DFA. The start location within the first memory field of these
areos depends on the initial contents of the DA register.

The bus drivers which put the DFA on the Extended Data Address bus of
the PDP 12 are shown here and are enabled by [INS2-C] ENFAD (l) H. The
current DFA may be read at any time and is made available on bits 9-11 of

the 10 bus by [ INS2-B] RCFA H.

4,5,3 Computer Bus Drivers. AR-C.
[ AR-A] DA @ to Il are put onto the Data Address bus of the PDP 12
via bus drivers which are endbled by [ INS2-C] ENAD (I) H, The current DA

may be read at any time and is made available on the 10 bus by [ INS2-B]
RCA Hp_ e : ’ !

4,6 Calibrotion Control. CAL.
The drawings for the CAL are shown in Figure 4,19 CAL-A to CAL-D.

Calibration initialisation and control logic is shown on CAL-A, the counter and

right hond limit latch are on CAL-B, left hand limit latch and margin logic is

on CAL-C, and the window contral logic is on CAL-D, Three of the terms

used in the description of the CAL logic are explained here, The Left Hand
Limit LHL) is the horizontal co~ordinate of the left hand edge of the calibration
window., The calibration control will endble the co-ordinate generator from this
point until the Right Hand limit ®RHL) is reached, This limit being the horizontal
co-ordinate of the right hand edge of the calibration window. The co-ordinate

generator is inhibited once this RHL has been passed., The window will move
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[AR-B] IA L __r

[AR-A] DA O () H

() H

[ AR-A] DFA @ () H

[AR-A] DFA | (I) H

[AR-A] DAl CA H

[AR-A) DA 3 CA H

|ARLODAL

Address Preset DA and DFA
= 27777 to = IDA

Figure 4.9. Double buffer mode timing diagram.




Initial contents| Initial | Area of Memory
of DFA data field| used in DBM

g i} o2 K
gl g | g 0 0-12

gl g | 4-12
gl1lg 2 8-12
gl 3 12-16
1| g g 4 16-28
| glr1v4{ 5 20-28

g | g 6 24-28
bl 7 28-32

- (K = 1024 words) -

Figure 4.10. ‘Areas of memory used In the double buffer mode depending

~en ﬂ‘? 3_nitiql dgt_cl .fi,eld.
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across the television field until the Right Hand Margin RHM) is passed by
the LHL, the co-ordinate generator is inhibited when this happens and the

calibration complete flag is set. This moving window has already been shown

in Figure 3.11.

4.6,1 Calibration Initialisation and Control Logic, CAL-A,

The calibration control is initiated by [INSI-B] CALGO H, which triggers
the CAL GO monostable to generate a 45 mS pulse. The START and ZEROC LHL
flip flops are cleared and then reset as shown in the timing diagram of Figure
4,11, These flip flops set up the initial conditions for the calibration control.
START (0) L generates DISCG L and inhibits the CG until the beginning of a
television field. ZERO LHL (0) L makes the Left Hand Limit zero; this
condition may also be generafed when the control is in the Free Run mode
( [INSI-B ] FR (1) L) and [CAL-C] RHM CONT L is asserted. To indicate
that Cthrahon has been completed CAL COMP H is generated by [ CAL-C]
RHM STOP L.

. The_calibration control is made operative by [ INSI- B] CAL MODE (I) H
and will inhibit the Co-ordinate Generator when DISCG L is asserted. This
inhibit signal may be generated by any of the four signals shown and will
control the times during the line scan in which co-ordinates may be generated.
When a co-ordinate is being generated | CG-B] BGC () L is asserted and will
clock a 'I' into the shift register, CAL SR, on its +ve going edge (i.e. ot the
end of co-ordinate generaﬁon) CAL R QB provides fhe 'D' input to the
SET RHL: flip flop ,which is ciocked by bit 9 of the honzonfal co-ordinate
counter [CG-C] BHC9 H. The timing dmgram of anure 4,12 shows how
SET RHL (l) H is asserted. “CAL SR and the SET RHL flip flop are both
cledred by FSYB L. :

4.6.2 Counter and Right Hand Limit Latch, CAL-B,

* The calibréfion control-has-i# own horizental counter, HC, which is
incremented by [CG-C] BHC9 H, The right hand limit latch, RHL LATCH,
stores. the current: contents of the HC. when [ CAL-A] SET RHL (1) H s asserted.
At the start of alternate television fields the RHL is set to all 'l's by
ICAL-A] FSYB L. |
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CALGO H -|

CAL GO H

FSYB H | ] J— ﬂ

CAL GO SYNC L J

START () H

ZERO LHL (0) L

Figure 4.11. Initlalisatlion of calibration control timing diagram.

.lCG-/C]BHC?-H'V __l

[CcG-8] ,t}Gc (!)L . U U

[CAL;A]"‘SET,’RHL"(‘) H | I

Figure 4.12. Timing diogram to set the right hand limit of the calibration
. window. .
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4,6.3 Left Hand Limit Latch and Margin Logic. CAL-C,

The left hand limit latch, LHL LATCH, is loaded with the contents of
the RHL LATCH at the start of alternate television fields by the leading edge
of [SGS-A] FSYB H. The timing of this operation is shown in Figure 4.13,
in which typical propagation times are given for the various signals (from
Texas Instruments (1973b)). The data for the LHL LATCH inputs must be held
for 5 nS from the +ve edge of the clock signal [ SGS-A] FSYB H as shown.
The LHL LATCH is set to zero at the start of calibration by | CAL-A] ZERO
LHL (0) L. The contents of the LHL LATCH are compared with the contents
of the right hand margin registe?, CAL RHM REG, ond as snon as the left

hand limit is greater than or equal to the right hand margin RHM STOP L is
generated to inhibit further co-ordinate generation, The RHM REG is loaded
with the contents of bits #- 3 of the accumulator by [ INSI-B] LDCAM H.
When the calibration control is in the free run mode [INSI-B] FR (I) L inhibits
RHM STOP L.,

4,6.4 Window Control Logic. CAL-D.

The right hond limit comparator, RHL COMP, corﬁpares the contents of
the RHL LATCH (A) with the outputs of the horizontal counter [ CAL-B] HC #-7
(8), ond when A is less than B,RHL L is generated to inhibit the CG. Similarly
the "eft'hand limit comparator LHL COMP compares the contents of the
LHL LATCH (A) with | CAL-B] 'HC @ -7 B), and as long as A is less than B

generation of co-ordinates is inhibited by LHL L.

This logic provides a calibration "window" whose limits are reset on

alternate fields until the whole field has been covered.

4,7 Instruction Generator |, INSI,

The drawings for Instruction Generator | are shown in Figure 4,20 INSI-A
to INSI-C. The method of generating instructions is described in Appendix A2,
The description of the logic for the instruction generator is limited here to a

list of the instructions in the form of the octal code for each instruction followed
| by its function, The signal or combination of signals required to generate the

function is shown after the function description,
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[SGS-A] FSYB H

Smanmtan——

R
[ CAL-A] FSYB L

[CAL-B] RHL x (0) H.__

~ Time (nS) 0 35 B 1
B Data can change any time
after here

’

Figure 4.13. Timing diogram for loading the left hand limit latch.



4,7.1 Calibration Control Instructions. INSI-A and INSI-B,

The device selector for the 630X (Calibration Control) instructions is
shown on INSI-A together with the appropriate buffering for [ 100] BMB  9-11,
and [100] BA INITIALIZE H. The decoding and associated logic for this

set of instructions is shown on INSI-B as follows:=

6301 Set MON EN flip flop. [ INSI-FA] 1OT 6301 L.,
6302 Load CAL RHM REG with bits -3 of the accumulator,
~ LDCAM H. ’
6303-1 Generate CALGO H to start calibration, clear CC flag,
| ond set MON EN flip flop. CAGO L and [INSI-A] 1OT
630! L.
-2 Set CAL MODE flip flop, which also enables the interrupt.
"~ CAGO SET CAL MODE L,
6304 Clear all flip flops. CLR L
6305-1 ‘Generate CALGO H to start calibration, set MON EN
" flip flop. CAGO FR L and [INSI-A] 10T 6301 L.
-4 Set Free Run flip flop and clear CC FLAG, CAGO FR SET
. RL. |
6306 Clear CC FLAG. [INSI-A] 10T 6304 L.
6307- | Set MON EN flip flop. [ INSI-A] 1OT 6301 L.
=2 7 Skip'if calibration has been completed. SCAC H.
-4 Clear CC FLAG. [ INSI-A] [OT 6304 L.

[INSI-A] 10 INIT L also clears all the flip flops.

4.7.2 SyncGeneratorcmd Simulator lnstfﬁctiohs. INSI-C.

The device selector and decoding with associated logic for the 631X

instructions is shown here as folows:=

631l Lood Field Count Register FCR wnth bits 4-11 of the accumul-
, ator, LDFC ‘H,
6312 Lood Line Count Register LCR with bits 4-11 of the accumul-

ator, LDLC H.
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6313-1 Field Count Mode; sets Enable Field Count flip flop
ENFC, which allows [SGS-B] ENCG to be controlled
- by the contents of the FCR. ENFC L.

6314 ~° Set Enable Simulator flip flop ENSM, ENSM L,
6315-1 Clear ENFC, CFC L,
6316-2 Clear ENSM, CSM L.

[INSI-A] 1O INIT L also clears ENFC and ENSM.

4.8 Instruction Generator 2, INS2.

The drawings for Instruction Generator 2 are shown in Figure 4,2
- INS2-A to INS2-E, The method of instruction generation and the presentafion

of the logic description is the same as for Instruction Generator I,

4.8,1 Co-ordinate Generator Instructiong. INS2-A,

The device selector and decoding for the 632X instructions is shown here,
together with the appropriate buffering for [100] BMB 9-1l, These instructions
are as follows:- ;

6321 . Enable CG, sets ENCG flip flop. ENCG L.

6322 - Disable CG, clears ENCG, DISCG L.

[INS2-A] 10 INIT L also clears ENCG.

4.8,2 Address Register Instructions INS2-B to INS2-E,

The device selector. for the 633X instruction set is shown on INS2-B

together with the decoding and logic for some of the instructions as follows:-

 6333-1" " “Lood Initial Dato Address register IDA with the contents
R of the accumulator LDCA L.,

L Clear Change Buffer Half flags, FLAG | and FLAG 2
. .. (on INS2-E);: LDCA CL-FL L.

6335-1 . Clear accumulator, RCA CLA L,

. =4 . Read current Memory data Address into the accumulator,

RCA H.
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6336-2 Clear accumulator, RCFA CLA L.
-4 Read current data Field Address into the cccumulator.
RCFA H.

The decoding for» the rest of the 633X instructions is shown on INS2-C

as follows:~

6331 Set ENAD flip flop to enable Memory data Address onto
' address bus, ENAD L.
6332 ' Set ENFAD flip flop to enable data Field Address onto
field address bus. ENFAD L,
6334 Clear ENAD and ENFAD flip flops. CLAD L,

HNSZ-A] IO INIT L also clears ENAD and EMNFAD.

The devnce selector for the 634X instructions is shown on INS2-D together
with some of the decoding. These instructions are also associated with the

Address Register as follows:-

6341 . Set Dauble Buffer Mode flip flop, DBM, DBM L.
6342 ~  Clear DBM. CDBM L.
‘6343~ . . Encble Double Buffer Mode interrupt, DBI. ENDBI L.
6344 . Disable DBI, CDBI L.: ,
- 6345-1:. - Skip if Change Buffer Half Flag is set, FLAG | or FLAG 2
et Co(on INS2-E). SCBH H.
<=4 . = -Clear FLAG | and FLAG 2, SCBH CL FL L,

The decodmg for fhe rest of the 634X instructions is shown on INS2-E
together wnfh fke mferrupf and’ skip logic for the Double Buffer Mode of
operation, The fo"owmg instructions are included here:-

: 6346-2 ﬁup i Upper Buffer Half is being filled, SUBH H,

R " Cleor FLAG 1 and FLAG 2. CDBF L.

[INS2—A] IO lNlT L also clears FLAG I, FLAG 2, DBM and DBI,
FLAG | is set when data Field Address bit | changes from # to | and
FLAG 2 is set when data Field Address bit 2 changes from @ to 1.
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4.9 Construction and Planning

Texas Instruments 7400 series TTL logic is used througheut the interface
with the exception of the random access memories which are Signetics 8000
series. The technical specifications for the devices used will be found in
Texas Instruments (1973b) and Signetics (1974). The integrated circuits (I C's)
are mounted on "Veroboard" and all interconnections are hand wired. The
layout of the | C's was designed to minimise the length of the interconnections.
Two methods of describing the wiring were used. The first consisted of a
series of drawings sHowing the positions of the | C's and the interconnections
between fﬁem, a separate drowing being provided for each colour of wire used.
This method allowed the position of each wire to be specified precisely so that
some attempt to minimise critical cross talk effects could be made. The wiring
for the COfordir;ofe Generator and the Sync Generator and Simulator was
described in this way. The second method of wiring description was simply
to provide‘a list of interconnections as shown in Figure 4.14. A drawing of
the | C layout and i)in configurations was also provided. The technician
then made the appropriate connections keeping wire lengths as short as possible.
Checking of the wiring wos carried out before the components were inserted
by testing fgr.confiﬁuity :b\etwee;n the specified interconnected points.

' 'De-céu‘bl!ég cci:paAci‘fors_(O.;l uF ceramics) were connected between the +ve
supply and: ground o;p at least every ofher 1 C. These de~coupling capacitors
were also provided fo,r every | C ihof’hud a clock input, (such as D type
flip flops etc.),-to reduce the possibmty»t;f- the devices being clocked by
noise on the power. lines. - 47 uF ‘electrolytic capacitors were also mounted on
each board for de-coupling. . Unused .Inputs to logic elements were held at
the appropriate logic level, or paralleled to other inputs. For low logic levels
the input. was. comécied .direct.to. ground, but where high levels were required
these were provided by the output of an unused gate, this method providing

the best nolse immun?ty.




PIN A PIN B Colour |No AlNo B Comments| Signal Name
Al-6 A2-6 Green 2 2 BEMB 3 (0) H
Al-5 A2-5 " 2 2 BMB 4 (I) H
Al-4 A2-4 " 2 |2 BMB 5 (I) H
PIN 71 | A2-12 " 2 | BMB 6 (0) H
PIN 74 | A2-|| " 2 |1 BMB 7 (I) H
PIN 75 | A2+ " 2 ! BMB 8 (0) H
A2-8 B6-I3 Green I 2 632 Select L
B6-13 B6-12 Wire 2 |1 " oL
B6~l1 B6~10 Wire | 2 632 Select H
B6-10 B6-5 Green 2 |2 " “ H
B6~5 B6-2 " 2 11 " " H
PIN 55 | B6=9 | Yellow | 2 |2 |Aside | BIOP I H
PIN 57 | B6-4 " 2 |2 " BIOP 2 H
PIN 59 | Bé6-l " 2 |2 " BIOP 4 H
B6~6 | B7-5 Yellow | I {1 |A side 10T 6322 L
B6-3 B7-3 ", | | " 10T 6324 L
B6-8 B7-9 " o | " 10T 6321 L
B7-8 B8-I3 Yellow ! I A side 10T 6321 H
B7-6 B8-5 " | | " 10T 6322 H
B8-|2 A8-i0 Yellow | I JA side ENCG L
B8-6 A7<5xF " 4 ) )L I DISCG L
A7-6 |AB-13 | white |1 | Clear ENCG L
B2-8 A7-4 " i 2 10 INIT L

l 2 3 4 5 6 7

Columns | and 2 glive the pin numbers to be inferconnecfed

‘Column 3 glvg

,ze :ware colour fo be used

Columms 4 and-&:glive ﬂm number of connecﬁons on each pin.

Flguré 4,14, Extract from the wirlng list for Instruction Generator 2.

ey
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Figure 4.15, Comparator circult used to gene'rafe TTL compatible field
and line synchronising pulses from standard sync pulse
generator syncs.
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5.1 Introduction

The instruction set created to control the interface is described in
this section, The object in providing these instructions was to allow flexible
program control with the minimum of manual intervention. The description
of the instruction set is followed by some programming examples. A method
of decoding the co-ordinate data generated by the interface is shown. and a
summary of the software developed is given, Full details of this software

will be found in Appendix A3,

5.2 Instruction Set

Machine language programs for the PDP |2 computer are assembled using
the LAPé - DIAL operating system, DEC (1970). To simplify the use of the
interfoce Instruction Set, mnemonics have been created for each instruction by
the program TVl MN, which is shown in Appendix A3,
| In the description of the instructions the mnemonics for each instruction
will be given, followed by the octal code, followed by the operation performed.
These instructions are used directly in 8 mode, but must be preceded by the

instruction. 0B in linc mode programming.

5.2.1" Address Register Instructions . .

" [ENAD'+6331.~ Enable Address; the data address register of the interface
is enob‘idimhithe "a:(terhai.bddress‘wlines of the PDP 12 computer (12 bits) by
setting the address enable: flip: flop.:

ENFAD 6332 -~ Enable Field Address; the data field oddress register of
the interface 16 enabled onfo-the extérnal dota extended address lines of the
PDP 12:{3<bits) by isetting the field address encble flip. flop.

LDCA 6333 - Load Composite Address; the initial data address register

of the interface is loaded with the contents of the accumulator, Bits @ - 8

of the Data Address register are set to correspond to bits ﬁ- 8 of this initial
address and the Datd Field Address register is set to correspond to the remaining
bits, 9, i.end-ll, Bits ?; ¥ ond:ll of the Date Address Register are set to

zero. : The contents of the ‘accumulator remain undisturbed. This instruction



150

also clears the 'change buffer half' flags of the double buffer mode, ofter
the initial address has been set,

CLAD 6334 - Clear Address and Field Address Enable flip flops; the
interface data address is taken off the external address lines of the PDP 12,

'RCA 4335 - Read Current Address; the accumulator is cleared and the
contents of the 12 bit Data Address Register of the interface are read into the
accumulator, The previous contents of the accumulator are lost,

RCFA 6336 ~ Read Current Field Address; the accumulator is cleared and
the contents of the 3 bit Data Field Address Register are read into bits, 9, 10
ond I of the accumulator,

DBM 6341 - Set Double Buffer Mode; the address register is set into the
double buffer mode of operation. When the 15 bit address reaches 277778 the
next address will be that held in the initial dato address register,

© CDBM 6342 - Clear Double Buffer Mode; the address register is reset to
the normal mode of operation,

ENDB| 6343 - Encble Double Buffer Mode Interrupt; if the computer
interrupt-is turned on (I ON instruction) then an interrupt request will be made
when the data buffer changes halves, The data buffer changes halves when
the 15 bit address changes from' 177778' to 2ﬂﬂﬁﬂ8 or from 277774 to lﬂﬂﬂﬂe

CDB1 6344 - Clear Double Buffer Mode' Interrupt; no interrupt request
will- be- made ‘wheri the: buffer changes halves,

SCBH 4345 - Skip .if Change Buffer Half flag is set; the next instruction
in the program will ‘be skipped if e:fher of the change buffer half flags is set.
The flags are ‘theh cleared, :

~SUBH 6346 = 'Skip if Upper Buffer Half Is being filled; the next instruction
in the program s skipped ifthe |5 bit address is’ Zﬂﬂﬂﬁe or greater,

CDBF 6347 '« Clear Flags; the change buffer half flags are cleared.

5.2.2 'Co~ordifiate’ Generator “Instructions
ENCG 6321 = Endble Co~ordinate Generator; - The marker detector inputs

to the co-ordinate generator are enabled allowing co-ordinates to be generated

ond dato transfer to toke place via the single cycle data break facility.



DISCG 6322 - Disable Ce-ordinate Generator; the inputs to the co-
ordinate generator are disabled and the break request flag cannot be set,

inhibiting any data transfer.

5.2.3 Sync Generator & Simulator Instructions
LDFC 631l = Load Field Count Register; the 8 bit field count register is

loaded with the contents of bits 4 to -1l of the accumulator, The contents of

the accumulator are undisturbed.

LDLC 6312 - Load line Count Register; the 8 bit line count register is
loaded with the contents of bits 4 - Il of the accumulator. The contents of
the accumulator are undisturbed.

ENFC 6313 - Encble Field Count; the field count function of the sync
generator and simulator is encbled. The sampling rate of the co-ordinate
generator- will be controlled by the contents of the field count register.

. ENSM 6314 - Encble Simulator; simulated marker pulses will be generated
on every television scan line specified by the contents of the line count register,

CFC 6315 - Clear Field Count; the field count function is disabled and
the co-ordinate gehamtor will somple every television field, The contents of
the field count.register are undisturbed.:.

CSM 6316 = Clear. Simulator; generation of snmulated marker signals is
disabled. . The contents of the line count register are undisturbed.

5.2.4.. Calibration Control | Instructions

;AE,,NMQN,»@,OI .= Enable Monitor Qutput;. this output provides a I volt

signal at the scan ,ﬂme:gqrre:spgnajng to_the position of the window, The signal

moy be mixed with. the video signal from the camera viewing the calibration grid.
LDCAM. 6302 - Load Calibration Margin; bits @ to 3 of the contents of
thq:,_,q.ccumngtgg;pr!q%logdgd,‘ig‘tOg.,ghe calibration right hand moargin register. When
the left hand co-ordinate .of the colibration window exceeds the value held
in this_register.the .co~ordinate: ganerator.is disabled and the calibration complete
flog is set, .. ... . .. .. L o
CAGO. 6303 Col'brahon Gw *he collbrahon control is set into operation.

Theuco:ordiigmtgs_ of the-window are set to the beginning of the television line

?1
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scan and collection of data will start at the beginning of the next television
field (line §). The calibration complete flag is cleared and the monitor output
is enabled. The calibration mode flip flop is set which enables the interrupt,
An interrupt will occur when calibration is completed if the interrupt facility
in the PDP 12 has been switched on (ION), |

CLCAL 6304 - Clear Calibration mode; all flags and mode flip flops in
the calibration control are cleared,

CAGOFR 6305 - Calibration Go Free Run mode; the calibration control
is set into operation as before except that the calibration complete flag is
inhibited and the right hand margin becomes inoperative, The window will
therefore operate continuously. This instruction is used for maintenance purposes.

CCAFL 6306 - Clear flag; the calibration complete flag is cleared.

SCAC 6307 - Skip if Calibration is Complete; the next instruction in the
program is skipped if the calibration complete flag is set. The flag is then

cleared.

5.3 Programming Examples

The first exdmp!e program shows how the interface Is initialised ond set
into operation to generate co-ordinate data, In this example sense switch @
is used to start and. stop data collection, and a limit is placed on the amount
of data collected. If this limit is exceeded the program automatically stops
data collection by di;obling the co~ordinate generator, the program then enters
a routine to process the ,_!collected data (not shown), The interface will start
transfer of data at location 253?}38 of memory field | as defined by the composite
address, Tho address hmtt is location 4ﬂﬂﬁ8 of memory field 2 as defined by
‘end memory address and ‘end field address', This limit may be exceeded by

" a maximum of 3!,0 words allowed for by the instruction on lines 76 and 77,
This example also demonstrates how' a program may be run independently of
_dota transfer, Interaction with the interface is provided by the subroutine

(SAT) which monitors the locations in memory used by co-ordinate data,

The second example shows how a ﬁrogram may control some of the other
porameters.ﬁF the it;terface. In th‘i‘{s‘, example the Field Count Register is set
to WSB ‘on"dj!‘,the Field Count mode t;dn ‘be enabled if sense switch 1 on the

computer is set,: This will limit the sampling rate of the Co-ordinate Generator
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such that co-ordinates will only be generated on every 5th television field

(10 Hz). The Line Count Register is set to |778 and simulated marker pulses
will be generated if the simulator is enabled (by setting sense switch 2). These
simulated pulses will appear on two lines in each television field as defined

by the contents of the Line Count Register; the combinations of pulses previously
shown in Figure 3.9 will be availdble on each of these lines and may be used
to provide inputs to the marker detectors. In this way co-ordinates of known
values will be generated and may be used to test data processing programs,
data displays etc, ~ This program also shows how the Address Register can be
‘used in the Double Buffer mode to provide a re-circulating data buffer in
computer memory. The Initial Data Address register, in the interface is set

to 6}5}528 which is translated by the interface into a 15 bit starting address for
the Address Register - location &8 in memory field 2. When co-ordinate
data is genéruted it will be transferred to computer memory starting at this
location, and the Address Register will be incremented upwards. When location
77778 of memory field 2 has been filled the interface will automatically reset
the_ Ad_dl;_ess Rgg_ister_ to thg starting address held in the Initial Data Address
register. . By u;mgfhe Address Register in this way the area in memory vhich
the interface may.access con be Hm'ited., in this case to 1024, locations. The
yse of the Double Buffer ‘mode to "double buffer" incoming dota (so that data
may be transferred tq‘mc‘:ss storage as it is rhe;ei‘ved) is discussed in the next
chopter. . . . . N '

.- The Cq—o;dmate Generotor is enob!ed by settmg sense switch @ on the
computer console. . As soon as this. is done the interface will begin to generate
Geasraﬁon?_qfcq-ordlg\qtgg g\.mll qgnt_mue _{,qr;jil ,s_envsp” swntch g is reset. The
program cqy{d (eosi_ly be expanded from this point to process data and, for
example, to display the trajectories of markers in real time.

¢ ‘.

54A

CREY

'hod of DGCQQ,mg L -

. The, ordgr cnd forg'tat in which dota is stored in computer memory by the
interfoce hos beqn dexcr'bed in relaﬂon fo the hardware in Chapter 3 and an
illustration wos given in Figure 3.7, In order to explain a method of decoding

the datg, the dctg format wavll be descnbed in relaﬁon to programming, In
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this section a "data block" refers to the data generated by the interface for
one felevision line, and will therefore be of variable length (3 to 7 words).
A "data record" is all the data generated by the interface during a particular
test. The length of this record is limited by computer core memory size or,
if data can be double buffered and transferred to disk storage., by available
disk space.

Due to the way in which the Co-ordinate Generator operates the first
word of any data block will always be a vertical co-ordinate, there may then
be up to 5 horizontal co-ordinates followed by the shift register code word.
This code word will always be followed by the vertical co-ordinate of the next
data block, exéept for the last word in any data record. The address of this
last word will, however, have been read and stored by the computer program
using the cpprdpriare interface instructions. This data format is illustrated in
Figure 5.1. | '

The camera code for each Horizontal Co-ordinate (HC) is made up of 3
bits; two of which are In bits # and | of the HC word, and tha least
significant bit is contained In the Shift Register (SR) word. The bit format for
a data block is shown in Figure 5.2. The position in the SR word of the
additional éode bit corresponding to each HC is clearly shown in this figure.
To recon'sm.éct the camera code for each HC the subroutine shown in Figure 5.3
and 54moy be used.‘_b This subroutine would be entered once for each
horizonta ¢o-ordina’te, starting with HCI ‘os shown in Figure 5.2, The re~
_construcied 'comera code Is left in the Accumulator on exit from the subroutine.
; | The rmfhocl shown here Is just one of several passible ways of reconstructing
fhe cumero code Tl'oc detgils of this method may be changed to suit other
:parfs of o program, o hdsf been “done n some of the programs shown in

5.5 Software Summcrry

" A prdgrums 70:' datu acquisition ‘and Interface control have been written
in cssembly Iunguage as have programs for calibration and data display, os
this wos the most suitable method available ot the time. Full details
of the progranﬁ summarized in this section will be found In Appendix A3,
in the form of listings ond, where appropriate, flow charts,



Vertical Co-ordinate VC

Horizontal Co-ordinate HC

Shift register code word SR

vC

HC

SR

vC

HC
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1-5 words

Figure 5.1. Data format for interface generated data.

Vertical Co-ordincie

Decreoasing value of

Horizontal Co-ordinates

Additional code bits

T L ve

X | X . HCL

x_| X HC 2.

x | x __Hc3!

x_| x L. WC4 .

X | x v Hes

g | x|  |ncs|uc4fucalne2|He
] 2 7 8 9 g 1
Code bits Data. bits i

in Shift Register word

Figure 5.2. Data bits format for onez data block of interface

generated data,



|START l

Y

Rotate bit Il of SR code
word into LINK

Replace SR code word with
rotated code word

Fetch HC into Accumulator
(AQ)

Rotate bits @, | into bits
I, I of AC

Rotate LINK bit into bit Il
of AC '

clear bits § - 8

RETURN

Figure 5.3. Flow chart for program of Figure 5.4. to obtain comera codes.

camera code

now in AC
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Figure 5.4, Computer program to decode interface generated data.
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5.5.1 Real Time Display

The program DYDIS (Dynamic Display) provides a real time display of
data generated by the interface., Co-ordinate data is transferred, by the
interface, to a 1,000 word re-circulating buffer in computer memory. The
program then decodes the data and stores it in one of six display buffers
according to camera code; Any one of these buffers may be selected for
display at any time during the running of the program. The camera code of
the data currently being displayed is included in the display. The interface
simulator can be controlled and may be used to provide simulated inputs to.
the marker detectors to generate co-ordinates for display. The Field Count
mode may also -b\e"se.ectved to reduce the sampling rate of the interface.
Because the y.generated co-ordinates are displayed in real time the data rate
is limited in order to avoid display flicker, this limit has been found to be
6pbrokfmafély 4,000 words/sec. If it is desired to generate and display a
larrgéir‘\umber of points in one television field and a reduction in sampling rate

is acceptable then the Field Count mode con be used.

5.5. 2 Data A‘e%...,ffgmaa‘ |

by the progrum P (Duta Process). This program controls the acquisition of
data from the m?erface, decodes it and stores the decoded data on magnetic
'fape. " Six of the analogﬁé channels of the PDP 12 may also be sampled on
receipf of cfoek pufus genera*ed by ‘the interface, and this data will also be
stored on magnehc tape Tf'ae somphng rate for this facility is controlled by
the contents ‘of the line count register. Processed co-ordinate data is stored

in the formct:- o te‘evmon field number (time co-ordinate), followed by the
vertical co—ordincto, followed by the horizontal co-ordinate. These three
co-ordma’l*es nrc wovuded for every point defected in the video signals of each
camera in the lysfem. "Data from each comera is stored in a separate sequence

\of tope b]ocks. The end of each sequence, or camera record, being indicated
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by at least three consecutive words of 77778. The camera (channel) number
is indicated by bits 1, 2 and 3 of the time co-ordinate word; and bit @ of
this word, if set, indicates that the analogue channels of the computer were
sampled.

Other facilities provided by the program include the dbility to set a limit
on the amount of memory used by the interface, the interface is disabled when
this limit is reached. The sampling frequency of the interface may be controlled
by enlerlng the Fleld Count mode, and the simulator may also be used by this
progrum. The vunous ophons are selected and their parameters are controlled

from the compufer ‘console switches and by presetting registers in the program.

5.5.3 Caltbrahon Data Acqmsmon

The ucqutsmon oF a matnx of cclnbrcmon points from a grid of markers
pluced in the held of vuew , of l'he camera is accomplished by the program
CALMTX (Calnbrohon Matnx acquisition), This program operates the calibration
control of the mterfcce, to generate the co-ordinates of the grid of markers.
Thls data ls then decoded and stored on tape in the format:- vertical co-
ordmafe followed by honzontc\l co-ordinate, for ecch point detected in the
wdeo slgnal No hme (fleld) co—ordmote or camera code is stored as these

parometers will nat change durmg_édato acqutsnﬁcn. Having ccqwred the grid

co-ordmates the meﬁm 'lhen goés on fo reduce thls dufa, by sumple averaging,

to one co-ord\«nate puir pel-:grnd polnt The results of thls data reduction are
‘ k s nof the gnd acqu:smon can be verified, If the
progfdln ls allowed toaco,nvtwrule fhen l‘he reduced gncl data is re-orgomsed into
a cqlibmﬂm mcm'ix for use\mth the program CAL (Cahbrate) This matrix

comasfs of twc am:ys,”

one for_themverhcul co-ocdmates and one for the

5 5 4 Cullbratiofl ?;;
The c.oltbr :ﬂon progrmq, CAL ls desugned to lmplement the fnrsf method

of callbroﬁon wllmed in sechon 3 3. 5 The loccmons on tape ol" the calibration

matrix and the data to be calibrated are provided in response to questions
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displayed on the VDU (Video Display Unit). The starting block on tape

to which calibrated data is to be written is also provided in this way. Once
calibration of the data has been completed these questions are repeated and

a new set of data may be calibrated. The program processes the data,television
field by television field, First of all the data for one complete field is
examined and co-ordinate pairs which meet o proximity criteria are averaged

to provide one pair per marker. The subsequently reduced data is then
calibrated against the calibration motrix. The flow chart and listing for

this program in Appendix A3, show how this is done,

5.5.5 Data Display

A display program (DISC-CAL) provides a means of displaying calibrated
data, 1024 co-ordinate pairs are read from tape into a display buffer, 512
of these pairs may be displayed at any one time. Selection of the starting
point of the display is made by setting a potentiometer (analogue channel @)
on the computer, The position in the display of a cursor is controlled by a
second potentiometer (analogue channel 4), and the camera number, field
number, and the values of the vertical and horizontal co-ordinates of the
point indicated by this’ cursor are displayed in the top left corner. I[f the
analogue channels were sampled this is indicated by the display of the letters
FP (Force Plate). A rypicql;di‘;play. produced by this, program is shown in
Figure 5.5. A second verslon of this program (DISF-CAL) displays a cursor
for every point in the field se!ac!’ed by the potentiometer setting of analogue
channel 4, The ﬂeld number is displayed in the top left corner as shown
in Figure 5.6,

Three oﬁm pmgmm based on the above display progroms have been
written. ‘These vorsiom nﬂow uncallbrated data to be displayed on the VDU.
The data Is scaled to ﬂt the grfd dimensions of the VDU. The first version,
DIsSC, d!splays ca-ordind!e da*e fogether with a read out of the co-ordinates
and other Infofmﬂm af’ the polnt in the display indicated by a cursor. The
second version, Y DISF is similar except that a cursor for every point in a
selected fleld 1s shown on the display. The third version, DISG, Is for
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Figure 5.6. Computer generated display produced by the program DISF-CAL
for the same data as in the previous figure. The cursors show
the points generated during television field 29, the subject

is walking from right to left.
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displaying grid data ocquired by the program CALMTX. This data is
organised in horizontal and vertical co-ordinate pairs and does not include
o field word. A cursor is provided to select individual points in the
display and produce a read out of the co-ordinates. The memory location
(with the beginning of the initial tape block considered as location zero)
of the point is also indicated. This program would provide the basis of

an editing facility to remove unwanted points from grid data.
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6.1 Introduction

This chopter describes how the system was tested in all aspects of its
design and in its suitability for human locomotion analysis. Measurement
errors and methods of calibrating the data are discussed. The co-ordinates
generated by the interface for the trajectories of markers placed on a walking
subject are presented and a means of identifying markers from co-ordinate
data is described. Some modifications to the basic design are suggested to
give improved performance. The performance of the system is summarised and
comparisons are made with other methods. The applications of the system are
discussed and recommendations for future work are given. A photograph of
the interface and its connecting cables to the PDP 12 is shown in Figure 6.1.
A subject with markers in place is shown in Figure 6.2, the photograph was
taken from behind the television camera light source in normal room lighting
and gives an impression of the brightness of the markers compared with skin

tones.

6.2 Interface Desigg_

The efficacy of the interface design was evaluated using computer programs
and the simulator. Initially programs similar to those shown in the examples
of section 5.3 were used. These programs allowed the interface to ope-ate
under constant conditions, when the simulator was used to provide the marker
detector inputs. It was thus possible to check that registers In the iInterface
had been loaded with the correct data, that control logic was functioning
correctly and that doto transfers were taking place. Several important factors
were revealed duﬂng the inltial testing phase, which resulted In minor
modifications to the orlginal design.

The first modification was to terminate some of the signal lines from the
POP 12 computer. It was found that noise on the 10T pulses ([100] BIOP |-4)
and the initialise lines ([100] BA and BB INITIALIZE) could occasionally cause
false operations. This problem was solved by terminating these lines with the
circult shown In Figure 6.3, as recommended in Digital (1972). The other
signal lines from the PDP 12 were also extremely nolsy, and although this did




Figure 6.1, elevision interface connected to the PDP 12,
Fig " Tel terf ted to the PDP |

Figure 6.2, Subject with reflective markers on anatomical landmarks, the

lighting is positioned to obtain maximum brightness from the
markers s seen by the television camera.
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' lines to reduce noise.



17}

not appear to present any problem they were terminated with similar circuits
as a precaution (Accumulator lines [100] BAC 0-l1, Memory Buffer lines [ 100}
BMB 0-l!, Data Break control lines[100] BREAK and [100] ADD ACCEPTED).
The signals on these lines were "cleaned up" considerably by terminating, and
thus the chance of false generation of logic signals in the interface was
reduced.

The second of these modifications concerned the timing of the data
transfer to computer memory. Originally the address accepted signal ([100] ADD
ACCEPTED (0) H) on the PDP 12 Data Break control lines was used to strobe
co-ordinate data onto the 10 bus data lines. The falling edge of this signal
was also used to down count the address of the random access buffer memory
in the Co-ordinate Generator, to access the next co-ordinate word in readiness
for the next data transfer cycle. According to the “"Single Cycle Data Break
tnput Transfer Tl:;aing Diagram", reproduced in Figure 6.4, this should have
been satisfactory; howeve:r it was found that data was not being stored in
computer memory; It will be seen from this timing diagram that dota must
be spec':iﬂed‘byﬂmeﬁ TP2 and will be strobed into a Central Processor register
at TP3. The Address Accept pulse stars at TPl and ends at TP3, ond should
therefore present the- Inuirfoee data on the 10 bus at the correct times. Further-
more the Internol computer Ioglc signal in the Central Processor which ends
the Address Accept pulse also causes the data presented on the 10 bus to be
stored. As there 15 a t)dpiccl délay OF 43 nS in the Interface before the
data is removed from the 10 bus fhere should have been ample time for the
data fo be stored in the Central Processor (there would also be additional time
caused by the ccnnechng cable deloys) Consultation with Digltal Equipment
COrporuﬁon onglm#n cgnflrmed thot rhis method of operation, although not
normal pracﬂce, should have been soﬂsfactery. The problem was avoided by
using the logic described In section 4, 4 .5, ‘which extended the duration of
the Address Accepted pulse. . ‘An: altemaﬂve solution, which provides all the
necessary cbntrol slgnah neqeired In the inferface, s shown in Figure 6.5.

The final modlﬂcaﬂon requlred,wos to the horlzontal Co-ordinate Counter.
in the Co~ordinate Generator. Originally three SN 74161 binary counters
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were used in cascade. From the manufacturer's published characteristics
for this device it was reasonable to expect them to operate at the design
frequency of 20 MHz (Texas Instruments (1973a and 1973b ), a typical
maximum operating frequency of 25 MHz when used in cascade being quoted.
However it was found that the devices would not operate at 20 MHz and «
modification had to be made. This could have taken the form of "carry
onticipate" circuitry as described in Texas Instruments (1973a) but a pin
compatible counter (SN 745163) with higher frequency capabilities became
available and was dirééﬂY substituted as described in section 4.4.3. In all
other aspects of the interface design a "worst case" design approach had
been adopted and in consequence no other problems of this nature occurred.
With these minor, but important, modifications the interface functioned
as it Wm designed to. Figure 6.6. shows a partial print out of data generated
by the interface. The Line Count Register was set to 378 and a simulator
oufput hovmg 7 marker pulses on it provided the input to the marker detector
of channel @, The first column of the print out is the location in memory of
the vertical co-ordinate which is shown in the next column. The next five
columns are the horizontal co-ordinates of five marker pulses and the final
column contains the Shift Register code word. The interface was generoting
o—ordfnates on every television field, and the data generated over two
fields: i; shown here, 1t can be seen that the horizontal co-ordinates remain
ul.mos};'vc'omtant as expecféd. -The slight variations are due to one of two
causes. * Where there: Ts only a I bit chunge then this cou!d be due to the
unccrta!nty cumd by a: marker false fomng between two couns. Any greater
change ls mo;t uke!y due to. ﬂ;o fact . that the simulated pulses are generated
by mcnoﬂable wwiﬂvibmtors ‘with pulse durations of up to 42 uS, a slight
vortaﬁocr in H'sk time: wouid produce such a change In co-ordinate value.
Such vqﬂqﬂons m not crlﬂcai and do not impalr the usefulness of the simulator.
The srobllity of the Co-ordinate Generator when used with camera inputs is
discussed In the next section. It can also be seen from this print out that,
although the simulator 1s set to generate pulses on every 378th line, the first
{ine In aach.television field on which co-ordinates appear is line 418. This
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Flgure 6.6. Print out ‘of date’ geﬁ%rnied by the system for simulated marker

. Inputs. The flrst.column shows the memory location of the
‘verﬂcoi co-ordinate which is in the next column. The next five

columns are the horizontal co-ordinates for five markers and these

are followed by the shift register code word in the last column.
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is due to the fact that the Line Counter is reset at the beginning of each
field by the field sync. This print out also shows that further co-ordinate
generation was inhibited on each line ofter five markers had been detected.
The program DYDIS is used extensively to check correct system operation,
again by using the simulator to provide marker detector inputs. Figures 6.7
and 6.8 are photographs of the display produced while this program is running.
Four simulated marker signals on each of 8 television lines in every field
are being generated (data rate of 2400 words/sec). Three of the markers are
on channel @ and one marker is on channel | shown in Figures 6.7 and 6.8

respectively.

6.3 System Performance

The ability of the system to generate co-ordinates of markers and provide
repeatable measurements is shown here. The material used for markers and the
positioning of light sources has been discussed in section 2.2,l, The same
degree of lighting has been used for all the tests reported here. This consisted
of a single Malham SE23 lomp fitted with a 500W tungsten halogen bulb
positioned as close as possible to the television camera lens. This configuration
was used for each camera where two comeras were used. Normal room lighting

was matntained.

6.3.1 Stability

To ascertaln that the system could provide repeatcble mecsurements a
stabllity test was carried out. | Stationary markers were used mounted on a board
in the conflguration shown In Figure 6.9. The distances between markers are
also shown In this figure. The fleld of view covered by the camera In the
plane of this board was 2.8 m by 2.1 m and the marker size required would
be 7.7 mm calculated as shown in section 2.2.2. It was found, because there
Is a certaln degree of flare, that a marker of 5 mm diameter could cover one
or two television lines and this size of marker wos used for the stability test.
A thirty minute warm up time was allowed and then the co-ordinates of the
stationary markers were'géneroted by the interface. The interface was set to
sample the spatial position of the kr'nurkers once every 255th television fleld
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Data generated for channel | at the same time os that for
channe! @ shown above.
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(5.1 sec). Sixteen sets of co-ordinates were obtained and then the system
was left for two and a quarter hours after which time a further sixteen sets
of co-ordinates were obtained. The co-ordinates generated for each marker
were then compared. Almost perfect agreement was found between each set
of data. The co-ordinates generated for markers 10, 1I, 12 and 13 are shown
in Tables 6.1 and 6.2, similar agreement was found between the repeated
measurements for the other markers. Table 6.1 shows the co-ordinates for
the "even" television field (vertical co-ordinates between 0 and 312) and
Table 6.2 shows the co-ordinates for the "odd" fields. These particular
markers have been chosen for illustration because they occur towards the end
of the television fleld qhd any malfunction in the vertical co-ordinate counter,
for Instance, is more HI{er to have occurred by this time, These results
show that the §;'stem can provide répeatoble measurements of the spatial
position of markers. The results shown above were obtained using a simple
threshold detector to detect markers in the video stgnal. Similar results were

obtained for the more elaborate marker detector described in section 2.2.4.

6.3.2 Movifig M,arkérs :
" To demonstrate that the system con generate the co-ordinates of moving

markers a rotating disc was used. A marker was ploced near the outer edge

of this disc at a radius of 22,5 cm. The field of view of the cameia in the
plana. of the disc was 3.2 m by 2.4 m and a marker size of 7 mm diameter
was used. “The:'disé was rotated by a synchronous electric motor through a
variable rcducﬂqn geqrb;)x.‘ Figure 6.10 Is a plot of the co-ordinates generated
by the Interface for one complete revolution of the disc. The vertical co-
ordinate has been scoled, the scaling factor being found frem the diameter of
the disc in horlzontal co-ordinate units (142) and in vertical co-ordinate units
(54) giving a scaling factor of 2.63. It can be seen that one complete
revolution of the disc was made in 19 television fields or 380 mS (2.63 revs/sec).
The marker will, therefore, reach a peak velocity in the x and in the y
directions of 3.7 m/S ond a peak acceleration of 6l.4 m/Sz. It can be seen
that ot least one pair of co-ordinates was generated for the marker in every

television field. The velocities and accelerations reached by the marker

TSI i




TV Field 10 I 12 13
0 239 | 504 | 275 | 150 | 273 | 504 { 270 | 860
2 239 | 504 | 275 | 150 | 273 | 504 | 270 | 860
4 239 | 504 275 150 273 504 270 860
6 239 | 504 | 275 | 150 | 273 | 504 | 270 | 860
8 | 239|504 | 275 | 150 | 273 | 504 | 270 | 860
10 2391 504 | 275 | 150 | 273 | 504 | 270 | 860
12 239 | 504 | 275 | 150 | 273 | 504 | 270 | 860
14 | 239 504 | 275 | 150 | 273 | 504 | 270 | 860
Co-ordinates generated after 30 minute warm up period.

TV Field] 10 " 12 13
o | 239] 504 276 | 15l 273 | 504 | 271 | 858
2. | 239|504 276 | 151 | 273 | 504 | 271 | 859
4 | 239 504 | 276 | 15 273 | 504 | 271 | 858
6 | 239|504 276 | 150 | 273 | 504 | 271 | 858
8 | 239|504 | 276 | 151 273 | 504 | 271 | 858
o | 239|504 | 276 | 151 | 273 | 504 | 271 | 858
12 | 239|504 | 276 | 151 | 273| 504 | 271 | 859
4 | 239|504 | 276 | 150 | 273| s04| 271 | 858

,,ﬂ’\vCQ-ordIngteﬁs generated 135 minutes later.

Toble 6.1. Co-ordinates generoted by the interface for markers 10, 11, 12
ond 13 of Figure 6.9 during “even" television fields, showing
‘the stability of the system, The interface was set to sample

© ata slow rate, one field every 5.1 secs.
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TV Field 10 I 12 13

| 551 | 504 | 587 | i51 | 585 | 503 | 583 | 860
3 551 | 504 | 587 | 151 | 585 | 503 | 583 | 860
5 551 | 504 | 587 | 15t | 585 | 503 | 583 | 860
7 55 | 504 | 587 | 151 | 585 | 503 | 583 | 860
9 550 | 504 | 587 | 151 | 585 | 502 | 583 | 860
i 551 | 504 | 587 | 151 | s85 | 503 | 583 | 860
13 55| | 504 | 587 | 151 | 585 | 503 | 583 | 860
15 55| | 504 | 587 | 151 | 585 | 503 | 583 | 860

Co-ordinates generated after 30 minute warm up period.

TV Field | 10 I 12 13
1 1 552 | 504 | 588 | 151 | 586 | 503 | 583 | 859
3 552 | 504 | 588 | 151 | 586 | 503 | 583 | 859
5 552 | 504 | 588 | 151 | 586 | 503 | 583 | 859
7 552 | s04 | 588 | 151 | 586 | 503 | 583 | 859
9 552 | 506 | 588 | 151 | 586 | 503 | 583 | 859
1 552 | 504 | 588 | 151 | 586 | 503 | 583 | 859
13 552 | 504 | 588 | 150 | s86 | 503 | 583 | 859
15 552 | 504 | s88 | 151 | 586 | 503 | 583 | 859

Co-ordinates generated |35 minutes later.

Toble 6.2. Co-ordinates generated by the interface for markers 10, Il, 12
and 13 of Figure 6.9 during "odd" television fields, showmg
the stability of the system. The interface was set to sample
at a slow rate, one field every 5.1 secs.




182

y
540 + + 7 +
+ 19 18 tos
S 17 /
+ 1 -+
560 | N T
hy 16 T+
+ . /‘_
L2 T,
580 1 ~ +
\r\ 15 &
+ -+
:3 A
& ¥
600 4 -
\;:\, 4+
.+
+ —t
4 ¥
620 L ¢ i3 b
' i 5 \_j-
640 L o+
+
o 2 4
.+
\{
660 4 o+
++
680 4
Pt e 1 R N T %:f T s 1
480 500, . 520 . 540 560 . 580 600 620

Flgure 6. IO "Plot of data generuted by the sysfem ‘for a marker on the periphery

ofa rotdfhsg &isc. 'The vertical co=ordinates (y) have been scaled
- and the television fleld numbers, during which each part of the
L h-alectory wos formed ,are mdicafed




{83

compare favourably, as a realistic test for a locomotion measurement system,
with the maximum velocities and accelerations reported by Winter (1974) and
shown in Table 6.3. The fastest moving marker in this table is the heel
marker (5) for fast walking (average cadence of 114 strides/min), which
reaches average maximum vertical ond horizontal velocities of 1.76 m/S

and 3.78 m/S respectively.

The co-ordinate data generated by the interface for the rotating markers
shows up an interesting characteristic of the television camera. This is the
storage property of the pick up tube target. It con be seen that the sequence
of co-ordinates generated for the marker in each television field is a part of
the total trajectory of the marker. That is, it is the path traversed by the
marker during the time token to scan one complete television field (20 mS).
If this sequence of co-ordinates is averaged then the average position of the
marker between sample instants will be found. If the marker is moving with
constant velocity then there will be no error caused by this averaging process.
If there Is any acceleration, however, then there will be an error, which
will be discussed in 6.3.4. The missing portion of the marker trajectory
between te|évi;ioﬁ fields 12 and 13 was caused by the disc mounting assembly
which qonceoléd the marker at this point,

The two types of marker detector have both been used in this type of
test and found to perform satisfq@;t_orﬂy. Co-ordinates are generated on receipt
of o poﬁﬂva gﬁlng edge from the marker detector, which corresponds to the
Ieod!ng edge of the marker puln. In most cases this does not lead to any
slgmﬂcant error becuuse the duration of the marker pulse Is short and similar
to the fime takon to generote co-ordinol'es. However, if the marker is
moving purulle! to ﬂ'ne telovfsion camera scanning lines then co-ordinates
will be: generoted for the leading edge of the trcqectory only, In anure
(8 and 9 for example) This would be a source of measurement error, however
the logtc shown ‘in Figure 6.1 could be used and then a series of horizontal
co-ord!nom woeld bo gonorawd Fbr a. trdjectory lying parallel to the line scan.

;

6.3.'3 gxmn&bs;iight Sources

Co-ordinates will be generated for extraneous light sources of sufficient
brightness in the field of view of the camera. Precoutions con be taken to

- ensure that the number of such sources is minimised or eliminated by removing




Avcrage cadences: Fast—114/min, Normal—93/min. Slow—82/min

o Vertical, (Y) : Horizontl, (X)
' o Max, : Max.

Marker Specd No. of Displacement velocity (em/sec) ~acceleration {em/see?) Velocity (em/sce) Acccleration (cm/sec?)

No. { - ofwalk - subjects Range (cm) Up ~  Down . Up Down Min. Max. Min. Max.
1 Fast 8 SO . AN 310) $70(150) SO(I90) TS0 1S435)  —ax0(190) 46(170)
Normal 12 5%B7y k}TES) 26} $30(120) - AUNT0) 66(16) . 1206(12) = 350(90) 6060

..* Slow . 8 49807 255) 195 JOL(NS) 25 50) 46(13) 10H15) — 400(90) 3K60)
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Normal 12 .3l F 40(7) 10 GOLK § 50) 6200 H00) 2301 1201015) - TOK250) 10600210)
Stow - ] T2 Iy 0 257 4Y140) 4100100} 1%7) 150430) =61 70) VTS
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Stow 8 6~m Jy 248) e INT) 3700120) I700) 147 167(26) - O 1 S0) RO 180)
4 .Fast 8 17310 10526} 120033 1280(450) 19204880} 00) 6(82) - 3030¢1 390) 1590610
Normal 12 16:81-5) 9%14) YHY) 1320610) [ 210) O0) 2427) — 1934220) F170(210)
Slow 8 169%1-7) 81(21) : R7(14) 220} 13060(290) 0o 239%(29) — 147003100 KUY IRO)
- Fast 8 5018 17046) © 168(41) TTHXT00) 2890(1200) o) 378(93) - 3390{1460) 2000(870)
Normat 12 23417y 14701 %) S 1A310) 13500200) 22500270 o) 323(2%) - 2490(360) 13300 160)
Slow 8 234)(2-4) 12319) ~42X19) 108 250) 1690(290) o) 2066(38) — 1870390 YU 210)
6 tast 8 1% 1-2y- 9641 91(13) 1690(510) 201HSK0) 00) 4OS(103) =3260(1590)  2530(330)
Normal 12 11816} 9111y T8y 1235 2000 163200 oM 338(29) = 330y 2070264

Slow R -7 X619y - L T2 YN0 1250(250) n0) 27742 — 170380 13300300
7 Fast 8 1917 XX 16) 106(23) ISSO(I3) - 269003 70) o) 423(108) — 30404 13060) 3661(1270)
Nor nal 12 12:6(27) 9R(18) 98(0) 1210 150) 2320¢400) 0) 35130) = 21X 210 2800 220)

Slow 8 1292-3) R7(16) T¥M21) 1T 250) (PRSI X0) 256(42; — 155((370) 221{380)

Toble 6.3. Linear trajectory data of anatomical landmarks during locomotion. Presented by Winter (1974).
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shiny objects, and by the use of drapes. The camera lens aperture is set

to obtain maximum contrast between markers and background. If co-ordinates
of extraneous light sources are generated then they can be eliminated in
subsequent data processing to be described in section 6.5, their only effect

is to increase the data rate.

6.3.4 Errors and Resolution

The resolution of the system is one part in 292 in the vertical scon ond
one part in 1000 in the horizontal scan. The resolution in terms of distance
is determined by the field of view of the camera.

The co-ordinates of a marker are generated when the video signal level
caused by the ‘marker rises above a pre-determined threshold. Figure 6.12
shows three markers all of which would be given the same vertical co-ordinate,
because the signal level caused by each only rises above the threshold level
“on line 2. The actual vertical co-ordinate of the centres of markers | and 3,
howeve’r, differs by : % a line from marker 2, This difference represents an
uncertainty In the vertical co-ordinate of A % a line. A similar situation
exists for the horizontal co-ordinate aond there is an uncertainty in its position
of = } a horlzontal unit.

A more serlous error can occur, as already mentioned, when a marker
Is.moving parallel to the cameéra scanining lines. If the marker is moving
with high velocity then even the logic shown in Figure 6.1l would not provide
enough co-ordinates to cover the entire trajectory. The magnitude of this
error depends on the horizontal fleld of view of the camera and on the marker
velocity, If co-ordinates are only generated at the beginning of the trajectory
then the error In average position of a marker moving at 5 m/S horizontal
velocity could be as high os 5 cm in a 20 mS period between samples. This
error could be reduced by designing logic to generate the co-ordinates af
the beginning ond at the end of a trajectory. Alternatively, since in locomotion
the highest components of velocity are in the horizontal direction (Winter (1974) ),
the camera could be tumed on its side and high speed horizontal trajectories
would then cross the scanning lines.
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Figure 6.12. Three markers which would all be given the same vertical
co-ordinate (line number).
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The error caused by averaging a marker trajectory between sample
Instants is proportional to the acceleration of the marker during this interval
and is given by -I/8 a t2 (for constant acceleration), where a is the
acceleration and t is the time between sampling instants. For this system
t is 20 mS so the error becomes -0,05 u.l0-3. For an acceleration of
50 m/S2 an error of 2.5 mm would arise from the averaging process. Since
such high accelerations are only occasionally reached it would seem that
averaging of -marker trajectories is an acceptable procedure for most applications.

There is an inherent phase difference in sampling instants for different
markers, ‘This depends on their spatial relationship to each other with respect
to the television camera scanning rastor. The position of a marker In mid
field, for example, would be sampled some 10 mS later than a-marker at the
beginning of the field. The range of vertical movement of anctomical land-
marks tends to be:restricted in locomotion and there would, therefore, be
little phase error between somples for the same marker, Corrections can be
made for phase: errors between markers because the position in the scanning
rastor of a marker is related to time. _ '

‘Phose errors and ervors due to averaging of trajectories could be eliminated
by the use of a rotating shutter, * Such o method Is used In the Dutch system
Ingen Schenau (1978). - m‘ﬂibthr'cmﬁsts‘of an opaque disc with a tronsparent
window, It rotates fhﬁ%yncl‘irdhfsrﬁ"*Wﬁh the television field synchronising pulse
o. ‘that the window is posttioned over the camera fens during the field
blanking 'peried. The size of the window is chosen so that the camera is
exposed - to -the fleld of view for epproximately | mS. The light pattern
plcked up 1s stored on'the camera torget:plate until It Is sconned. The dis-
' advantage with-using: this.method is that ‘@ ‘comera tube with a very ropid
responfo‘ is required In order fo register the reduced light levels in the short
exposure time. ° Su&h li:bu tend to be much more’ expenstve than the normal
Vidicon tube, - Lot Ui furation Cre s

The-television camére ieén‘hingfasmh not perfectly linear and hence
errors will orise dis ‘to thess noh-linearities. THé manufacturer's specffication
quotes d maximum non<linsartty: of £ 19%in the Itne scan and & 1% in the
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field scan, with the total error not occurring in less than half a line or

half o field (KGM (1971) ). A corresponding non-linearity will be introduced

into the co-ordinates of markers detected in the video signal. Corrections

can be made for this error by referring measurements to a calibration grid,

either directly or by the use of equations as discussed in section 3.3.5.
Errors due to parallax can be corrected, if the system is used in a

three dimensional configuration, by the same techniques that are used in

cine film analysis (e.g. Paul (1967)).

6.4 Calibration

Data can be calibrated by generating the co-ordinates of the spatial
position of markers at a known separation. This was effectively done to plot
out the trajectory of the marker on the rotating disc of Figure 6.10, and
it can be seen that the circle has been faithfully reproduced.

It has been possible to acquire the co-ordinates of a grid of markers
using the Calibration Control, but it has been necessary to include a sloping
row of markers at the top of the grid. The top row of markers is used to
set the limits for the Callbration Control window referred to in section 3.3.5.
For the control to function correctly markers must either slope downwards
from left to right with respect to the television camera scan line or be
horizontal to this line. If the markers slope upwards then the control will
set the wrong window limits. This situation was catered for In the design
by incorporating a "free run mode" and o monitor output. The control would
be operated in this mode ond the camera rotated until it could be seen on
the monitor that the control was functioning correctly. It was found, however,
that 1t Is Inconvenient to rotate the camera and that the control could operate
successfully off a sloplng row of markers. An example of a grid of points
generated by the interface using this control is shown in Figure 6.13. A new
deslgn for a simplified Calibration Control 1s discussed in section 6.8.

The oporaﬂon of the callbrotion program CAL. was successful when a
simulated callbration matrlx wos used fo calibrate real data. Some 2000
co-ordinate palrs were reduced to one co-ordinate palr per marker in each




Figure 6.13. Data points generated by the interface for a grid of markers
using the calibration control. The sloping row of murkers
used to set up the window limits can be seen at the top.
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television field and calibrated against the calibration matrix in o matter of
seconds. The part of the grid data acquisition program (CAL MTX) which
organised the grid data generated by the interface into a calibration matrix

‘'was not however successful. One factor which. occasionally caused mal-

function of the program was that the number of co-ordinates collected for

the grid markers was underestimated. The program had been written to cater

for a maximum of 2000 co-ordinate pairs and this limit was sometimes exceeded.
Also no facility was provided by this program to select out unwanted co-ordinates,
such as those generated for the sloping row of markers, which would lead fo
errors in building the calibration matrix. Such a facility could be provided

very effectively by utilising the visual display unit of the PDP |2,

6.5 Gait Data Acquisition and Marker Trajectory ldentification

In the first example of galt data generated by the system data was
collected simultaneously for two television channels and the force plate. One
of the television channels was connected to a simulator output which generated
a marker pulse half way down the television field (line 160), The second
television channe! was cbnneéfed to a camera output to record the side view
tm;ecfnries of markers p‘laced on a sub;ect s ltmb. Markers were placed over
the hip, knee and ankle. jolnh and on the foot. Some of the data generated
for these markers is shown in Figure 6.14 the read out for the cursor showing
that the force plat- was calso sompled during the television fleld indicated.
This Is a cﬁtpioy produced on tba PDP 12 visual display unit by the program
DISC (Disploy whh eufsor)‘ The number of points displayed is limited by the
compufer program ta 5!2 ﬁﬁs iim%h:ﬂon being necessary to avold display
:ﬂlckar. Tha ca*-arcﬂnﬂm Wn m unprocessed In thaf they have not been
'uveruged o produce ‘one Goﬁrdimm pair per marker in each television field.
f‘Defa thef has. hun procmd In thfs way {by the program CAL) is shown in
Figwo 6. !‘5‘ Ebi! dml‘q s&m uhd"bullbrcteé against a simulated callbration
matrix.: Hbre tho camlefe tm;cciwy is shown, and also a staﬂonary marker
that was posmcned In #\e fleld of view of the camera to provide a check
“on the swbillty of fhe syﬁem dﬁﬂng this test. No significant change was
observed In- ﬁ\e co*ordfmh&”gﬁ&wtad for this marker. At the same time that
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the interface was generating co-ordinate data the computer was sampling the
six analogue channels of the force plate. This data is shown in Figure 6.16.

The combination of data Inputs described above tested a number of
aspects of the interfoce design. The internal logic signals which generate
the simulated marker pulse also generoté the clock pulseswhich are used to
initiate analogue to digifol conversions of the force plate transducer signals.
This means that co-ordinate data is actually being generated and transferred
to computer memory between analogue channel samples. This showed that even
time critical computer programs caon be successfully run during interface
operation. Also the multi-channel capability of the interface is illustrated
by this test.

The data generated by the interface consists of a set of co-ordinate pairs
for each television field. Co-ordinates may occasionally be generated for
extraneous light sources in the field of view of the camera, and trajectories
of markers may cross, making marker identification difficult. Obviously it is
necessary to define which co-ordinates belong to which markers so that the
data can'be onalysed. Marker identification can be achieved by the application
of a linear extrapolation routine such as that reported by Ingen Schenau (1973).

| - With this method the first fwo points of a marker trajectory are identified and
‘then the routine automatically locates the remaining points. This Is done by
“fincking -an estimate of the expected marker positions from the two previous
‘posttions; a boundary is placed around this estimate and a search is made for
 0 co-ordinate pair within this area. The estimated x co-ordinate Is found from

Moo

X %, +2(x

2

. where t !s the- ﬂme co-ordinate.
The oshmated Yy casordinate is found from a similar equation.

The process of extrapolation and search is illustrated in Figure 6.17.

The extrapolation assumes that velocity of the marker is constant and accelerations
are allowed for by the search boundary. The data from the test discussed
above has  been processed in this way, the trajectory for each marker being
identified and stored separately. The resulting data was plotted on the
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A/P Shear \[i:::::c‘ | M/L Shear M/L Moment + Torque A/P Moment

Figure 6.16. Ground reaction force data from the force plate acquired

at the same time as the interface generated the co-ordinate
data shown in Figure 6.15,
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Figure 6.17. Extrapolation and search routine used to identify markers
from co-ordinate data. The actual marker position is
shown by X and the estimated or extropolated marker
position is shown at O over the time intervals t fo +5.
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computer graph plotter and this plot is shown in Figure 6.18. The co-ordinates
In every second television field have been joined together to show the relative
instantaneous spatial position between markers. The stationary marker was
filtered out by the extrapolation routine.

To successfully identify marker co-ordinates, using the procedure described
above, care must be exercised in the marker configuration used on the subject,
The co-ordinates shown in Figure 6.19 represent the side view data generated
for a subject with a total of 10 markers. Markers were positioned over the
hip, knee and ankle iélnis. on the pelvis and on the foot. Four of the
markers were intended for the front view camera only and covered the pelvis,
knee and ankle; as shown in Figure 6.20. |t can be seen in Figure 6.19 that
- front view markers were 6¢casionaliy picked up by the side view camera (as
indicated by the cursos). At certain phases of the gait, marker identification,
by the simple routine described above, for the ankle marker was Impossible.
Identification of the knee marker was satisfactorily accomplished despite similar
pick up of the front view marker. It might be possible to develop a more
sophisticated trajectory ldentification routine to solve this problem, however a
simple solution can be provided by suitable marker posi.ﬁoning. The ankle
joint marker for the front view camera could be shifted up the shank to lie
a constant distance above ’H\e‘}ol.nf, and then pick up by the side view camera
would n'of present a 'pk‘pb‘am‘. A simllar solution would be to provide a single
marker for the ankle ,:i’olntﬁ which éould be seen at all times by both front and
side view cameras. The size of the search boundary in the marker Identification
routine Is defined by the ‘expected accelerations and veloclties that can be
reached in the x and y directions. The size of this boundary in turn defines
how close markers can be piocod to each other. ‘Markers with high expected
‘occeleraﬁon! und volocmas will requlro large search arecs and this should be
noted whon posmdhtng morkcm Similorly care should be taken to ensure that
morkersﬁ,_uu ,not_ biddcp frbm_y%ew H-" at ofl possible. In the tests Illustrated
above th;i»'subieet wolked. wﬁ;ﬁ"am folded across his chest to avoid obscuring
hip and pelvis markers. If this is considered undesirable then it would be

necessory to provide secondary markers to be used when the primary marker
was obscured.




Figure 6.18. Compufer plot of data generated by the system. Markers in every second television field are
joined together. '
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6.6 Simultoneous Data Processing and Data Rates

The ability of the system to run a program to acquire, simultaneously,
data from other instrumentation while generating co-ordinate data has been
shown above. The interface has been designed in such o way that the
computer time required for the generation of co-ordinote data is minimised.
This has made available a useful period of central processing time for running
concurrent programs. The duration of this period is closely reloted to the
data rate generated by the interface, which depends on the number of markers
used, the number of lines on which markers are detected and the television
field rate (which can be reduced if required by the interface). It is difficult
to predict, exactly, data rates because the length of marker trajectories
during each field are dependent on their average velocity during this period,
however estimating that markers would be picked up on 5 lines then the data
rate for 10 markers at the normal field frequency of 50 Hz would be 7500 words/
second (3 words for each point - vertical and horizontal co-ordinates plus the
code word).

The program DYDIS (Dynamic Display) has been used to assess simultaneous
processing and data rates. The simulator was used to provide known inputs
ond the number of markers generated in each field was increased until display
flicker was just noticeable, the data rate was then slightly reduced until there
was no flicker. This was achleved when 3 markers were generated on each
of 16 lines (5 words/line) at the normal field frequency of 50 Hz. This gave
o data rate of 4000 words/sec; or, expressed in terms of markers, 2400
co-ordinate pairs/sec. The processing that is carrfed out by this program has
been discussed In section 5.5.1.

For locomotion studies It will not usually be necessary to process data
during o test run to any ‘great-extent. Also when a large number of markers
Is required the possibility of stmultaneous processing is precluded because of
the very high dato rotes- Involved. Even with 16K of core storage avallable,
very little of which is required for the data acquisition program, the duration
of a test would be soversly limited. The use of the interface Address Register
Double Buffer mode 1o extend the ‘test duration wos discussed In section 3.3.4.
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The double buffer consists of two 4K areas In computer memory and 4K of
data can be written onto one track of the PDP 12's RKO5 magnetic disk.
One track of data can be written onto disk in 40 mS so that, allowing time
for data checking, re-writing, track access time, and possible recalibration
of the disk address, dota rates of 20 K words/sec should be quite feasible.
The time required for data transfers from the television interface would be
"invisible" to the disk data transfer program as will be discussed in the next

- sectlon, The RKO5 disk and its controller are described in Appendix A2,

6.7 Effect of Interface on Overall Computer Systems

The television interface uses the direct memory access facility of the
PDP 12 (Single Cycle Data Break) for data transfers. Other peripherals, such
as the disk, use the same method. The sharing of this facility is accomplished
by a multiplexer (DM 12). This device examines data break requests on each
cycle and allocates the facility to the peripheral with the highest priority,
which coan be allocutéd at Installation time. Highest priority should be given
to the device with the shortest latency time, where latency is defined by the
maximum time which a dev!ce can walt for access to the compufer memory
before the data is los,t. In the case of the television interface this time 1s
the duration of the ltne blank ﬁ;no (12 »9) although it is preferable for the
request to be grunteci almost Imr‘m’diately‘so that all data transfers can be
'completed within the line blank time. In the case of the disk there is a
maximum Iatency time of 22,5 ,uS because the disk has a 4 word data silo
which can be emptied before data s lost. This silo Is normally kept full
during wr!to operoﬂon:., The television lnterface has therefore been given
the highest priority. Thfs lnterfaco Is Hmlted to transferring a maximum of 7
words during any one l!no b!ank poriod, there will then follow a period of
at least 40 uS before lhm is likely to be anofher data breck request from
the interface, The time required to transfer the seven words would be 11.2 uS
for a 1.6 uS cycle time; the disk data silo could therefore be half empty
before o data breck .request by the Interface, and still data would not be
lost even if the ,.lntq,rfggq} transferred Its moximum number of words.



Most of the PDP |2 instruction set can be used without any special
consideration for the interface operation. However certain instructions should
be avoided because of the short latency time of the interface. These
instructions are those which use an extended cycle time such as the sample
instruction SAM N when used in the normal mode (instruction time of 18.2 uS);
this particular instruction can, however, be operated in a fast mode when it
will only take 1.6 uS. Other Instructions which should be avoided because of
their long execution time are the Linc Tape Instructions (unless the "No Pause"
condition is enabled), and the relay buffer to accumulator instruction RTA.

All other instructions, including all Input/Output instructions, can be used

quite satisfactorily.

6.8 Recommended Modiflcations and Additions

One modification that should be made to the interface concerns the
Address Register. Unless this is operating in the Double Buffer mode the
register will address Igéoﬁons from the Initial Data Address (IDA) up to 32K
(15 bits), and locatiéns from zero upwards will be addressed as the register
overflowsi This only occurs under extreme o fciUIf conditions (when excessively
h!gh data’ rates occur) when rbﬂwm‘e protection may fail. Protection against
this evenf occvrr!ng can be provnded by hardwcre ln one of two ways. Either
the Co-ordinate Generotoi should bp inhibited once the address limit of the
compufer Is regched (16K iat presenf) or it should be arranged to reset the
Address Register fo the contents of Ihe IDA register on overflow.

The ssecoxgxﬂ modiﬂcwlon concqms a re-deslgned calibration control to
ovo!é the hmitoﬁons discyssod in section 6.4. The logic for this control s
" shown in F!gure 6.2l and a ﬂmlng dlagram Is In'Figure 6.22, This logic
ﬂmply embles the Co-ordinafe Generator for 64 horlzontal units at a time

until the entire television ﬂeld has been covered. Only five markers can be
, reglstered during any 64 unit period but only fault conditlons are likely to
“cause this number of markers fo occur during such a short period. The existing
Instruction set can still be used with this control, although a right hand margin
“cannot be set by software.
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A recommended addition to the system is to use light activated switches
(LAS's) to control data acquisition. These would be positioned at the start
and end of the walk path (the area monitored by cameras), and just before
the force plate to initiate data collection from this device. Switch inputs
have been provided for this purpose in the interface and a noise immune
switch such as that shown in Figure 6.23 could interface the LAS's to these
inputs. Only a pulse of duration longer than 5 mS would give an output
(SYNC H). The LAS marking the end of the walk path (which would inhibit
the Co-ordinate Generator when activated) could also be used to generate an
interrupt to the corﬁputer to signal the end of a test.

If this interface Is to be implemented on other computers, or even on a
PDP 12, it would be cheaper to use status and control registers for the hardware

generation of software instructions. This method Is discussed in Appendix A2,

6.9 Conclusions

~ The system that hos been described here offers a means of automatically
a<:q_ufr!ng dlsplaceme_nt/ﬂme measurements of human |ocomotvion. Repeatable
measurements can beobtu!ned and 1t has been shown that co-ordinates can
be generated for morkers moving with relatively high velocities and accelerations,
comparable with those reached during fast walking. The system is flexible in
that up to six cameras con be used simultaneously in almost any position. Thus
it is possible to obtain three dimensional measurements and cover several
strides of the goit by appropriate positioning of the cameras. The only limit-
atlon in camera positioning is that the light source of a camera must not be
in the fleld of view of any other comera. This Is a limitation of the chosen
marker system;  if actlve light sources were used as markers then this limitation
would not exist. Possive markers have been used throughout the testing
procedures and found to perform adequately, this meons that the test subject
Is not encumbered by connecting leads, power packs, or "strap on" markers.
Normal room lighting can be left on during data acquisition. Markers can
be positioned quite close to each other, although care must be taken where
expected marker velocitles ond accelerations are high, The interface will

generate synchronising pulses at a program selectable rate to control the
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acquisition of data from other instrumentation, such as a force plate. A
means of generating the co-ordinates of a callbration grid has been built
in to the system. This will allow non-linearities to be corrected if the
highest degree of accuracy is required. Measurement errors have been
discussed and seen to be relatively small, the implications of these errors
in biomechanical onalyses are further discussed in Andrews (1976). The
computation of other parameters from the displacement/time measurements,
such as derivatives, is briefly discussed In Jarrett (1976) and more extensively
in Andrews (1976).

‘The data rates generated by the system depend on the number of markers
used ond can be very high. This can be accommodated by double buffering
the data onto disk storage; the facility to do this has been provided in the
interface. Alternatively the data rate can be reduced by placing a rotating
shutter in front of the camera lens to reduce the sampling period. This
shutter also has the advantage of defining a consistent sampling . instant, but
requires ‘the use of more expensive television cameras. The system can operate
at lower sampling frequencies (down to 0.2 Hz), If this is acceptable for the
motions being measured, which. will reduce data rates considerably. The
interface has been very refiable In use, no faults have arlsen to date, but
o buflt in marker pulse simulator will facilitate fault tracing. This stmulator
dlso allows a rapid check' of system function and is useful In software development.
It Ts clear thet software must be designed on an Interactive basis, preferably
with extensive ' uis of data “display routines. Providing data rates are not
téo "high it Is ‘possible to process Incoming data In real time, the program
DYDIS does’ this ‘and “produces ‘e display of decoded data. Basic processing
of the“raw ﬂuhédnbeod&qﬁ&fblypeﬁmmed on a mini~computer such as a
PDP 12, 'The'ldentification of arker trajectorles is made possible by the use
of a ﬁmpfe"nedre GHot* routine, manual Intervention being required
only to provide the first twe data points.”
v AIFGF e altefnafive systéms ‘have been extensively reviewed in Chapter
I wheré ‘thetr prinéipal *ud%m'ages ond ' disadvantages were examined. Methods
Involving manual trariscriptton “of 'data, such as the use of cine film, are time
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consuming and prone to human errér. Automated versions of these methods
are costly, still require a lot of manual intervention and still suffer from
the basic disadvantages of photographic media - such as slow turnaround
from test to results. The systems of locomotion analysis which involve contact
with the subject, such as goniometers, are generally undesirable because they
may influence the gait. and their measurement cbility is often limited. The
other opto-electronic techn’;qués such as SELSPOT (Selcom (1975) ) and CODA
(Mitchelson (1974 and I975)‘) are poWerful measurement systems, They can
sample at higher frequencies than a television based system and, when fully
developed, may offer higher resolving power. They can provide outputs in
analogue form which is easy to store, or can be interfaced to a computer.
Such interfacing would be similar in many respects to that required for the
television system, H,oWever, these systems both require active light sources
)fo indicate the anatomical landmarks and these sources must be switched on
and off involving either trailing connecting wiresor a telemetry link. Also
the power of the presently available light sources which must be used (Light
emitting diédés) is li(mue_d,wh‘i‘;h‘puts constraints on the range of operation
of the system, , Y . ‘ |

The other televlsion systems that have been developed are all limited
{in their performonce capabilities in comparison with the system described here.
‘At present none of them Gon use more than one camera simultaneously ond
th._ejrwbqsic_ designs will make_ this extension difficult. None of the systems
hove beendosignedydthmtntqnﬂon of collecting data from other measurement
devices and, consequently the ease with which this can be done 1s limited.
The mquismon of the go-sr&indies of a grid of .callbratlon points has not been
.considered in any af the Systems, except in the Dutch system (Ingen Schenau
(1973) ) ,..but even fhis System was not. purpose designed to take in the grid
.kgoroqdlnqte;g Themujts of tasts fgkr stability and response to moving markers
have been. reported here but no similar tests have been reported for the other
systems. with which, to moke comparison.

The system wil] have applicotions both In the research laboratory ond
An the clinig, - In the research situation it will be possible to conduct large
numbers of tests with comparative ease. This has hbt been pracﬂcdble in the
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past because of the time consuming manual interpretation that has been
required to produce results for anything but the simplest of analyses (Jarrett
(1974) ). Also the research environment demands a system with some degree
of flexibility, and especially the ability to acquire data from other transducers
simultaneously. In the clinical situation the system offers a completely
automated facility for data collection. The complexity of an analysis is
variable - simple plots of change In segment angles may be derived, for
instance, or data for a complete kinetic analysis could be collected. One
of the most important advantages of this system in the clinical environment
would be its non-contacting nature and also the complete stlence of the
system. Important areas of use in the clinic would be "before and ofter"”
studies of treatment regimes, identification of the "key" joint where several
joints may be affected to vorying degrees by a particular pathology, and in
observing the different characteristics induced in the gait by an appliance.

6.10 Future Work

Research is currently in progress on methods of filtering co-ordinate data
generated by systems such as the one described here, this research also
includes invesﬂgaﬁcﬁs Into digital differentiation schemes to derive velocities
ond accelerations (Andrews (1976) ). This work will allow the data generated
by this system to be used to provide a kinetic analysis of locomotion. The
form of this unblysis requires to be de\reloped from exlsting work (Paul (1967),
Morrison (1967), Poulson (1973) ) to be compatible with suitable marker
configurations for the television system. It will be advisable to structure this
analysis In such a way that useful Intermediate results can be obtained ecsily -
to produce parallox corrected angle/angle dlagrams for example. The
incorporation of other measurement devices is seen as an important option to
be bullt in to the anolysis, These devices should include load measuring
devices such as force plates (one or two), and pylon transducers; accelerometers;
and possibly electromyograph recorders.

Presentation of data Is an area which requires considerable investigation,

the most promising direction would seem to be a graphically oriented one to
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make use of the outstanding pattern recognition abilities of the brain.
Successful routine clinical use of a system, such as the one described here,
will only be achieved when the resultant data can be presented in such o
way that abnormalities in the gait can be easily and quickly recognised.

If this is achieved then it may be possible to use a very basic model of

mini~computer (with consequent economy) to collect and process data.
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Al.l Principles

In order to reproduce pictures which are acceptable to human vision
television exploits a particular characteristic of the eye. This characteristic
is known as "persistence of vision". The effect of this is that the eye
perceives an image of a source for a certain period ofter the source has
disappeared; a modulated source is, therefore, averaged by the eye.
Experiment shows that it Is necessary to project about 50 still shots of a
moving scene, every second in order to ollow the eye to average the pictures
and reduce any flicker, due to changes, to an acceptable amount. It
follows that a television system must scan the scene to be transmitted af }ecsf
50 times every second if flicker Is to be acceptably low. '

To represent a still picture in electrical form it is necessary that each
level of brightness.of the picture is specified by a unique and discrete
electrical signal, This would require the picture to be broken up Into an
infinite number of elements each of which would have to be sampled, and
ollocated a value of ‘electrical signal corresponding to its brightness. The
whole array, for o moving scene, would have to be sampled 50 times every
second to reproduce a'picture ‘acceptable to the eye. As usual a compromise
is made and the picture Is broken up Into a finite number of elements which
will produce a reasonébly sharp picture at a bandwidth suitable for transmission.
A imde'r‘n, high-definition, “transmisston system divides the picture into 300,000
to 400,000 plictire elements and réquires o bandwidth of several MegaHertz.

“The ‘signal -levels corresponding to each element have to be transmitted
sequentially. Pragtical televiston-systems transmit the electrical signals
corresponding ‘to. the plcture élements starting at the top left hand corner of
the picturs, “The sighals corresponding to the top line of picture elements
are flrst ‘transmitfed " then ‘those comprising the next llne, and so on untll
the whole picture ‘s beén transmitted; this process of transmitting a picture
as o suceession of horizontal Iines :Is' known ds scanning. In conventional
television systéms sounning ‘otways storts from the left hand side of the scene,
o8 viewed by ‘the ‘camera, =




To convert the light signals into electrical signals a photosensitive

surface is used. This surface, or target, varies in conductivity according

to the intensity of light falling on it. The target is scanned by an electron
beam which causes a current to flow in a signal plate, varying in magnitude
according to the conductivity of the target. The current is passed through

a signal resistor which develops a potential difference proportional to the
current, this pd then being amplified. This system which applies to the
vidicon and plumbicon pick up tubes is illustrated in Fig. Al.l. Other pick

up systems exist, but they all work on similar principles.

Al.2 Scanning

The scanning of t.h:éwé"'je:‘c;frbn'beam is controlled by synchronising pulses.
Deflection of the beam is,acéompivishéd by vertical and horizontal deflection
coils which opply;d‘bim&éh:_eﬁ‘c' ‘field of varying strength across the path of the
electron beam. As. tha ;E;:trQn beam ‘possei through the magnetic fleld it is
deflected at right ang?és to-its: direcﬂon of travel and to the direction of the
field. The path fol lowed by the electron beam in scanning the charge pattern
on a camera target is shown in Figure Al.2, Starting at A the electron beam
Is made to travel horfzonta"y at constant speed across the target to the right
hand side; it then re\‘ums at o much greater speed and commences the next
horizontal or line sean, The return traverse Is knowrr as the line flyback.
Simultaneous to the -Hine- sconmd ﬂyback the electron beam Is moved
comparatively slow‘x andwa.kl‘"conshnf’ Speed downwcn'ds the field scan. When
the required numboo' of.lines hos hen sgunned the electron beam is moved

A A e s

vertically back byﬂﬁu"ﬂﬂﬁ ﬂﬁ&ek “Fleld synchronising pulses Initiate field
flyback and line :ynchg&;imyvlwt lnitlah hm flyback

To reduce ﬂi!”‘bmdw%’dﬁrnqu!md still. Furﬂur a system known as Inter-
laced scanning is used. in this system the television camera transmits
information in the lame way as:before, except .that the complete picture Is
only scanned 25 times In every second. However to maintain the flicker
below  an obtrusive level each plcture Is scanned twice, the second scan
taking place between the lines of the first scan. This technique is illustrated

“In Figure Al.3. Each complete scon is known as a fleld and there are thus
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two types of field, "odd" and "even", interlaced to form a complete picture.
The advantage of this system is that flicker, due to the succession of fields,
is reduced by comparison with an equivalent sequentially scanned picture
without an increase in bandwidth.

In the British system 625 lines are scanned in two fields. The number

of active lines in each field is 292}, after accounting for those blanked during
field flyback.

Al.3. Synchronisation

Field and line synchronising pulses are generated by a central sync pulse
generator. They control the time characteristics of the comera scan, and the
relationship beiween field and line syncs determines the interlace of odd and
even fields. During line and field flyback the video signal is suppressed, an
interval known as the blanking period. This means that a number of lines do
not transmit video information between fields and that a certain portion of
each line does not carry video information., The lines and proportion of each
line which carry picture information are said to be "active".

The video output from the camera may also Incorporate the synchronising
pulses In which case It is referred to as "composite video". The composite
waveform, showing details of the line sync pulses and line blanking is shown
in Figure Al.4. The composite waveform showing details of the field syncs
and blanking is shown in Figure Al.5, The equalizing pulses shown in the
field sync waveform ore not; necessarily present in closed circuit systems.
They are a refinement added to broadcast systems to reduce the effect of the
half line which occurs ot .the end of clternate flelds, just before the fleld
sync pulse. This half ine can Impalr the interlace of the recelver, by
disturbing the fleld synchronisation, Also in closed circult systems the field
sync may be one pulse of about 160 uS duratlon, Instead of five broad pulses.
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APPENDIX A.2.
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A2.l Introduction

The PDP 12 is a mini-computer designed for use in a laboratory
environment, [t is a |2 bit word length machine and can therefore basically
address 4096 (4K) memory locations. An additional three address bits, the
extended address, are provided to allow addressing of up to 32K of memory.
The basic cycle time of the computer (the time taken to access and interpret
one word from memory) is 1.6 4S, although certain instructions will extend
this time, There is a 10 bit analogue to digital converter to which up to
32 channels con be multiplexed, and which is controlled by a programmable
clock; eight of the channels are prewired to precision potentiometers.
Magnetic tapes and disk provide the means of mass storage for data and-
programs. Six program controlled relays are also provided for control of
external equipment.  Communication with thé computer is achieved via a
teletype on the computer console switches. Data may be output on punched
tape, on a graph plotter or displayed on a point plot visual display unit
(grid dimensions 512 x 512 points).

- Full details of the computer will be found in the reference and maintenance

manuals (Digital (1970 and 1971) ), however those aspects which directly concern
the television interface will be briefly described here.

A2.2 Input/Qutput Transfer lnstructions

. _The PDP 12 has two distinct modes of operation. LINC mode and PDP-8
mode, each of which has its own Instruction set. The LINC mode instruction
set includes instructions to control some peripheral devices such as LINC tape
systems, the visual display unit, ond the analogue to digital converter. Most
peripherals and certainly any interface will be controlled by the Input/Output
Transfer (10T) class of instructions in the PDP=8 mode Instrbcﬁon set, A
special LINC mode ;i_nfs;trqction,;‘ 10B, allows this class of instruction ta be
used in LINC mge,‘;mgmt__n‘s.wijhouf changing modes.

A2.2,1 Programmed :Data Tronsfer
When an 10T class .of instruction (608@) Is decoded in the Central
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Processor the computer enters a 4.25 4S expanded cycle, ond enables the
Input/Output Pulse (I0P) generator to produce time sequenced 0P pulses

os determined by the three least significant bits of the instruction. A
timing diagram for the 0P pulses is shown in Figure A2.l. These pulses

are transmitted to all peripheral devices together with the contents of the
Memory Buffer (MB) which holds the instruction. Figure A2.2 shows the
function of each part of the 10T instruction. Bits 3-8 of the MB contents
are transmitted to the peripheral devices in both (1) H and (0) H versions

to simplify the logic required for decoding. This logic is shown in Figure
A2.3 and gates the 10P pulses to the device when the appropriate code
appears on the MB lines. The device code is assigned by wiring the
appropriate MB lines to the inputs of the ANDgate. In the example shown
the device code is 3|8 (Hmﬂﬂz). Any combination of the three I0P pulses
can be generated depending on bits 9-1l of the instruction, therefore there
can be up to 7 discrete Instructions for any one device code. From one

to three OP pulses will be generated in each instruction; any device operation
which requnres a sequence of pulses can take advantage of this, and accomplish
the sequence during one instruction. This type of operation can be used to
advantage, for example, when loading a register with data may cause a flag
to be set elsewherg in the interface; a second 0P pulse generated by the
same - Ynsfruchon can be used to c‘ear the flag without the need to resort to
a seocnd instrucﬂon. ‘ ‘ :

Three other control'“ lines are available for programmed data transfers.
These are the Clear Accumulator, Skip and Interrupt Request lines (EXT AC
QLEAR BUS, L;: EXT SKIP BUS L; ond EXT INT RQST BUS L). The Clear
Accumulator line Is used when moking data transfers from an interface to the
accumulator. During each 10P data from the interface is strobed into the
accumulator. This Is done by making an inclusive "OR" of data already in
the accumulator and data on the accumulator input Iines.. If there s no
data from the Interface or If the Interface data is zero then the contents of
the accumulator will remain unchanged. If it is desired to read the contents

of an inferface register then the accumulator must first be cleared. This
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can be done by the program, but it con also be done by using the clear
accumulator line, which is preferable to avoid the possibility of programming
errors. The Skip line allows the program to test the status of a flag in an
interface. An IOP generated by an instruction will gate the status of the
flag onto the Skip line, causing the next instruction in the program sequence
to be skipped if the flag is set, (increments Progrom Counter). The Interrupt
Request line will cause the current program to be interrupted if the interrupt
facility of the computer is turned on (ION) and the interface pulls the line
low. The computer will store the contents of the program counter in absolute
memory location @ if the processor is in PDP-8 mode or 4f if it is in LINC
mode. The program will then jump to location | or 4|, where it will be
directed to an interrupt service routine. This routine will then test the
status of flags In the external devices (using the Skip facility) to find out
which caused the interrupt and will then take appropriate action.

All progrummed.duta. transfers between a device and the computer take
place via the accumulator. Data In the accumulator is available on the [100]
BAC @-Il lines; and data from o device is available to the accumulator on
the [ EXT] 10 BUS @-11 lines. The initialize lines [100] BA and BB INITIALIZE
will be asserted whenever the computer power is switched on, the 1/0 Preset
console switch is depressed, or when the 1/0 Preset Pulse Is genercted by
program- (Special Functions bit 6 set). The signal is used to clear all device

flags and registers etcetera.

A2.2.2 Control and Status Re_gj_sters

The methods of hardware iInstruction generation described above have
been used in the televislon interface (see Chapter 4, Interface Logic -

Instruction Generator | and Figure 4.22 for example)., Usually each hardware

operation is generated by o separate !nsfrucﬁc;n; a great saving in components.

and the number of Instructions used can be made by utilising status and control

- registers. Only two instructions are basically required; one to load the

register and one to read it. The various status bits are set by the interface
(such as “"change buffer 3") and the control bits are set by data transfer
from the computer (e.g. "Double Buffer mode"). Figure A2,4 shows how

H
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such a register might be used for some of the Address Register Instructions.

A2,3 Direct Memory Access

Direct memory access is provided in the PDP |2 on a cycle stealing
basis by the Data Break Facility. When a break request is generated from
an external device the computer completes the current instruction and then
enters the "Breck" state. The time required to enter this state is referred
to as the latency of a break request and depends on the instruction currently
being executed. This latency time is usually from 1.6 uS to 4.8 uS for three
cycle instructions but can be anything up to 18.2 uS for some extended cycle
instructions. The transfer of dota con be either from or to the computer.
To effect an input data breck transfer the interface must specify the appropriate
address in memory, provide the data word, indlcate that transfer is to the
computer, indicate whefher 3 cycle or | cycle data break is required, and

request a dota breok.r_ o

A2.3.1 Single Cycle Data Breck
The timing dlagram for Input data transfers is shown in Figure A2.5,

Data transfers to memory Vl'dké‘place:via the Memory Buffer tc the location
specified by ‘the external dé:fq address lines. This address is provided by a

15 bit register in the Interface and must be present on the address lines in
anﬂcipcﬂon of the data break cycle. When the address has been strobed

into a central processar register the address accept pulse is generated and
transmitted to the lnterche. ' This pulse is usually used to increment the
interface oddlfes; reglsfnr_; In readiness for the next data transfer, and to clear
the device break requéslé ﬂoé If oll data transfers will have been completed

at the end of the. cumnt break cycle. If the break request flag is cleared

~ before TP2 time of the cycle then ﬂwe computer will return to normal programmed
operoﬂqn on completlon qf the dota transfer. The B-BREAK signal is generated
by the computer on& %mcdns low for ﬂae duration of data break transfers. The
data to be fmmfomd must be ovaﬂublo on the external data lines by TP2

of the cycle ‘and must not be removed until after TP3, The B-BREAK signal
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is useful as a data gating signal. BTS 5§ and BTS 2 are "time state"
signals generated by the computer, they are present on every cycle and
must be gated with a data break control signal (e.g. B-BREAK) if they
are to be used by the interface during dota break cycles.

The initial conditions in the interface for single cycle data break
transfers must be set up under program control. In the television inferface
the only conditions are the initial address for data transfers and the address
register mode of operation. Usually an interface may also include a word
count register which defines the number of data words to be transferred
and is set up by program. In the television interface this register is set

up automatically and depends‘ on the number of markers detected.

A2.3.2 Three Cycle Data Break

The timing diagram for input or output transfers is shown in Figure A2,6,
The difference between this method of data transfer and the previous one is
that the computer provides registers for the current address and word count
functions. If the extended eddressing facility is to be used then the interface
must provide a 3 bit ex%enqled address. The register used for the word count
~ function is a memory locatkn specified by the address (usually hard wired)
placed on the external uddress lines by the interface. The next sequential
memory locahcn is the currem address (CA) register, The word count register
ts preset by the program to the negative of the number of words to be
transferred, , The eurrent: address gister Is preset to the initial address
“minus one (A-l) Upon mqoiving a. three cycle break request the computer
enters  the firstof the break cycles on compieﬂcn of the current Instruction.
During this cYc!e the word ‘count (WC) register is incremented and If the
register becomes zaro as. u result a WC overflow pulse Is transmitted to
the devlce.; Thk signal :!gntﬂes the end of a block transfer and Is used
to remove the break requpsf signal, - On the next break cycle the computer
enters the current address’ stote and the contents of the CA register are
Incremcnted and used as ‘the. nddress for fhe data transfer. The last break
cycle stores tha duia pmen!pd on tho axtornal data lines by the interface
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in the memory location specified by the CA register.

A2.3.3 Multiple use of the Data Break Facility

If more than one device requires the use of the data break facility
then a multiplexer, the DMI2, must be used. Separate cables are taken
from the DMI2 to each device for the data break control signals, the external
data address, ond the external data. Each device is ollocated a priority and
the break request lines are sompled, on every cycle, by the DMI2Z which
gives bus control to the device with the highest priority requesting a break.
On giving control the external dota address lines of the device are gated
to the Memory Address register in the central processor. This allows the
memory address fo be set up prior to the break cycle. The break cycle is
then entered as before (single or three cycle) and all control signals are
directed to the device with bus control.

A2.4.. RKO5 Disk oand Control - -

- The disk drive controller (RK8F) can control up to four RKOS moving
head disk drives. - Each ‘disk' contalns 1.6 million words of data storage.
Data is arranged on ‘the “disk in tracks ‘and- sectors of a track. There ore
400 data tracks (200 ‘on-top-and 200 on bottom surfaces-of the disk, each
top and bottom palr being referred to as a cylinder), divided into 16 sectors
which each contain 256 data words. The single cycle data break facility

is used to transfer data to and from the disk controlier, in which there is

a four word data silo. Durlng write operations the controller endeavours

to keep the silo full in order that disk latency time is kept ot a maximum.
If ot any time the silo Is empty when the disk Is ready to occept data then
a "write error” will occur and the whole sector will have to be re-written.

This error Is Indicated by the "Data Request Late" bit In the status register

being set, and occurs if the processor does not respond to a break request
from the controller within 22.5 HMS = the maximum latency time of the disk.
Data breck transfers are made via the DMI2 multiplexer and the disk has

been granted second highest priority with the television interface having the
highest priority. |
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The transfer rate to or from disk is 8.32 4S per word, or 40 m$ for
a complete track of data (4096 words). Each sector of the disk contains,
in oddition to the data words, control sections and a header which provides
a sector and cylinder address. Errors can arise in positioning the disk heads
and this can be checked by comparing the disk cylinder address of a sector
header with the cylinder address previously sent to the disk drive. If an
address error Is indicated then the disk heads must be returned to the home
position (cylinder @) which is referred to as re-calibratlon, and the operation
to find the required cylinder repeated. '

In combining data transfers from the television interface and to the disk
(double buffering) in order to obtain the maximum data rotes it will be
necessary to first of all position the disk' heads on the required cylinder and
then write 4096 data words (one track). On completion of this operation
the disk heads will be moved to th_e next track (by the program) and a check
of cylinder address carrled out with re-calibration i required In readiness
for the next 4096 word block transfer. Checking of data will be
limited if the highest possible data rates are required.

The detalls of the RK05 disk and its controller given above are only
meont to provide a pointer to combined operation with the television interface.
Full detoils will be found for disk operation in the appropriate DEC manual.



APPENDIX A.3.

COMPUTER PROGRAMS,

Interface Mnemonics

Real Time Display

Data Process

Calibration Data Acquisition

Calibration

Display Calibrated Data = DISC-CAL
| ~ DISF-CAL

Display Interface Data -~ DISC

DISF

Display Grid Data - DISG
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Flow chart for real time display program (DYDIS)

disable CG?
(SNS 2)

Set up interface to

gp?rcfe in double
fer mode

Yes Y

nable field count™
?

Yes

Any new data?

Enable simulator?

(SNS 1) !
Lo , L Display current
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I ; Yes data R
HALT - f ]
Press continue to exequfe S .
next instruction : : I Process new data

set up 6 index registers

os data pointers for
each channel

Specify start address 7
of Incoming data
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enable CG

N DAT




Channel to be displayed

set by right switches of
computer console (9, IF

)

Access appropriate data
buffer and set up display

characters to indicate
channel No.
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First 2 locations of

- display buffer show a
point ot latest HC
generated

iDiséloyﬁ character buffer
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‘ Disprfoy data buffer
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initialize routine
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Y

Current address
reached?

Increment HC counter

get next co-ord!nﬁfé' ]

o for new data ond update
§ .- Leurrent address

set error flag

!

Prepare code word

SCAVC

VC scaled

Process HC

data from TV
line processed?

Return to NDATA to test

)




COD

extract camera code for
current co-ordinate

)

store HC in data buffer .

defined by code

store HC in refresh
pointer

CAMV

store VC In data buffer
defined by code

@
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37717
37177

3209
290J
2333
2939
@uA3
83233

NN\

AUTO»

NN

ng,
DSTAL.
PSis
PHC,
]

L

333
2333
0409
@d323

*10

37177
3717
3717
293
37717
37717

22

0399
249a
4339
B333

a9
0438

/CAnl
/Caq2
/7CAaM3
/Chd4
/7CANS

- /a6

FNAD
FNCG
FILT
FNFAD
FNFC

X RAVA
ENSM
FCOUNT
FLAG
HC
TyLY .
LCOUST
LiLCA
LLGAv
LLFC
LLLC
$ARK
MARLD
MU LT
NDATA
pic
PIINT
KCA
HCEA
56AC
KCAVC
SCPd
suRd
Ve
VCTEST
WIRDI
WL

6331
6321
€343
6332
6313
6331
6314
280
0133
132
13092
021
6333
6302
6311
6312
e i A1
3546
"B 3l
473
3129
ARH2
6335
6336
6337
G674
6345
€346
2131

3623

9535
B8543

B
3



Flow Chart for data process program (DP).
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Set up initial parameters
Field count =SFCT
Line count =SLCT
Composite Address = CAD

Set up KW 12 clock to
synchronise on incoming
clock pulses

™

Encble address lines.
Set address limit, EMA

noble CG?
N (SNS 2)

counter

Sample analogue channel
and increment channel

Buffer full?

All 6 channels
sampled?

Test for end of data
acquisition: (DA4)
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Test for end of

data acquisition
(DA4)
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save address of calling
program

Address limit
reached?

" Continve datd
acquisition :
{ N5 2) Yes
v
read current address Return

and save thenHALT

Press confinue - INITI

lmﬂulise data processing
program for first pass
(INITDH P

store on tape
on unit 3 startin

at TBLK




Reset counters and data
pointers

NIT 2

Start processing for each

TV line
START

Y

Find next VC
VCTEST

Start processing for each
line START
Process HC's
PHC
* VC TEST
Get camera code v
CO DE o arl o -
R
Count number of i'iC's!:mi e
for each channel e N
CNTHC

his HC fro
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Reset counters and
data pointers

INIT 2

Initialise for PASS 2
INIT 2

L oo

channel

Store Co-ordinates
STORE ‘

Process rest of HC's on |
current line

PRSI NS . .
%
i 3
i FLYWH ¥ SriE ey
) i
J/ﬂv—ew&ﬁ it 546 o o e
I3 ‘ o
. R o aeen

Byuiss vty

” HC in current
camera channe

SR T s e R e e

Process rest of

HC's on current
TV line




save return address

end of data?

\

Count number of HC's

and check for errors
CNTHC

Fill remainder of tape
store with 7777

Check for errors and
save VC

| save address of VC

save return address

..} evaluate camera code
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Save return address

Set up code word (SR)
and test force plate

bit

orce plate bit
set?

Yes

1

Save return address

Store co-ordinates in
tape double buffer

No

1 Set bit g of field

count

No

~ 1of TV line '

clear flag -

!

Last HC?

G
ey

Tape buffer %
full?

No Y

Return

Yes

B P ¢
e SR IUEDLE A
}“-\' :
- o

Fetch next HC and
save

PASS2,

return to BEGIN 1 if In
PASSI, BEGIN 2 1f In

]

244

Yes

MTAPE)
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save return address

tape overflow?

ower ¥ of
buffer full?

Transfer upper % of
Yej' buffer on to tape

Transfer lower % of
buffer on to tape

l

Return

Any data to
process for curre

“camera?

245

Yes

Set camera number in
fleld count word

Increment camera

channel

A" 6 channels

processed?

f

Return to process data
for this channel

Yes Y
PASS 3
]
I HALT ]

| Press continue}

| Restart programy




*00

/DP - LATA PRUCESS

/

71T-6=75

/

Vg

/Mede JARRET TS

/

7

/

/PRIGRAY CUNTHOLS ACQUISITION UF DATA
ZFRO% INTEKFACE, AND STUNES 1T UN TAPE
ZCUNTT 3 IN THE FUOsMAT - TV FIELL NUMBER,
/VERTICAL CJUiDINATE, HORIZOVTAL
ZCOOEDINATES WITH THE CAMERA YUMPER
/CINTAINEL IV DITS 152,33 OF THE TV FIELD
ZNUGRERe NIT. O OF THE TV FILLL NO IF SET
ZINBLCATES THAT TdE FOKCE PLATE 1S BEING
L 25804PLED SRR .
, .

7 oo v ' -

7% MIDE 1279 PRESET STAHT £8 AFTER SETTING
ZUESTRED SENSE SG[TCHES E1C. ,
7 ‘ .

/

/

/7SNS B - ENAULES FIFLD COUN1

75498 1 - ENATLES SIMULATOH

/89S # = ESATLES CUJHLINATE GEVERATOR

Z1é RESET ARTHL R9ANLING CG TkV CG IS
ZLISARLED ANE IHE DATA COLLECTED IS PROCESSED
/54S 3 - IF SEf TdEY ANALOGUER CHANNELS
/WILL BF SAMPLED,IF HESET UNCE PRJGRAMME
74AS STARTEL 14kN SAMPLING WILL DR

/DU SCINTINUED

Vs

/

/PHIGHAY HALTS AFTER LATA HAS DEEV COLLLCTED
/PLESS CONTINGE TO PHICESS AND STUSE LATA.
/

/

/SFCT = LOCATIONV 131 COJTAINS FIELD CUUNT
7SLCT = LOCATION 192 CONVIAINS LINE CUUNT
7CAL - LOCATION 133 CONTAINS CU4PUSITE
7AYLRFSS

ZEFA = LICATION 144 CINTAINS END FIELD
/AIDRESS

/40 - LOCATIOY 105 CONTAINS END MEMOLY
/ALLRESS

ZYCEL = LUCATIUN 129 CONTAINS COUNT UF
ZUFBRTICAL COJLDINATE FRIZOHS

ZACEER - LJCATION 131 CJNTAINS COUNT OF
ZHORIZINTAL CIJIELIVATE EhHOLS

7/

/

ZTrLE = LOCATION 134 COVTAINS INITIAL
/TLOCK NUARER FOR TAPE THAVSFER AT START
/0% PEUGRAY4s EACH TIME A RLOCK IS USED
/TrLK 1S INCRE4ENTEDeSET TU 103 WHEN
/PRIGRA4 IS FIRST LOADEDs

/

/

AB76
3677
0133
2191
2122
3193
3104
0105
2196
ain7
0119
f1i1
o112
113
9114
9115
#3116
a7
0129
g121
o192
19
1124
2128
0126
0127
%1392
2131
%132
6133
2134
7135
J136
a137
4149
atlag
Cl142
5143
2144
n145
146
147
2153
151
3152
A153
2154
2155
2156
3157
G163
3161
B4
D163
sl16n
165
3166
A167
[ R AP
J171
3172
3172
3174

2220

203
a201
3202
2203
204
AR5
B2né
5297
8213
123 01
0212
2213
y214
2215

9216
3217
3oe
g221
n2e2
gea3
anca
32295
A206
arey
2039
%031
3232
3733
g234
R3S
an3¢e
30337
B247

241
. R24n
" 843

Q44

n

24

[J

55008

602052
6322
7330
1191
6311
7340
1132
6312
7239
1133
6333
6331
6332
6141}

1451

G135
1569
0037
4138
2147
€027
35037
6313
4]
€033
3543
6314
Cas2
6233
2532
€321
zHN3
630
2317
3777
0643
azee

7382

/

ZINTERFACE STIURES DATA STAHTING AT LICATION
/9 OF ¥MEYMORY FLLLD le ALL LICATIONS UP
/TO 1777 OF vir¥MIke FIELD 3 ARk GLEERDe A
/LISIT 4AY R PLACED RY SETTING EFA AND
/F40s THESE ARE INITIALLY SET 19 2

/AND 4330 RFSPECTIVELY.

/

/THE SA4BLED ANALJUGUE DATA 15 14 Li 3
/ARSOLUTS LJUCATIONS 6393-7771-171 IS
/STOKED IN THE FIRST SIK PLUCKS JY
/TAPE IF SNS 3 15 Sk1.JNF TAPE BLJICK
/FOR EACH AVALOGUE CHANNEL.

/
/
/
/ [
LOLSYM
PMILE
*29
JMpP 1 LATA
*23)

/DATA ACQULISITION

DATAL» 1UF

PI1SCG

CLA CLL

TAL+ 5FCT /LD S5IM FIRLL CT
LDEC

cLAa CLL
TAL SLCT
LLLC

CLA

TAL CAD
LLCAa /LD COAPJISITE ALDH
ENAD /i Md4 ALLH

rNFAD /ZEN FIELL ALD:
LINC

L4JDE

Loa

kA

Pl 1

ua37

STC P44

S¥5 3

JiP «+3

1Jn

kNrC /EN TV FIELL CT
£48 1

JAP «+3

108

LisH /EN SI4CLATIR

545 2

JiP o=l

131

FAUG JEN
S5 3 /500
J4P2 LA3 /3
SeT I 17 /1S
3777 :

Lur 3 H

PLP

PAJ DR

CLa ClLi /CLp CLY CTil LiC

/LD SI% LIYE CT

. PLATE?

b7



aR46
Lanan7
o250
2251

2252
9253
2254

2258
8256
8257

3263
LA

962
22€3
J264
as6s

9266
L A2€E7

aaTa

2271
an72
an73

o214
2275
3276
0277
2222

2331
3392

3333

3Ny
335
3376
33197
3213
2311
812
3313
9314
2315
3316
0317
2303
232l
33z2
3323
a32e
2325
13026
327
9339
2331
HR32
3333
5334
333%

€132
1358
€134
6141

Aa43
6334
2392

6131
5251
€141

8112
1877
2217
0456

6384

202

6135
2069

2351
. $285

7890
1347
3351
1263
1347

614l

£346

DA3»

DA4»

cLLR
TAD KN263
CLEN
LINC
L4UDE
538 3
JMP DA3
PLP
PAJDL
CLsK
JAP =5
LINC
LMODE

-S6M 13

51A.1 17
XS€ 17
SKP

J4P DA3

PLP
PYJIDE
CLSA

15%2 DAZ
15Z SCIR
JdP LAt

- CLa:

TAL K46

DCA SCTR

TAL DAZ
TAD #<¥6
pCA LA2
LiNeC
LMOLE
JiP LDAa
PLPR
PyuIbL
JuP LAl
L0 L.
JYP LAy
JNP e=1
nLpa

2

STC pAS
198
RCFA
SAL

EFA
JYP 42
JbP «+4
S35 1 2
JEP DAS
JMP «+10
on

1LCA

ncL 1
8337
SAR

FaA
JAP DAS
I9°

L1 SCG
un
HCFA
STC CFA

S S

/RATE=STOP»MUDE=0
ZEN INT OV EVI
/1/79p %

/CONTINUE SAMPLING?
/N0

75AM7 i
780

IYES

/BUFFER FULL
/RESET SaM

/TEST FOR END DATA

‘/TEST FOR END DATA

/READ CUHRRENT, FLD AD
/CFA=END FI1ELD ADDR ?

-

/N9
/YES

/CONTINUE

/READ CURRENT ADDR

/NO

/Y ES,
/D1SAarLE CG

/SAVE CURRENT FLD AD

3274
2275
0276
a2717
2329
A321
3362
2303
3334
2365
2386
a3n7
2319
2311
2312
2313
f3ia
2315
2316
3317
8320

2321,

azee
@323
3324
a32%
A326
9327
2332
9331
2332
4333
a334
9335
0336
23237
0342
2341
a3yag
2343
3354
2345
#3346
n3a7
0359
%3%S1
0352
8353
0354
2355
2356

- A357

23€7
7361
3360
D363
2364
(3365
366
2307
33713
2371

a372

gasa
7353
0334
8355
7356
4357
23685
asel
8362
0363
8364
9365
7366
0367
3379
3371

8372
2373
3374
3375
8376
3377
3473
B401

8402
p433
BLa
3435
3455

2437
D410
a1l
412
6413
fnaty
8415

J41€
3417
a423
o421

@422

2509
€335
4137
1023
2223
3924
7003
6352
62303

7772
0060
17782

ac62
5030
1329
2540
4141
1323
Pu52
1040
1615
1649
1629
1349
1631
1043
1674
1220
2953
1243
1636
1043
1613
1523
3031
4143
1323
0143
15€9
71772
5332

70341
1146
3213
S214
32533
7256
6141

4119
1233
G157
1123
6330

ror

| 1{022Y
STC CA /SAVE CULLENT kel AD
Lpa I
03222
ESF
HL T
. J¥p INITL
DAS, JMP O /RETURN
7/
PMUDE
KN6s ~6
K0260, 2063
SCTR» -6
/
/
/
/
LYODE

/FIRST INITIALISATION
INITL» SET I 2. -

v}

Loa 1.

REGINI

STC BDEGIN

Lba 1

cC1

5TA

13

STA

14

STA

Is

STA

16

Lpa 1
teee

isTa

11

STA

iz

LLa i

1

STC CC

LLuA /CIOXP ALbiz TJ AC
CAD

rcL 1

7779

oLR

P JLE

Cla /TWOS COLPLEMENT
TAL CrA

LA «+2

JUP <42

3253

HTL /X4

LisC N
LJILE ~d
$TC NLF

LLa

Ca

ADA I /UlV B 1777
=177



0423‘

424
cans
2406
Q427
263D
a431
ga3a
8433
Q434
G435
B436
3437
doald

. G4EL

J4uQ

onag -
Bhaa
“aaa6

aaa’t

9450
Basi

ga52
0453
Busa
#255
8456

S aas?

S4E 3
2461
JaC2
2463
G464
0465
34E6
0467
2473

471

c4a72

473

J474
au7s
A476
0411

29533
35031

1532
3533
0554
8535
0536
3537
0513
3511
gste

6427
pana
6421
1129
1777
4111
2932
2119
a110
2193
1563
1773
4842
$443

‘9339
e2ae .

1129
64
4112
d911
8359
4351
4552
4353,
4054

4855

4256
49557
L7363
4361
4362
4IET .
4064
4365
£366
aier
8052

5513

6141

2483

6536
1329
2303
£€23
377
31717
GGla
13523
2551
4623
6614
€643
1223
232
4523

g451

NSNNN

P:OLE
JUP 1 MAIN

/441N PRUOGRAA4

MAINI,

LINC
L4JDE
535 3

JYP 4AalN2

Lpa I
2339
5TC AD2

Sk1 1 17

3777
J¥P AD1
Lpa 1
2931
STC AL3
JiP apl
JMP 1Al
Luva I
2332
5TC AD3

/REMAI VDER +VE?

/N9
/YESs» INC QUOTIENT
/REPEAT

/SAVE REMAINDER
/STORE N0 OF LINC

/1 ELDS

ZINITIAL FIELD ADDR
754

JLDF N .
/SAVE INIT LINC FIELD

/NO FP DATA TO STORE

/XFER 2 BLKS

2472

3473
o iV ]
D875
2476
3077
n533
05731
4502
45a3
Q504
55%
K6
2597
I513

. 08511

n512
9513
AKLA
#5195
$516
2517
35P9
#521
asa2
3523

- a524

50y
3526
3597
w433
3n3t
AR37
3533
3534
a53%
1536
A537
3549
3541
582
3543
A544
ASLH
3546
547
4553
#9551
5552
3852
3554
1555
TH56
557

2513

0514
2915
2516
4517
4529
3521

goe2
2523
85024
352395
0526
2527
9533
0531

8532
9533
s34
8538
7536

2537
3542
B%41
3542
A543
a544
254S
0546
0547
2553
2551
3552
As83
A554
3555

2556
2557
3563
#4561
J35€7
3563
AS64L
2565

9566
ASeT
9573

JL71
572
as73
3574
NHT8
3576
35771

36357
2641
26172
2633
he L

2977 -

3777
6614
1829
2243
4E23
6614
6643
1029
23548
80623
BY7T7
317117
6614
1323
208145
4623
6614
6643
agne

4514
45385
4529
8521
4522
7299
1123
7180
7004
1124
3355
13458
1125
3357
4333

53€1
3.3:53
133
1123
144
5365

527
€141

72487
23733
asia

L6514
45317
4535
4529
4521
L0222
6141

1923
31e

1449
2143
ol

MAINS,

BEGEINI,

PASS52,

REGINZ,

SFET 1 17

3777
JuiP aADl
Lpa 1
2283
STC AD3
JYMP ADl
JH4P TAl
Lna I
2404
STC AD3
ST I 17
3717

“JriP ADL

Lba 1

20135

STC AL3
JsipP apl
JMP TAl
PLP

P5ILE

JIS I INIT2
JxS 1 START
JaS 1 VUCLEST
Jms 1 PHC
JMS 1 CJOLE
cLa

TADL CAMCO
cLL

HAL

TAL 2350
DLA «+4
TAD «+3
ink K14
LCA ++3
35339

JALP «+3
DILI -
CL.a

TAL CA4CY
570

JAP .42
J£S 1 STIHE
LINC

LYJ LR
JapP ACP1
qLT

PLP

/NEXT 2 RLKS

/LALT 2 TLKS

/CASERA CIDE
/K10 (PLNALD)
/IS pandrl
/724U 157

7157 CIUNTS 4L FIa
ENACH CAsitia

/OVENFLIE
rens 32

L83
/YE5s STUHL CJlbhbs

8p7
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ATE7
3777
3771
27172
3773
0774
9775
g176
Q777
1323
1021
1332
1933

o 1o

- 1995

771986
ot X
L1312

1331
1912
1913
1914

- 1918,

1316
1817
1323
12214
1358
103
1024
1325
1026
1827
1333
1331
1332
17233
1324
1335
1336
1237
1329
1341
1340
1343
1344
1845
1146
1347
1989
1551
1357
1283
1354
138%
1956
1257
12€3
1261
1322
133
13508
13€5

0751

a752
3753
2754
c755
2756
37157
3763
2761

3762

1135

1136
1337
1043
1341
1342
1043

1344
1345
1946

3471
5417
13022
7757
5440
1330
2033
4116
2202

5675

oa920
6141

o2es
7305
7345
€44

1a21
159
1777
146D
69.)4
7152
10239
22331
1123

1178

1603
233d
1465
3034
7026
T33%
1331
4116

1899

8531
5223
BELE

5639

21303
5241
7492
7240
3132
cl4l

1153
322¢
7453

APO I

STC #1

Lea 1

=29

STC M2

LpA

21329

STC TVC

PDP

PYMJLE :
JYP I SINITZ2

NN

*1309 -

/INITIAL VC

/SUPPOUTINE TU TEST FONVEHTICAL COUKDINATE

CUTESY, 23099

' LING
L4IDE
KSK 1 COusT
JHP .42
J9P. FCNT

DFD» 2644

7/

LbA 1 ETAD

neL 1

17717

gar 1

6323

JH4P CNTHC

LA

STAD

AN I

=1

. rsr I

234943

SAfp 1

34949

JMP .42

JM2 «+12

LLA STAD

STC TVC

LDA

STAL

STC IADLR

PLP

PYMIDE

JYP I CVTEST

[PRAVDE] A

PP

PLODE

I1SZ VCERER

JYP e+2

HLT

STa

DCA EFLAGL

LIxNC

LMJIDx

JLF CNTHC

ASE I FCIUNT

JAP .42

IADDR,

FCNT,

/RETURN JMP

ZEND OF LINC FIELD

/LDF CURRENT DATA
PIELD

Z/NEXT WORD

/9C 2

/73
/YES

7/ ERROR

/7340
/YES

/RETURN

/1INC VC ERROR COUNT

/TO0 MANY ERKRORS
/SET AC=T7777
/SET ERHOE FLAG

1347
1353
1351

1952
1953
1354
1955
1056
1857
1963
1361

1862
1763
1264
1365
1366
1067

19713
1071}

1872
1373
1074
1975
1376
1877

1139
1101

1122
1183
1124
1108
1106
1127

1119
1111

ilie
1113

1114

1115

1116
1117

1123
1121
1122
1123
1124

1125
1126
1127
1132

1131
1132
1133
1134

7856

4911
3085
1123

2341

5335
703s
2416
2311
2111
8017
43285
1929
7776
4306
3205
1129
323

5738
19232
7376
5056
7905
1323
7101
5956
9366
77716
8165
7776
1223
7111}
5956
1024
1029
7117
4304
2k B W4
4117
30917
4133
2134
1163
Bs32
5132
ae32

4527
7289
1134
6141

14643
U320
7124
6573

NN NN

JMP END

CLI:

ADD DFD

ADA |

1

STC DFD

J#P LFD
END» NOP

CLR

ALD REM

Cd#

STC COUNT

LDa 1

-1

STC FCOUNT

ALD DFD

ADA I

1

STC DFD

LDA 1

JMP «+3

STC END

JvP DFD

Lba 1
ENDI1, JGP «+2

STC rND

SET 1 FCOUNT

-1

SET 1 COUNT

-1

LeAa 1

J¥P «+3

STC END

J¥P IADDhH+]

LLa I

7777

STC TUFCNT

€o.s

S1C VC

CO4

S51C HC

ALD TELK

aLAa I

2

STC «+7

PLP

PEJIDE

JMS 1 STURE

cLa

TAD TILK

LINC

LyOLY

Sat 1

335

JLEP .=7

viP PASS2

*115%

/INC DATA FIELD CNT

/REMAINDER

ZRETUIN TO PHICESS
/REMALNDERR

/PRICESS LAST
ZLINE 0 LATA

/TA4PE STIOLE FULL 2
7iTLA+2

730

/YLS

1°4

/COUNT HORIZONTAL COORDIVATES 2 5i. woii



1153

1151
1152
1153
1154
1155
11%6
1157

1160

116%
1162
1163
1164
1165
1166

1209
1291}

1292
1233
1234
12355
1268
1237
i21d
1211
1212
1212
1212
121%
1216
1217
1223
1221
1292
1223
1224
1229
1206
1227
1233
1231
1232
1233
1234
1235
236
1237
1245
1241
1248
124l

2922

2115
5357
2131
5356
7432
5541
6141

13381

4032
3161

‘1128

8901
5161
1342

$e90
6141

1332
118
1129
338
1123
25348
5217
2115
1668
0397
1182
U2s3
5a31
3333
A263

3nite |

7231
5267

cX3a

16290
2333
45394
3267
s Il i ]
4136
2132
J4a71
7242
1023
£333
5256
7245
1324
2327

LMJUDE
CNTHC» PDP
P4ODE
ISZ HCNT
JAP «+5
I1SZ HCERR
JUP <42
HLT
JYP I BEGIN
LINC
LMUDE
LDA STAD

’
TEMSTO, 48232
. ADD TEMSTO
aApa 1
1
STC TEMSTO
JAP CUTEST+2

NN NN

%1230

7/ ERROR?
&M
/YES, COUNT ERRORS

" /700 MANY ERRORS

/RETURN TO START

/STORE CURRENT HC
IN APROPRIATE LOUC
/STC 39,31,32 ETC

/SUBROUTINE TO PROCESS HORIZONTAL COURDINATE

PAOLE
2350
LiJC
LMIDE
LDA

HCNT

apn 1

S

aLa 1
2339

STC AD
ALD HCNT
RCO 1
2907

apn I
3853

STC Pd1
AD, 0493

BL I 3
LZE 1
JHP PHL
S1C P2
ALD TVECNT
BYE 1
VERE]

STC TUFCNT
ADD Pd2
0303

STC skt
ADD EFLAGI
499 1
JYP «+5
Lba I
2a33

SIC L4C
JAP 44
Lua 1
2327

SPHC»

PH1,

/RETURN JMP

/ADD 1=-7

/FORM ROL N T0 .
/CORRECTLY ORIENTATE
/58 WORDe

/r0L N» FORMED

/ALL HCN

/¥ pP?

/N0
/YES

7ROL N
/SAVE SR WORD

/¢LAG SET ?
/30
/YES

7LAST HC

1262
1265
1266
1267
1279
1271

1272
1273
1274
1278
1276
1277
1389
1301

1332
1333
1304
1395
1396
1337

1310
1311

1312
1313

1314
131
131¢
1317
1323
1321

1322
1323
1324
1378
132¢
1327
1330
1331

13230
1333
15334

1235

1336
1337

1349
1341

1340
1343
1344
131%
1346
1307
1353
18351

1352
1353
125
1355
135¢
1357
1363
1361

1262

1244
1245
1246
1247
1259
1251

1252
1253
1254
1255
1256

1257

1260

1261

1262
1263
1264
1265

1279
1271

1872
1973
12714
1275
1276
1277
1333
1391
1392
1303
1304

1305

1336
1337

13143
1311
1312
1313
1214
1318
131¢
1317
1323
1321
1322

5256

0511
4132
3311

3217 -

1120
1776
1949
1217
14¢2
9939
7262
2392

$541

5263

8anI
4133
A002

$659

03323

2333
6141

N3l
2136
3261
4136
2133
3312
2R€1
1569
113
4123
255

5670

Ad:53
€141

a54l
1333
A034
113€3
aare
7317
Y RZE251
10393
2117
1463

zaar

STC LHC
CLi
S1C EFLAGI
HCPL., CLR
ALL AD
ADA 1
-1
S5TA
AD
SAr 1
239J
J¥2 <43
PLP
P4IDE
JaAP I BEGIN
LYMULE
STC o+]
DIYY
STC HC
PLP
PYULYE
Jar 1 SPiHC

LHC»

/
PH2, 0
/
/
7/

/LAST HC

/CLEAR FLAG

/LAST HC ?
72327 O 2332
/N9

/7YLES

7ALL LATFLT dC

/SURROUTINE TO EVALUATE CA¥liA CJLE

KRS
LIiNC
L4 JLE
e
Y3 ¥
oL
S1C
ALL
o aRdR
RVLVS S|
0L 1
113
S5TC €AsCo
PLP
PAJDLE”

SCODE.

g
1
i

LU B i ¥

b 2,
va

JiapP 1 SCubk

NN NN

ZSUDNROUTINE T $TOHE COJuLIN:
{

SSTORKkrs 31313
LINC
LAaJdlk
LLF 1
LA
TURUNT
S5Tn 1 TRU»
A5 1 TCNT

JiP e+
JLP ATAR
Lin

Ve

StTa 1 TRUF

A5 I TCAT

FEETURY Jeie

/RePLACE Sdlribi Sh

/CALERD COLk

/KETGEN

/TAaPk Fisripl FLLL2
733
SYEESSTdaE 2N LAk E\,\}

JVERTICAL Cudinlvaik




lan4
1nns
1486
146587
1450
1151
1452
1453
1454
1485
1456
1457
1463
1261

1403

tast

1432
1403
1424
1435
1456

‘1437

1413
141
1412
1413
1214
1415
1214
1417
1420
1421
1422
1423
14249
1425
1425
14227
1635
1431
1432
1233
1434
1435
1436
1437
14475
1221
1242
14213
1844
1445
1446

1447

7325

7654
1393
2133
1563
€J33
14363
Ban2
7335
7453
%082

§736

Bue2

6141

1223
7711
4115
1329
43332
S161
2116
1563
€350
1749
3117
1123
7357
471
Tr2€
$224
1330
0334
1560
T833
1464
84377
7436
1503
2034
15608
8317
4334
o311
1129
7757
3417
5417
3443
M7
5449
2c22

56492

J%P . +2
JupP MTAPE
Lpa

HC

PCL 1

6399

sTa I TRUF
XSK I TONT
JHP et2
J4P MTAPE
PLP

PAJDE

J4P I SSTURE

b T T O

*1439

START1, 0020

LINC
LYIDE
Loa 1
-6
STC HCNT
LLA L
49379
STC TEASTI
ADD TVC
neL 1
€ A3
3 &
ve
ADA I
-473
Mls ard 1
JAP a3
XS I TUBRCNT
LLA
TUFCNT
nCL 1
7433
Lok 1
377
JMP 41A
LDA
TUPCNT
reL 1
@377
STC TVFCNT
Mila, CcLy
AbA 1
2, -23
ALDD 41
STC 41
ADD M2
rCox
t STC 2
#3» PR
PYODE
J¥P 1 START!

/7HORIZONTAL COORD

T /ZSUNROUTINE TO START PROCESSING

/SET UP HC COUNTER

/1NC TV FIELD COUNTER

/8DD APO INST
/REPLACE MUDIFIRD INS

/AP0 1 1INS CHANGED

/RETURN

1462

1463
14¢4
1465
14€6
1467
1472
1471
1472
1473
1474
1475
1476
1477
1593
1541
1552
15133
1534
1545
15736
15957
1513
1511
1512
1513
1514
1515
1516
1517
1525
1521
1522
1523
1524
1525
1526
1527
1533
1531
1537
1533
1334
1535
1536

‘1537

1549
1541
1512
1543
185448
1545
1544
1547
15857
1551
1552
1553
1554
1555
1558
15%7
1560

1459
1451

1452
1453
1454
1455
1456
1457
14643
1261

1462
14963
1464
1465
1466
1467
1476
1471

1472
1173
1474
1475
14176
1477
1503
1591

1532
1533
1534
1535
1536
1537
1519
1511

1512
1513
1514
1515
1516
1517

15049
1521

1592
1523

1504
1525
1526
1527

1530
1531

1332
1833

1534
1535
1536

1392
2339
5541
1629
3861
23991
1823
6777
4392
1334
©¥134
1129
¥991
1343
3134
1129
3002
451
33234
1333

3383

1123
1339
3071
7506
1949
2134
1123
EDTA
7512
1930
0134
1122
/333
5514
DYB Y]
3930
1369
1514
1120
1341
1342
1547
1433
1514
1568
T2453
1123
919100 %
1343
w134
1120
3333
0451
J039

I
/
e
/
/
7/
/

MTAPE»

XFER1s

————

LMUDE
LDA
3

STC RETURN

Lpa I
1

[V 40)
Lpa 1
-1903
STC TCONT
Loa .
ThlA
apAa 1
1

5TA
TRLK
apa I
3000
ary
HLT
Lpa
TPUF
ADpA 1
13313
AP 1
JiIP «+6
LbA
TFLK
ALa 1
6334
JNP «+5
LA
TPLK
ALA 1
4339
STC .+2
4714
SR 12301
Lin
AFERL
ADA 1
1401
5TA
AFERA2
LA
Kekil
ncL 1
7303
ALa I
1

57TA
TRLA
AnA ]
3349
APQ
HLT

SUBROUTINE TO STORE LATA ON TAPE

/SAVE uETURN ADLiESS

/RESET TCNT

/TAPE OVEHFLIOU!?
/YES
/NI

/LIGER HALF pULL?
/Y LS
/NOs UPPER HALF FULL

/ukC 1
~
5
/uy5:T TRLK i

STAPE JVEIAFLIW?
FILES



!Séi

1562
15563
1564
1565
1566
157
1573
1571
1572
1573
1874
L1578
1576
1577
1633
1631
1632
1633
"~ 1694
1£75
L1636
1637
1€19
1611
1612
1€13
1614
1615
1€
1617

1623 -

1621
129
1£23
1€£24
1625
16726
1627
1632
1631
1632
1623
1624
1625
1E36
1637
1643
164l
1642
1643
1€44
1545
1€4E
1647
1253
1€
i652
1653
1652
1€55
168
1657

1537

1540
1541

1630
1691

1602
1623
1604
1648
1636
1637
16149
1611
1612
1613
1614
1615
1618
1617
1623
1621
1622
1623
1624
1625

9714

3929
2000

00ca
6141

1920

£573
&aiay
1222
8953
J479
7€17
2911
1840
053
1343
532
7672
1343
0nose
8451
7672
1124
3400
8451
1672
9311
13432
3352
1320
[ lads k]
1142
1626
1222
[cB A
1143
1613 .
1329
av3%2
114D
1615
13029
@L02
1143
1622
1323
A33¢
1142
1631
1323
J932
1149
1674

XFFR2s
KETUEN»

NNNNNN

a714

0539
%290

*1€0

0

/N0, WRC 1

/RETURN J¥P

/THIRD INITIALISATION,PASS 2
2u23
PAUDE

SINIT3,

11,

12s
13,

12

14,

15,

LINC

LDA
PeGl

STC BEGIN

LA
cce
AZE
Jsp
CLit
S5TA
oc2
STA
CcCl1
Ja2p
Lha
cCt
APJ
JuP
ADA
3433
ApPY
Ju2
CLH
5Ta
cC1
LDa
2
AD4
11
LDA
2
AL
i2
LDA
2
AD4
13
LpAa
2
AbM
14
.DA
2
AD4
15
LLA
2
AD4
16

LMODE

I
32

I
T2

RET

BRET
I

RET

/RETURN ADDR

/CLEAR CC2

/CLEAR CC1

/>2230 PTS ?
/YES RETURN

/>%%6 PTS

7YES, RETURN

/N9

1668

1661
1662
1663
1€64
1665
1666
1667
1678
1671
1672
1673
1674
1675
1676
1677
1709
1731
1792
1783
1734

1795 -

1736
1737
1719
1711
1712
1713
1714
1719
1716
1717
1729
1721
1722
1723
1724
1725
1726
1727
1733
1731
1732
1733
1734
1735
1736
1737
17493
1741
1742
1743
1744
17458
1746
1147
1750
1751
1752
1763
1754
1785
1756

T 1662

1663
1€64
1665
1€66
1667
1670
1671
1672
1673
1674
1675
1676
1677
1799
1701
1792
1723
1734
1735

1706

0091
nz32
a3a3
d304
onas
70656
23027

3952
aps3

21908
2131
a132
3103
4134
2135
V1a6
3107
G113
G111
3112
3113
Gita
2115
0116

1029
3391

1149
143
1460
396
65713
6611
2411

1549
a0s2
1329
31408
3252
5733
20394
1629
203
4364
42022

56232

00530
2as2
0229
0333
2309
a3z
a3959

2259
2933
3236
5331
2302
43403
AN
DB
3330
A315
[ploR >
SN2
9675
AANI0]

BN

1
AL
cC
Sak 1
6
J%P PASS2
JAP PASS3
RET, CLR
STA
16, ccl
LDAa
ccC
RUL 10
STC 17
ALD TVFCNT
BSE I
17, Q533
STC TUFCAT
PLP
PYOLDE
JMP I SINIT3
rd
/
/
/
/
/
*1
5TAD» 2
TCNT, 2
TRUF» 2
TUFrCVT, @
CAUNT» 7]
FCOUNT, 3
LECXT, e
/ &
’ i
/
*52
CcCl» 2
CcCc2, %]
/
/
7/
/
/
*132
DATA, 2942
SFCT» 4]
SLCT» 2386
CAL» 303
LF A, 2
EiAs 4232
Ci s 3
Cas 5]
3L 9
N 3
LFD1ls 4]
MAI NS MAldl
INIT2, LINIT2
HCNT» ¢}
Jve, [4)

/INC CHAN COUNTER

N
2



17€3
1761
1762
1763
1764
17¢5
17¢€4
1767
17723
1771
1772
1773
1774
1775
171€
17277
2333
2971
84332
20333
2034
2835

i757h,.“

0123
2121

J122
3123
g124
2125
126
23127
3133
3131

Bi3a
2133
2134
8135
0136
2137

2142
alat

NJ FRRURS

AL
ADl
apg
aAD3
AD4
PEGIN
CFGING
“EGIV2
ca
CAL
CAGY
CAGJER
CAMCO
cc
COARL
cel
ceo
CLTF
cony
cDpr4
CFA
CrC
cLap
cLcaL
CNTdC
COLE
COLNT
cs"
CUTEST
pa’fn
DATAL
Al
rag
A3
a4
£as
LY

1217
3614
2681
0623
2642
3141
A543
n573
Ia7
0133
633
€335
123
31¢)
6335
3552
37153
6347
6344
6342
J1 26
5315
€334
€204
1182
3122
23935
6316
1333
91.23
0233
198S
2269
3334
AZ)6
3346
6341

e117

‘0930

1232
1239
1272
20839
2053
9331

1247
130¢
0533
9083
2030
6630
2077
1420
2092
1600
8921
89543

veC»
VCTEST,
PHC»
CJDks
[of ¥ [l
K2053,
Kls
HCP»
STU ks
VCLBR,
HCEKRs
EFLAGL»
HC»
TBLK»
START»
SRy .
18173,
€Cr
BEGISN»

NN

g
CUTEST
SPdC
SCUDE
/]

2258

1

HCP1
SSTURE
3

g

U

2

17
START1
1]
SINITI
1
BEGINL

DFD
DFEDI

LI SCG
EFA
FFLAGI
kA
FVAD
FNCG
FVD
EN D]
ENDY
FNF AU
ENFC
ENMON
FiSH%
FCNT
FCOUNT
He
HCFRR
WICAT
HCP
HCP1
1ALDR
INITE
15 g
INIT3

Lnca
Lnca%
LIFC
LILC
LFCNT
LAC
RS
MAINT
“gAalve
MTAPE
~1
MlAa
i
43
NLF
PASS2
PASS3
PHC
Pl
P2
Ca
TCFA
LEX
BET
RETURN
sSCAC

2112
6322
D184
0132
2135
6331
6321
1856
€343
1377
6332
6313
6301
6314
1345
6336
75133
2131
#1115
0126
1247
1323
2352
2114
2137
1646
1613
1615

1620 .

1631
1674
1743
13407
3353
2125
By12y
€333
6302
6311
8312
3337
12556
2113
24072
3536
1453
1417
1436
12473
1446
0113
G574
Z611
el
1231
1267
6335
€336
111
1672
1541
6337

1335

eaan T —

scriy
SCJILE 1073
iR 3351
SFOT 7131
SIVIT2 2E75
ST9IT3 1€32
SLCT 2122
SPiC 1283
SR 3136
SSTORE 1306
STAL 3341
STAET 313%
STALTL La7)
STIVF. 31927
sury €326
TAlL 0643
TA2 0657
TA3 A6E6
e 3674
Truy 2134
i 3343
©OTCNT Sa%2
CTEYSTI 1161
TVC 3116
TUFCNT 3234
12 1617
V¥ £117
VCEPRR 2133
VOTEST 2100
<FEFPL 1S1s
{FEDRR 1547

-r
e

12



Flow chart for calibration grid data acquisition (CALMTX)

START
Y

Set up interface to
acquire cal grid
co-ordinates

Cal Go

Read decoded data
back into core
INIT 4

Cal complete?

Average data for
each marker

COMP

!

Scale data and store

in display buffer
SCDA

2

5

Disable CG

Display grid points

Disp

Read dnd save current
address in CA

]

Read and save current
fleld address in CFA

Looks OK?
(SNS 2)

Decode dato and store
on tape on unit |

staring at TBLK
(os In DP prog

Build culibfaﬁon
Matrix MTX

1

Check Matrix
CHECK

Scale checked data
ond store in display

|__buffer. SCDA

5



?

!

Display grid points
DISP

Looks OK?
(SNS 9)

Store calibration matrix
on tape on unit |

TAPE

I HALT l

256



3913 7777

*20

/CALMTX = CALIBRATIOVN MATRIX ACQUISITION.

/

/716-5-7S .
/

/4+0«JARRET T

/

/

/8 4Dk 179 PRESET, STAKRT 23.

/

/

/PHIGHAM OBTAINS THE CO~OHDINATES OF A

ZGRIL OF PJINTS AND STURES 13 THE FOaMAT
ZUCsHCs U4 TAPE OV UNIT 1| STARTING Al 14PE
/FLICK HELD IN TPLX (LOCATIOUN 2369) INITIALLY
/SET TO 203« THIS DATA 1S TidEd REBUCED TO
/PEIVIDE AV AVERAGED PAIR Uk CO=-JRLINATES FOR
ZEACA GRIL PII31, AND S5TUk:L IN A CALIBERATION
/5ATEIX = FURsAT:~

/7

ZUCsUC oeve YCsK o easHUHsHC oo oeHCo oeeK

see UCoK oMo HCIHC s sHUIK eeeK
ese KsX seerls Ko K eee KoK ool

eee Ky se0eils Ko ¥ see s oesX

237775 14 “ATHIX JCCUPIEY LUCATIONS
2177 IF A P4ULE LATA PLELLe FOIL A
ZCALIRKRATIUN GHID 9F 25X19 TAE ACTIVE ELEFMENTS
70F THE MATHIA WILL DR FOUND IN LUCATIONS
73003 - 237117.

/

/Tdr <4ATKIX IS STIIZED IV TAPE IN 6 BRLOCHS
/5TARTING AT Tdk PLJUCA NUSRER HELLD.JIN CTRLK
/7CLOCATION 5273) INITIALLY SET TO E£23.

V4 .
LILSYS
PuJO LE
*].j
GD» 7777
=UCs [}
ré
/
MTAU=GD
GTRd=F VC
7/
/
*23
Jap 1 CaAL

NN NN

376
9377
o133
8121
%192
9133
2104
o185
21T
6137
110
a1ty
grie
2113
2114
a115
3116
w17
3129
s1a1
a2z

2123 .

3124
2128
Al2¢
a8
wisag
3131

3122
3133
2134
3135
n13¢€
f137
3147
B141

Mar
9143
atan
g14s5
2146
J147
2153
21561

a152
3153
3154
@155
0156

2157

2163
a1e1
3162
2163
Jica
3165
5146
2167
51773
3171
3142
D173
2174

3154
a351
7352
0253
3354
8455
3056
3357
N6y

2361 .

AB62
2963

9120
2121
fa192
2103
7194
3195
106
G127
31173
111
cl1ia
2113
3114
a11s
a116
KR Y]
9183
2121
0122
3123
9184
D145
tie

3127
6133
0131
9132
(133
D134
3135
D136
137
3143
J14l
a142
3143
Alag

D333
3393
$i339
2009
A8
[sIo o P
3233
032
03993
306353
@209
000

0332
3336
3991
B33
[ R1517]
2133
PENY
2434
2512
70329
2359
0951
2542
fa3D
3367
331
A230
PN
7403
3474
7777
1776
343
.30
323
K]
2233
4252
44393
£531
3717
4653
5363
3337
53771
3137
S239

o
(o)
[}
(&

CCl,»
cca,

CFA»
Ca,
IvNITS,

VCTEST

PHC»
CIDEs

CAYGal,

K2853G,
Kl
STJURE»
STARTS
INIT3s
CC»
IR CB A
ChLs
Cnxs
vIses
A1,
ECLAS
Nk LSs
INIT4,
TE 2Ps
V1T,
CY4P»
RELs
STAl
X3777»
MTHs
CHrCK,
K37,
K77»
K137,

TAPES

NN NN

&
S

AN OAVNDRDTQO*

*139
g

36
3231

2

9]
sIN1T2
CVTEST
SPHC
SCULE
3

2353

1
SSTOLFE
STAKTI
SIVIT3
1
DEGINI
SCAL
7433
SLUisP
-1
YNNI
sscea
ARS 28151
SINIT4
33535
S5INITI
S5Cu4P
ShirD
58TIR
37717
541X
SC:HECK
37

17

137
ST1APE

*255
2233

ZCIVGLINAT

/TY FIFLD COLIT
LINE CuuNl
/CIOLPISITE ¢
/CULEENT FIRLL

/N0 DATA wikbs



3175
Q176
77
D233
1231
3232
2233
sie 24
picded
326
a237
0218
2211
3212
Caoia

-2

TIY
a6

~2217
“aop3

. '339;»
agen.

2223
Inen
Anrs
IRLE
TENT
3237
a3
JP32
N33
prakd ]
J268
o3
3237
3241
2ah)
3242
e K]
o loy ¥ 4
3485
204G
247
A257
251
anse
3253
Q254
E55
085
P57
AR
3261
0ee
0263

0231
an39
3233
2234
2205
0236
A257
J213
2211
0212
2213
3214
o215
3216

. 2217

3e29
fzai
Ne2e
2223
8224
p22%
0826

" anT

2233
3231
32380
3233
(3234
3235
3236
9237
P43
[\ 28
3240
3243
dean
A249
2246
247
9252
9251
D5
3253
n2%4
AR5S
2256
3957

226
1261
2262
32€3

3264
265
0266

€302
7239
1132
6333
7220
1122
€372
63:33
6331
6332
7232
1192
6312

6314

6321
6337
55007
62
6326
€335
3104
6336
3143

4532
4555
a8t s
41556
4527
4515
12393
1111
714933
723238
1112
KRLY)
1247
1113
3251
092090
5053
5539
7243
1111
TL&43
8257
4514
6141

3601
Ear2
91433
4352

4595
4516
4515

DI SCG
cLa
TAY: CAD
Lpca
cLa
TAL CAM
LpcaM
CaGI
EvdAL
ENFAD
cLAa

TAD SLCT
LiLC
kNSA
ENCG
SCAC
JMP e}
LISCG
cearL
HCA

DCA CA
RCFA
DCA CFA

MALN PROGHAY
Ju4S
MAINL,  JuS
REGIN1s O4S
J4Ls
RETY
JaSs
cLa
TAD CAMCI1
CLL
nag
TAL K2053
LCA «+4
TAl, «+3
TAD X1
LCA ++3
0909
J5EP «+3
ERED ]
CLa
TAL CAMCO1
LY A
JMP .42
J¥s 1 STORE
LINC
LMILE
LIF 1
Joiy HCPL
HLT
PASS2, PLP
PMI DR
J¥S 1 I91IT2
J¥MS 1 INIT3
REGIVR, JMS 1 START

INITY
I[N172
S31TAalT
VCTEST
PiC
CODE

T e bt et bt

/CO0M4POSITE ADDR

/RH AAKGIN
/7N aAbiit

/5N FLELD ADDR
/LD SIM LINE CNT
/EN SIMULATOR
/CAL COMPLETE?

ZNJ

/YES

/CLR CAL COMP FLAG
/CURRENT ®}¥ ADDDR

/CURRENT FIELD ADDR

/CAMERA COLE

/7413 C(RINARY)
/15Z FORMED

/723D 157

/157, COUNTS HC FOR
ZEnCd CAMERA
/OVLERFLOV

scan o2
/N0
/YESs STUKE COORUS

274
2275
asre
2217
3009
331
/392
2353
23734
@3as
0336
a3nr
7319
Ba3i1
pa1e
72313
A314
2315
2314
0317
3329
Au21
AAre
%323
2374
23ars
Qars
327
9339
“331
Q332
333
2334
3335
2336
J337
@309
341
pana
2313
33714
0345
Ba3se
DN

© 3357

3351
3250
3253
0354

3355 .

#35¢€

%357

2267
9279
0271
ga72

2273
IZT4
8275
0276
2277
2392

2301
302

3303
n32
2305

2316
w3317

2310
1311

8312
2313
2314
6315
a316
6317
9320

2233
2201

2232
G203
3234
B205
A6
3257
ar19
3211
J212
3213
e14
Z215
2216
el
2223
22l
gea2
0oel

4506
4537
4519
6141

1598
8541
1443
2117
6393
gi32

4514
€141

0631
6477
2392

4539
#4533
4535
4526
4523
4537
47547
4526
4523
4544
7402

jeJolt 3]
6141

gae2
333
¢ 44
1322
B232
1343
2103
1323
2952
1242
1126
1340
1112
17343
1123
1543
11€7
1223

PASS3.

NNNNNNN

- Jus

J4S I VCTEST
Jis 1 PdC
J4S I CODE
LINC

L¥%JDE

LpA

CA%CY

SAL

ccC

JIP 44

PLP

PAJDE

J¥i& 1 STORE
LINC

L4JLE

LIs 1

J¥P HCPL
PLP
PYODE
Jus
Jns
Jwis
Ji1S

U INIT4

I Coup

T s10R

1 $CLA

I B1ISe
J4s 1 aTK
J4S 1 CHECK
JAas I sCba
J¥S 1 LIS?
Ji4s 1 TAPE
HLT

Lt

L4OLE
SEGANT 1

/FIRST INITIALISATION

SINITIL,

#2373
P4JLE

[ 3RS ]
LINC
LYo LE
srT 1 2
3

LDF O .
Lea I /S5ETS UP bhETULY
TEGINI /LIC kOl CRl
S14 /PLYCESSING 17
PRGEINT2322 /PASE 1

LA I

CC11238239 /SETS {8 CHAY
S5TA /CI01L CIUNTR=S
I3 /5d START Al
S53A /CHAANSLL 1 Fon

14 /PASS 2 PROCLLSING

57A
Is5
514
16
LDA I

3G~



34455
JLa6
Nay7
3453
51
JoE2
AL
34
ES
p L1
3457
eI o)
Juel
QUK
BHETZ
Insta
B
3486
34€7
A7
3471

A2ET7
1279
3271
172
)23
5274
J215
a276

L INP aeR.

cc212063
sTA

Il

STa

12

Lpya 1

1

STa
ccrasoe
LbAa
CAaDl2¢ce

- PCL 1

7778
PLP

PSIDE

Cia

. TAD .CFA

DCA: <42

ca12093

LU o :
J4P e4b
BCL T
4933 -
SET Y 2
2

aAvA 1

- 2534
AP

JYP «+3
XS 1 2
J4P =5
ala i
25393
STC REM
ADD 2
ADD NLF
STC JLF
LA
carlensy
ool 1
7778
STC +2
JNP .+2
39433
ALYl =1
ALD =2
ALD «=3
AVD -4
apa i
3643
STC DFL1
CLi

sTA

/CAMERA CHAN

/SET TO | FOR
/FIRST PASS OF

/PASS 2

/COMP ADDR TO AC

/CALCULATE 80 OF
/LINC FIELDS 1IN
/COMPLETE PMUDE
L IFLELES

- 4KA -

/<@ LINC FIELDS ?

/YES
/780

/D1y BY 20060

/RFAALNDER +VE?

/30

/YESs INC QUOTIENT

/EEPEAT

/S5AVE KEMAINDER
/CALCULATE "AND
/5TURE T0TAL O
/0f LINC FIELDS

/INITIAL PYODE

/§¥1ELL ADDR

/X4

JLLDF N

/SAVE INIT LINC FIELD

/THESE LOCATIONS

pare
0473
o474
375
3476
3477
35093
3531
as5082
@503
o504
2535
25086
asn7
9513
2511
@asv12
0513
9514
3515
2518
2517
a520
asel

gsna

3523
fa5n4
95295

| 3526

527
8539
2531
A532
2533
3534
8535
1536
0537
a549
D341
3842
3543
3544
[ RTEN
3546
2547
3553
1551
3352
2553
0554
555
3556
ASST
7563
A%¢ 1
ALED
DLE!
356L
B56 %
5564
5867

519

2321
oazz2
n323
3324
2305
2326
3327
A333
0331
n332
2333
3334
@335
¥336
@337
@343
A341

a342
2343
2344
#3345
3346

- 0347

0353
2351
9352
2353

2354

8355
9356
3357
2369
2361

2103
2131

5 X0 1
£133
3184
3158
atae6
6137
G113
J111
¥1i2
A113
3114

:51LS

3118
3117
A28

295D
1340
2951
1043
2952
1049
2053
18343
2354
1043
2355
1349
2856
1943
2957
1349
2069
1349
2061
1043
2962
1849
2263
1240
6360
43€1}
0802

5603

P339
0333
2339
2177
8177

23072
6141

1233
A3LS
9317
34679
6116
4336
1929
o6
4655
505
1704
6127
1328

IR
PRC

w17

5312003
sTA /30 JF ClILus
5112229 /FRUG BEACH
51A /CAYERA CHAN
5212332
£TA
5312030
5TA
5412030
$1A
5512330
STA
6123082
Y ¥4
5712232
sSTa
€0t2002
sTA
6112333
Sta |
6212820
5TA ’
6312009
LA ZINITIAL TAPE
L« /2LICK NI
51C ITRLK
PLP
PAVLE
JMP I SINITH
/
/
LAJDE
/
SLFs @
nras 7]
DFDL, ]
TPLK, 177
ITRLK, 1177
/ ' L
7/
/
V4
/SUNRIUTINT FIR SECUND INITIALISAITIUN
*1053d
PLILE
SINIT2, 288
Li~C
LAJLF
LiuA
NL#
Cu%
Ay 1 SLp=5 2
JapP «+19 /(RS

ZLETULY JuP

STC FCIOUNT /ST U LINC rIELD

Lra i /CUUNLER

v /SET BNL I NP

51C ENE
§¥T 1 CIUNT

. 1797

| Jeip e+12

’ LIA ' /<1 LISC FLELY
ki ZJr Idis SRY
Co4 7CIUNT 1 BRd

ZUSED TJ COUNT

667



3872
573
J574
A78
357¢
3577
351D
0871
Je22
J&33
W04
2635
L BeNe
CDEYE
R 1Y 52 ]
3611
3612
2¢13
LY ¥
1415
G614
i
328
36721
6L
8423
624
335
2526
IEE2T
1233
pIACE
NE32
3633
338
- 3535
336
3T
i
36411
3642
264
Ne Ly
G643
AL
nseq
SRES
1551
352
652
6 54
A HS
3656
Y
X %]
DEEY
ot ¥ 34
DEFRS
BLEL
L3 3-1
1666
TEET

as71

T a2t

122
3103
J10a
A125
RS

3127
3132
3131

3132
3133
3134
2138
3136
2137
3149
141

aLae
3143
Avtaa
3145
B14a6

L A1487

2159
3151
a1%2
2153
Q154
3155
BEg-14
3157
163
161
al1e2
J1€3
J164

2403
2431

oane
34733
AL
3435
3436
24837
34190
LA B
BL1D
%4613

NNNSNNNSNN

STC COUNT

/av

D LTIV E
SET I FCIOUNT ZCIUNT T =1
-1
LA /SET FND TO JMP
ENUL ZINST Al kNI
53¢ END
Sk1 I TCIT /2 BLUOCKS OF DATA
-14349
SET 1 TRUF /TAPE BUFFER SET
3717
S§:T 1 SVAD /START ADLR FUR
2393 /DATA
SET 1 TVUFCNT /Tv FIELD COUNT
#9393
Lba
DFLL
STA
o +2
STC LUFD
3398 /LLF N
Lua 1 ’
25323

51C IADDR /INITIAL ADLR

STC VCELR

STC HCERR /dCERit SET 10 @
S1C :FLAGL /EFLAGY SET TV O
Lpa i

APY 1 /TV FIELD COUNT
51C M1 /ROUTINE SET TO
Lin 1 ZINITIAL CONDITIONS
-3

STC ~2

Lba

29943

STC TVC ZINITIAL VC

PLY

PO DR

Jip 1SINIT2

L4JDE .

/SURRJUTIVE T9 START PROCESSING

START!.»

* 4530
PSJYLE
$9.33
LINC
LYJDE
Lra ¢

-G

$1C HCNT
Lpa i
4333

STC TEMSTO
ADL TVC
neL I
€233

/RESET TEMSTO

5TA /NEAT VC STURED

/VCLEiH SET T @

/SkT UP HC COUNTER

#6719

aetl
o672
26713
ol R4}
6175
8676
A6TT
2733
3731
192
3793
2744
3705
AT96
aT07
@710
2711
ar12
A113
AT714
2715
@716
o1t
8729
2721
702
7723
0774
[oF #2343
A726
J127
A733
A731
o132
3733
a734
2735
9736
9737
3749
2741
ATu2
o143
AaAT14
AT 4D
3746
araT
2753
0751
5752
n7S3
2754
U755
37 56
3757
G
2761
ATER
27¢3
N4
2165
#$7€¢6

T e4la

aals
3416
Bol7
34623
0421
A422
2423
Oazy
na2s
0426
0427
2430
3431
a432

2433

2434
2435

Bua36
137
esa
2441
anng
D443
QLnL
3445
B04n6
aa7
1451
a3451
(3452
G453
GLnh
G455
AusS6
9457
dres
arel
JNne2
DL63
3nea
BhHES
066
ane7
2073
Ga7l
Jarz
3073
LT 4hH
a5
3476
a1
2533
1591
%32
45433

8537

1123
7337
A7l
6432
02e4
3311
1123
7757
2417
4417
2424
3317
4424
3002

S609

nAI2
6141

1200
o773
1122
00305
1120
2333
41453
2773
16€%
1337
1129
0256
Lasy
AGEA
"33
4549
27172
Ba71
6465
1929

M1,

M,

NNNN

ve

apa [
-h73
ALY 1
JAP «+12

X54 I TUFCNT

CLit

ApA 1
-3

AT'D o=~6
STC =7
ADL =3
CoM

STC «=5
PDP
PAJLDE

J4P 1 STARTI

/NEW TV FIELD?

ZINC TV FIRLL COUNTER

/ADD APQ INST
/AEPLACE MNJIDIFIEDL INS

/AP0 1 INS CHAJGED

/RETURN

/SUPROUTINE TQ PROCESS HORIZUJTAL CUUHEINATE

SPHCs

AD»

HCP1,

LHC,

a%s0
LINC
LoJDE
Lva
HCNT
ADA I

5

AbA I
2333
STC AD
ALL HCANT
RCO 1
BIBT
aDa 1
42356
STC «+2
43727
5989
STC SR
ADD FFLAGH
aps I
JhEP «+5
Lba I
2939
5TC LHC
JYP e+4
LEa I
2427
STC LHC
CL&

S1C FFLACI
CLEk

ArLD AD
ALA I
-1

STA

AL

SALR 1
0349
JAP <43
PLZ

/RETUKN J4e

/ALD 1-7

JFIRY DL N Ty
ZCIORHECTLY UHIENTAGE
/S WIlL.

/3IL Ns FJLNED
/00D 40N

/Il N

/53WWE SiL Wuiib
/FPLAG SYT ?
/N3

/LS

7LAST HC



2534

2595
23506
537
8513

2511

 esi1g

2513

2514
2515
3516
4517
JE2d
4521

522

3523
3524
525
3526
3527
31533
3531
JL32
2533
2534
2535

JE3C
3537
3548
2941

L8542
2543

0544
3545
3546
L4
Jg5D0
ass1
3582
3553
3554
3555
3556
3557
3561

5520

4506
0033
4536
3392

5634

. 08BI3,

614l

2011
2540

U261

4542
2536
o312
I261
1569
1779
4541
2536
1560
6335
4536
3352

1341
3111
5712

G2:1D
€l4al

AESD
1259
01537
1363
apoe
6553
7339
1033
8536
1063
gepe
656!
7JI39

PMODE
Ji9P I DFGIN
LMUDE
STC «+1
A 1s1:]
TC HC
PLP
P4ODE
JUP [ SPHC

NN

/
/SUBROUTINE TO EVALUATE
SCUDEs 9330
o LING,
LMOYE .
cLRr
ALD SR
ROL I 1
STC SR
ALD HC
g 12
oL I 1
el 1
.7778
STC CAMCO
AL:D HC
RCL 1
6333
57C HC
Phe
PUJOLE
TAL: CANCO
pCa CAxCol
JMP I SCJUDE
/
LduLE
/
“40s a
ve, 2]
Skis 2]
CAACY, 2
4 .
PO LE
/

/PROCESS NEXT
/TU LINE OF DATA

/ADD LATEST HC

CAMERA CODE
/RETURN J¥P

/REPLACE SHIFTED SR

/CAMERA CODE

/RETURN

/SURRUUTINE TJ STORE COURDINATES

3300

LINC
LMIDE

LDy 12
Lra

ve

STA 1 TPUf
XSK 1 TCNT
JXP .2
Jei2 4TArLE
Lba

HC

STA I 1DUF
XSK I TCNT
JHP .2
GNP MTAPE

SSTOKEs

/RETURN JMP

/VERTICAL COORDINATE
/TAPE BUFFER FULL?
/N0

/Ye5, STURE U4 TAPE

/HORIZINTAL COUHD

12¢6
1067
1279
1371
1072
1373
1974
1375
19876
1377
1129
1191
1142
1133
1194
1148
1196
1197
1110
1111

1112
1113
1114
1115
1116
1117
1129
1121

1192
1123
1124
1185
1126
1127
1132
1131

1132
1133
1134
1135
1136
1137
1147
1141

1142
1143

114g

11as
1146
1147

1159
1151

1152
1153
1154
1155
1156
1157
1162
1161

1162
1163
1164

2561 -

2562

2600
26021

2602
9633
0624
2645
0636
B687
Aa6eid
B€e11l
2€12
3613
614
a61s5
geté6
9617
2623
3621
a2
2623
B624
3625
A6 026
2627
23639
2631
2632
#4533

2634
2635

2636
2€637
Len
2641
206 42
2643

BENY
0645
GE46
3647
66 59
JE51
%5652
0453
0654
3655
2656
3597

gage

5742

2009
6141

3225
6635
6645
a644
1421
1560
1777
14€0
64309
6751
1949
2301
1129
77176
1623
2323
1468
B I]
6626
€635
1921
4774
1929
A201
4623
o322

5632
2022

2371
5241
7432
7243
3372
61al

€751
G206
6650
€65¢
Q311
€35
1122
0391
4605
€£35
6o16
2911

"DFDs

PLP
PMIDE
JYP I SSTORE

NN\

LMODE

/SUBROUTINEL T3 TEST FOR VERTICAL COORDINATE

x600
PMUDE -
jrls 101
LIiC
"LYUDE
XK I COUNT
J4EP e#2
JiP FCNT
v644
LLA I STAD
FCL 1
1777
sAr 1
€302
JiiP CNTHC
LbA
sTaL
apAa 1
-1
NSk 1
203
sak I
389
JEP .42
JP e+10
LbA STAD
STC TVC
LDA
“grap
STC IALDRE
PLP
PMIDE
JiP 1 CUTEST
L4JDE
PDP
P4JOLE
157 UCLEHR
JAR .+2
HLT
57A
DCA EFLAGI
LINC
LI LL
JAP CNTAC
FCNT, K5X I FCOUNT
Jip .42
JuP LND
cLi
ALL DEFD
AbA 1
; !
d $TC DFD
J¥%P DFL
END» NO 2
cLR

CUTEST»

IADDR»

/RETURN J4P

/ZEND JUF LINC FIELD
/LDF CUBRENT DATA
/FIELL

/NEAT wWORD

/UC ?

/89
/YES

/ ERRIR

/7 NV

/YES

/VUC FIJi? N=XT 1V
/LINE STIOSEL

/ISITIAL ALLA

/RpSET

/2ETUEN

ZINC VO ERJM CUUNT

793 YANY RaiiiS
JEFT AC=TTTT
/SET FibHJn FLAG

ZINC LING FIFLED
7CIUNT
7EAD OF L FIFLES

ZINCRENENT CURNENG
/LINC FIELD

197




1165
1148
11e7
1173
1171
1172
1173
1174
T117S
1176

1177
123%

1236

1226

1O

1218

121t
1219
121
1214
1215

1018

1217

12927
1221
1292
1203
1004
1228
1206
1207
1230
1028
1232
1233
1224
1235
1736
1237
130
1046
1242
1243
1244
10.4%
1786
1747
1508
1251
1252
1253
1254
1255
1256
1687
1247
121
12(¢?
1263

DE6T
26€l
1662
0663
664
0665
666
3667
2673
Cé71

672

9673
2674
2615

8676

2€77

07 31

2731
798
0743
G734
87925
ar1%6
3757
311y
€711
4718
3713
714
3718
a716
o917
0723
Y DS
AT02
4783
9724
3725
AT726
A727
3133
9731
3737
3733
3734
3735
3736
37317

274D
“T41

#14e
BT743
T4
745
3746
2747
#1759

2356
0917
4135
1323
7776
8996

- 2638

1129
o3l
46735
12329

1517
4656
6645
11320
S 870y
8656
LH0E6
‘1776
s 1213 -]
e A AT

1029

6711

4656
€624
132
7177
84537
317
4536
antt
4034
2333
1103
LT1T
LY R}
6727
1123
1639
643
1349
2127
Il
2369
1123
3302
LA
2532

4514
614l

1330
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1J€1
1962
1263
13€4
1365
1366
10¢7
1373
131
1772
1373

3939
€14l

2011
5121

1339

68745
3317

51290

2152

1463
9831

A6
7116
1129
1151
3651
3826

13320

2320
1343

3752

7733
1123

- P29

1180
3129
5033
3316
SU€S
2752
3317
&335
BE2S5
[27351)
715S
1333
2753
3124
1149
1121
193022
gun
1142
1044
79349
1339
1121
2241
1660
3331
12439
5905
3456
3309
0321
9451
Tits
34852
7132
1122

SREDs

AVEs

Rl

B2,

RDI V»

cus

S$TC MHC
ADE NHC
SAE 1

R TS
oGP

JiiP R3
ALA 1
-29

CAPY e
LGP e 46

LDA 1
29 -
S14

NHC
JAP 43
ADA L

22

Apra 1
2058+ RTABL=-2
STC ++]
NJP

STC RDIV
AaLD JHC
CuM

STC HCTh
A& 1 HCTR
s4p

Jap R
Lpa

HC1 -
ADD MHC
ADY

Axc

LLA I

1

A

H1

J4P AVE
LA

AHC

KoL 1
RCL I

1

»UL

-+ 40082
SK?

332
Ko I 1
ALI

JEP «+H
LZk 1
JuP e+19
apa 1

/AHC SET TO 9

/03LY 1 PAIR OF
/CUJRDINATES?
/%02 RECUCE
/YESs STURE

© /> 20 HC COVUHDS
4 NI

£YES, MAKE NHC=20

/5JBM ALD I4ST
/T GET APPRUPRIATE
/RECI PRUGAL

/SET HC CJIUNTER

/DIFF SUMMED
/CALCULATE SUM
/JF¥ DIFFERENCES

/13C Rl

/X106 C(RINARY)

/FRACTIONALY
/GCLTIPLY

/MULTIPLIER
DIV B 19
/-UE U8 +VE?
/=VEs SOUIL LOwN
/+VULks ROUND UP?.

1366
1967
1270
1071

1372
19373

1074
1375
1876
1377

1199
1101

1192
1193
1194
1105
1126
1127
1113
111

1i12
1113

1114

1115
1116

1117

1123
1121

1122
1123

1iR4

1125
11726

1127

1137
1131

1132
1133
1134
1135
1136
1137
1142
1141

1142
1123
1144
1145
1146
1147
1153
1151

1152
1153
1154
1155
1156
1157
11673
1161

1162
11€3
1164

1274
137%
1376
1317
1100
1161

1132
1153
1134
1195
1106
11927
1110
1111
1112
1113
1114
1118
1116

3117

1120
1121

1122
1123
1124
1125
1126
1127
1138
1131
1132
1133
1134
1135
1136
1137
1143

3141
3142

1143
1144
1145
1146
1147
1153
1151
1152
1153
1154
1155
1186
1157
1163

33091
7192
BL52
7122

1129~

7776
1120
3745
4745
2744
8317
2746
1249
5113
9456
22092
2744
a144

2392

5600

2329
2309

20849
1252
1099
0631
4526
Q444
Q432
3343
Q314
arz72
8252
D235
2222
2212
0224

3003
€141

2651
13934
@744
1364
1239
3745
1364
1225
$5291
4758
13223
3753
S53u¢4
g0ie

R3,

MHC»
AHC,

RTABL,

/
/

JYP «+5
LZEk
JY.P «e+3
apa I
-1

ALA

KHC

STC HHC
AL RVC
[V D]

ALD CVC
MUl

«+ 4002
SKP
2930
Apbh 1vc
STC RVC
PDP

P4U DE.
JviP I SRED

LMODE
1]
a

2009
1252
1220
2631
B526
2444
24350
2343
314

- 0272

3252
2235
2222
8219
0234

/A0UND LIWN?
/30

/AVERAGED HC

/CUC~-HVC
/DlV BY 2

/RECIPROCAL UF
/3
/4
/5
/6
’71
/713
/711
/712
/13
/14
/715
/16
717
/29

/SUBROUTINE TO STORE RELUCED DATA

SSRD»

PMJIDE
3260
LINC
L4JDE
Lbr 11
LA

RVC

STA I D
Lia

EAC

STA I RD
Lpa 1

1

STC ¥HC
Lia I
HC L

S5TC K1
PLY

0

LL7



1155 PYNVDE 1264 3456 1363 _ TAD ADDi
1146 3161 5741 JLpP I SSidD 1265 3457 1357 TAL A139
1167 4 1266 3469 3963 LCA ADDR
1173 / 1267 3461 5234 JMP S4AVC+1 /REPEAT
1171 ’ 1274 , /
1172 LMODE 1271 /
1173 - ’ /SURRIUTINE TO MODIFY ADDR ACCORDING TO 1279 LMIDE
1174 /VALUE Of DATA HC. 1073 2
1175 : *1499 s ' 1074 0832 0322 CTR. 2
1176 : o PAOLE. 1275 3333 @033 FCTR, O
1177 3430 - 8000 . SMAHC, 2323 : 1276 @394 0939 Rbs ]
1233 3421 6221 Cb¥ 29 17277 2885 @323 HCTR»
1843 . 3402 7339 - ., CLa CLL 1249 <y
1232 3423 1863 1AD ALDR o 1331 Y
1833 . 3424 1356 TAD K48 1302 SFGANT 2
17534 3405 3238 LCA 4AHCE . ) . 1313 ’
= 3436 . 1368 TAD HC. . = ’ 1334 L%JIDE .
3437 - T4l Cla : 1335 © /SGBRIVTINE TU CALCULATE COREECTIIN FACTud
3418 1632 14b 1 MAHC! ZHCCCALY -HCC DATA ’ T 1326 /FOR VERTICAL CUURDINATE
2441 7510 SPA - o e AHURD e 1337 *249
3a4p . 5282 . JMP MAHCE o /N0 ‘ ‘ 1310 PAILE
3413 - 1055 TAD KN30 /YES ' : 1311 4200 8092 SVCC» 30233
- 3414 1713 : . sen CLA ZDLEE>332 1312 4231 6221 CDF 22
hd ] 3518 S€02 J4r. | SaadC /NJs ALDR 0K 1313 n2ae 7309 cLa CLL
12485 - . 3416 1563 TAL ALLK Z{ESSsYODIFY ADDR ; 114 4233 1361 TaLp ve
1215, 3417 1351 1AL £¥1 1315 4204 7041 cia
1817 . 3424 3353 LCA ADLR : 1316 4245 1463 TAD I ADDi /UCLCALY =il LATAD
1983 . 2421 5201 J4P bYAHC+] /REPEAT 1317 4236 3374 oA LIF
1221 3an2 1354 MAHC2, TAD K30 1320 4237 1874 TAD DIF I
1222 3423 7719 spa cLa /DIrF<=387 1321 4n10 7719 $PA CLA /VGCDATA) <VC(CAL)Y ? i
1203 3424 7413 - SKP /YES KD 4211 5037 Ji2 veee /39 i
1294 L AERY L6 JAp 1TsnAalc /3Js ALDR UK. 13093 2912 1563 TAD ADDU /L ES |
tres 3424 13¢3 TAL ALLID /%OLIFY ALDR 1308 4213 Cl4t LINC i
1026 "3ngY 1352 TAL L1 1328 LAJDE !
1007 3433 3563 DCa ALLx 1306 B214 15608 nCL 1 !
1233 3£31 5291 J4AP SAHC+L /REPEAT 1397 3215 0377 SATT
1231 4 1333 3216 1469 SHE 1 :
1232 ’ 13310 AP1T D390 3
1233 / . 1332 2983 3456 S4P
1234 343z 2938 MAdCl, N 1333 J801 0 €261 J¥P UCC3 ZTAKE YGNIl-7GNS
1oy / 1324 go2e 1449 SAF
ivG6 4 1335 A0¢3 8341 caLive
1037 /SURRJIUTINE TU MUDIFY ADDR ACCUORDING T 1336 B224a 0456 SKP
1743 /VALUE JF DATA VC. - 1337 9225 6261 JAP yee3 /TAKE YGY14~Y(N13
1241 3433 . 2230 SMAVC, J4:3) 1345 hen6  B3Is2  YCCls PP
142 3434 G221 CLF 23 1341 P4JLE
1243 3435 7393 LA CLL 1342 4227 7299 cLa CLL
1044 3438 1461 Tap Ve 1323 0033 1963 TAL AbLDH
174z 36371 7141 cIAa 1324 4031 1363 TAL #1334
ineg JLny 14863 1Ay 1 ALDDR /YCCCAL)Y=UC(DATAY 1365 5238 3277 LCA ADLER
1767 3421 7513 5P4 447 X4 1326 | £33 1677 TAR 1 ADLDK2
1553 3462 5252 Jap anycl I4 D) 13207 62348 7341 cla
1251 3243 1553 TAL KN24 /YES 1389 50335 1463 TAD 1 ADDR /Y CDN=YGLCI~1)
1752 3asn 7713 sPa CLA /LIrFe24 1351 4236 5614 J4P I SUCe
1263 Jnay  S5€_3 J=P 1 54AVC /YESs ADLR VK 13592 4037 1363 VYCC2s TalL ALLR
108 ace6 13563 Tal. ALBR Z3NJs 4OLIFY ADLH 1253 L5 6141 LINC
1745 32457 17363 140 Z45140 1354 L4 LE
1988 3753 43 oo ADDn 1255 Bl 1569 roL 1 [
1rey ar51 5034 ' Ji? Svavi+l ZHBREAT 1356 2062 5977 E 3377 Eg
. 1773 3H00 1392 MAUCl, TaL £24 1347 Ry ! 1440 ! 58k .
15€1) 3653 1713 S$2a CLA JLIFF>-24 1383 a2nsL 333D caLiMl
1769 Iass 1415 s4p /NG GOLIFY ADDR 1361 B2LS D456 SAP
1263 3455 £633 Jide 1 S«aavC ZYES, ALDR 0K 1362 #ARL6 6571 JMP VCC4 /TAKF, (Gyl12=-7GVll



3247
3293
a2s1
o252
3253

arsa
4255
4256
4257
4263

B261

4262
4263
4264
8265
4266
4267
&273

2211

«272
4273
4214
42175
VEYT

82717
83032
3341
03se
2353

4334
43035
4336
4337
4310
4311
4312
4313
a3la
4315
318
4317
4329
4321
63022
£323
43248
+r305

3326

1440
9302
0456
€271
2032

7339
1874
1951
3374
7413

9352

1263
1957
3277
1463
7041
1677
5639

n3ae

7302
1274
1451
3074
5239

0239
12208
1302
2537
3831

2333
(3123
73023
12€3
135¢
3372
1968&
7341
1772
3374
1374
7713
5345
1374
7849
3274
1363
614l

b2 o A A M

SAE
CALIN3

SKP

JMP vCC4
ppP

PYJLE

CLA CLL
TAD DIF
TAD KN1
peA DIF
SKP

LAVDE
PP
PAODE

-1ab ALD®
TAD K130
DCA ADDRR
TAD 1 ADLR
cta

TAD'I ADDRR
JuP 1 svce
LMILE

vCe3.

vcCa»  PLP

PHILE
CLa CLL
TAD DIF
TAD KVl
LCA DIF
JYP UCCleg
/
/
L4ODE
/
ADDRZ, O
catlal, 1209
cALld42, 1309
cALIM3, 2503
cALIMa, 31
7/
/

/TAKE YGN25-YGN24

/MAKE ONES COMP

/YGDIN+1)-YGDN

/SUBROUTINE TJ CALCULATE CORRECTION FACTO
/7FJR HORIZJNTAL CJUURDIVATE.

PMODE
adnag
CLDF 292
CL4a CLL
TAD ADER
TAL Kad
1CA HADDR
TAD HO
cla
TAD I HADDHK
LCA LIF
TAD [1F
$PA CLA
Japg dcce
TAL L1F
cYin
: Lca DIF
. TAaD ADDR
LIlc
[ RCAVE V)
acL I

SHCC,

7HCC(CAL) -HC(DATA)

711CC DATAY<HCC(CAL)
/40
7YES

/ONES CuXP

R

1462
1463
taey
1465
1466
1467
1479
1471
1472
1473

1474

1475
147¢&
1477
1520
1581
1522
1843
1594
15659
1536
15957
1613
1511
1512
1513
1514
151%
1516
1517
15273
1501
1522
1523
1524
1575
526
1527
1530
1531
1532
1533
1534
1535

- 1536

1537
1543
1541
1542
1543

1504,

15495
1526
1587
1553
1551
1552
1553
1554
1535
1556
1557
1563

#352

A354
8355
3356
3357
3363

4361
4362
£3¢3
4364
4365
4366
4367
4379

2371
3372

4430
4431

432
3153
4604
5435
2436
34627
3014
A1
3412
3413
3414
3415

7729
1460
[s Y1)
2456
G369
g3ge

7322
1372
10951
3371
1771
7241
1772
5704
1374

. TB4%

3074
1363

6141

1563
7133
1440
2333
23456
6334
4332

7339
1372
1059
3371
1772
741
1771
57934

noaa
2020

ALAA
6141

1123
2425
L4135
2333
5435
J911
3645
17233
2574
Z451
6423
1029

7740
sak 1
"]
54P
' Jup HCC3
HCC1, PDP
PAJDE
CLn CLL
TAD HADDR
TAD KN1
DCA HADDR2
TAD I HALLR2
Cla
TAL 1 HADDR
J¥P 1 SHCC
TAD DIk
cra :
LCA DIF
Tab ADLR
LiNC
LMUDE
PeL &
77929
SAk
caLIng
SHP
JMP HCC1
HCC3» PP
PAIDE
cLa CLL
Tap HADDR
TAD K1
pCca dabDDi2
AL I HALLR
cIa
TAD 1 HALDR2
JaP [ SHCC
’ i
/

HCC2,

LMUDE
HADLR2, 9
HALDR, @
/

/

/TAKE XGN1-XGid

/XEDN=XGL(N=1)

/TAKE AGU31-XGN33

ZAGLCN+ 1) ~AGLY

/SURRIUTINE TO CIMPUTE AND SCALE CUGLFCTION

/FACTIRS-

*400
PAULE
43053
LINC
LvJULE
apn 1
2233+ RTAR-25
S1TC «+1
30353

STC DIV3
Cin

LDF 9
LA
DIF!2393
ard

Jise LIVl
Lbs 1

SDI V.

/4DL RECIPHICAL

/+VUr LIFF?
/NJ
/YLS

647




1561
1562
1543
1564
1565
156¢€
157

1579

1571
1512

1573
1574
1875
1576
1577
1e33.
1638
1£22

1643
1834

1695 |
1636
1637
1613
1611
1612

1613
1614
1618
1616
1517,
1573
121

1622

1623

1624
1625
1508
1857
123D
1631
1632
1633
14348
1535
1€3¢
16237
1543
1€41
142
1543
lran
1645
1€n6e
1627
1£33
1ney
1482
1£53
1654
145%
l;_:‘

et

1€37

0452
G453
o 337
3455
34456
A657
[ LT ]
3451
24682
343
dag L
3465
0466
2467
D47
3471
a472
o473
A4L74
4TS5
4676
DLTT
5319 )¢
2531
nLye
2533
A4
8505

a216
8447
1533
2874
6431
1029
0317
4qa47
1434

2074 .

0317
8246

1249.
. aal3s
0456
0238 .
1243
4484]
. Y4b6
P62y
T gazl

o472

. €447

1129%

023
2316
ad02

5603

3330
2721

2854
2525
2436
23%4

DLYS
2022
2151

2134
2341

2333
1749
1733
1659
1616

1565
1536
1513
14€3

1437

1414
1372
13%0
1332
1313
1221
1252

DIvi,

DlIVvR,

DIV3,

Liva,

/
/

7/
RTAR,

NP

STC plva
Lpa

DIF 12022
J¥pP bIva
Lba [

DIF 12000
Cuy -
RIOL 6
AUl

- +4302
SKP
2909
ML .
-+4302
sHP

3620 :
ROR 11
LZE 1
JiP 3
aLa i

1

Nop

PLP
PMODE
JeiP 1 SpIv

LaOLE

3332
2721
2354
2525
2436
2354
er15
2222
2151
2104
2041
2343
1740
17a3

" 1653

1€16
1565
1536
1518
1463
1437
144
1272
1350
1339
1313
1271
1252

/RECIPRQCAL OF 25
/726

zar
730
731
/32
/33
/34
735
/736
/737
740
741
742

143 .

744
745
/746
787
/753
/51
/752
753
754
/55
/56
757
769

1662
1661
1662
1663
1664
1665
1666
1667
1670
1671
1672
1673
1€74
1615
1676
1677
1700
1731
1702
1703
1734
1705
1706
1737
1713
1711
1712
1713
1714
17156
1716
1717
1729
1721
1722
1723
1724
1725
17°2¢
17027
1730
1731
1732
1733
1734
1735
1736
1737
1747
1741
1742
1743
1744
1745
1746
1747
17613
1751
1752
1733
175¢
1755
1756

4699
4601
4602
4693

7604
@625
B636
3637
g6le
2611
asle
0613
a614
a6ls
2616
3617
2620
3621
nc22
2623

4624
4625
4626

@627
9633
8631

4632

4633
6634
4635
4636

n6a37
J€489
“sb1
3642
3643
peay
64HY
2646

4647
2659
4651

2652
0653
3654

4655

3062

7308

18063
6141

9346
1129
7765
3471

661§

1120
A305
J017

6620 .

1122
7771
0ar7
1260
Slaa
4656
Pk o1

4071
44713
6141

1143
656
3202

5€80

2032
7323
1363
614}

1564
17049
1122
7162
1263
Blay
4657
3392

4472
4473
6141
1143
BEST
J932

5633

IR W

/SURRJUTINE TO CALIBHATE VERTICAL COJHLINATEH

SCAVC,

/
/
/

*E€Q

P4ULE
2339

cLa CLL

TAL ADDR

LINC

L¥MJLE

5C 6

ADA 1

-12

npJ 1

JiiP «+5

ADA 1

S

CuA

JAP e+ 4
apa 1

-6

GIM

ML I
2144

STC CALVUC
pPLP
PUUDE
JNS I e
S I DIV

LIvC

LMIODE
ALY

CALVC
PLP
PMUDE
JuP 1 sCAvC

]

/ODL DR EVEN TV FIRLD

/YAXE ORIGL Y ARIUT
/CENTHKE ¥Jh A GEID
/JF 11CLECY VEKTICAL
/PIINTS

/A5 AVIVEs Fait
/ZOTHER FLFLL

/ESCALECALOSESD

/CALCULATE AND SCALE

/COKRrCTIUN FACTOM

/COKLECT CALIRUATED
/VERTICAL CJOJilp

/SUBROUTINE TO CALIBRATE HORIZOVTAL CJO:LINALL

SCAHC,

GaD

CLa CLL
TAL ADDR
LINC
L4JILE
PCL 1
170

ALA I

=15

vigil I
Blag

S1C CAaLiC
pL

PO DE

JsS 1 HCC
Jss 1 Liv
LiNC
LAJDER
&L

caldcC
PLop
PLILE,
J¥pP 1 SCAHC

JAALE UBIGIN AT CRITLE

/5CALECLL 53450

/CALCULATE ANL SCalr

/CAECTION »ACTIH

/CIkiixCl CALIPLATEDL
HOHIZONTAL Cduni

087



aza
2327
333
2331
21Re
ERNK
ThO34
2735
2336
2337
2047
PRV
2342
L5583
Eand
2hns
a1}
2747

0656
A6 57

5380
5831

1832
1333
14934
1235
193136

17347
a1

1911

S tsie
1013

1314
1315

1916
L1317

5324
5901

122

$a23

5304
5328

Ga e Jd w3
w0

e W
[ARC N RARA
U B W N

4]

P

1345
19345
173487
11350
1351
1352

3020
0239

9332
6141

A6 4l
1393
2597
3652
12362
1399
AGHE
1465
1639
3€57
1262
anae
7322
3332

8532
7413

3342

5692

33339
6141

1003
1114
1123
5.13)
5349
13420
33
3331
652
5726
3293
1599
1549
1123
1531
5347
FR6
ELERE]
1333
1347
1184

caLvC, 2
caLdc, 9
/
/
/

/SUBROUTINE TO 3STORE CALIBRATED DATA

*1303
PSVLE

3nd4

LINC
LMILE

19551 2 3

Lpa
FI120832
Luy 12
STa 1 CBUF
Lpa

CALYC

STA 1 CRUF
Lia

CAaLHe

S1TAa- I CRUF
KSK GRUF
JAP o4 4
PLA

i) DE,

Jis 1 TAPE
S4P

Lobk

39 e

PIIDE

Ju2 [ SSTUR

SSTOR»

NN NN

/TU~FIELD NO
ZCALIBHATED VC

/CALIBRATED HC
/BUFFER FULL?

/7PUT UN TAPE

/5UPJUTINE TO PUT CALIBRATED DATA ON TAPL,

/I8 UNIT 2
STAPrs, 3392
LINC
L4ILE
LbAa
CLTRLL
AlA ]
5453
L1C TAal
Luva 1
1

axd
LDF 12
BRI 1
5363
LA

TAl,

/START TAPE BN

/SET EXTENDED UNIT
/BIT 11

2137
2110
AR B
2112
2113
flia
2118
2116
2117
2123
2121
2102
2123
2124
2125
2126
2107
213
2131
2132
2133
2134
72135
213¢
2137
2145
141
2142
2143
[ WP
2145
2146
2147
2159
15t
2152
2153
L1544

1953
1354
14655
1456
1457
10693
1061

1262
1363
1064
1365
1366
1967

1373
1071

1372
1073
1974
1975
1476
1977
11932
1191
1192

11923
1104
1138
1136
1107
1115
1111
1112

5113

i1t4

Q632

n323
ni21
Nae2
3303
o004
Bees
3586
3027
2335
3331
0332
72533
U234
2335
A336
2237

193931
5156
a7

JYou
1033
1356
1122
3321
153
79333
5103
17339
1114
5372
B737
3343
1467
7777
1337
1822
39451

1140
1972
1463
0039
7371

1230
1153
5114

6362
23717

032

5624

c239

2377

di676
6922
7353
36733
3538
1353
3979
3532
61337
1579
ATy
1123
7331
3471
617¢
1309

TA3,

TALs

1331

STC «+2
Vittd

JI348

uba

=2

aApa 1

1

PCL I
1390

STC TA4
LA
CLTRLK
S5TC «+2
CHit

A%

SAE 1
7717

J%2 TAl-}
Lva I

1

ALM

143

s5ar 1
3350

JiP Ta3-1
LA

oY

S5IC CDTRLK
ST I CRUF
23177

PLP
PYJLE
JuP 1 5TAPE

&<

i
@ X

23717

SEGHNT 3
*23)

ST I 16

e 46351

Jde QAINIT
MESS]
ANLWERR
JYP MARFSH
5r7T 1 1@
ANSWELD

Ja2 Py

LLa

QCTAC

aApa I

=776

APS I

Ja2 A1T
Lba
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4631
3358

LD
Qau» 2

/76626

/767:7

770:8

77139

/122

/7323

/COLE 7T4:<NJIT DISPLAY

/CIVNSTANT

2 /0T USEL

1212
1212

YED.

QAWs NOP
ADL QAU
4023
2359

QAF» sc I
6222
JMP QAl

~

N N NN

/775=

/COLE 76> NUT LISPLA

/7132

/EIDL Q+A

7KEYPOARD INPUT ROUTINE

/
QRAXRP=6036
NATSF=6141
NATLS=8046
/
GETABDs LDN
3
S1C QAEKLTI+6
ApL 1
STC AGArAI1i7+3
ALL 2
57C DArAIT+5
STC 0AxATT+1
KSi T4": 1]
Jup 9
Iun
ANALB
5in 1
QATY» 3
ALA I
-237
APO
JYr QACNTH
OR CRsLF» TAR
s

/Tor
/TLS

/GET

ST L 1
QAC4AN-1

/P0P-8 10T KBL

/SAVE KRTUSRN
/75avk A5 1 ANL 2

SOMETHING TrPED?
/397 EXIT

TTY CiiAl, CL At FLAG
/5aVk 1T

/5ETwEEN 2033 AL 23732
/CINIRIL CAdAne CHECH |

7N



R163 1545 a362 SET I 2 32¢1 1634 7637 JMP QARXIT+2 ZEXITe LOVT ECHO
3164 1546 7772 -7 3262 ’
31c 1547 1332 LpA 3263 1635 1220 QAEXIT» LDA I /GET 6-RIT ASCII
3166 1552 1536 QATY ) 3264 1636 (2738 5}
3167 1551 1461 SAr I 1 . 3265 1637 9261 SET I 1 /RESTORE £8S
3172 1552 75%4 JMP .42 3266 1648 D332 ]
3171 1553 7635 JIP QAXXIT ‘/ILLEGAL CHARe. DONT EC 3267 1641 3962 SFET 1 2
HO 3279 1642 03306 o
3172 . 1554 ¢ga2 KSK 1 2 /CAECKED THEM aLL? an7i 1643 6002 Juap . ZELLR S\R GFTKRD
173 .. 1555 7551 JAP <=4 ar7e /S\R TO PRIJT CCAC?
3174 - / , 3273 1644 7532 QATPE» 1OR
8178 1558 1128 _ apa t ‘ i ‘ 3274 1645 6946 QAILS /PDP-8 10T TLS
31760, 1557 . 7449 ~337 ~ : : 3275 1646 1903 LrA
3177 156D Bast . APV ) c /PETWEFEN 240 AND 3372 3276 1647 23330 o
asa3 - 1561 7575 : JUP QALEGBL - /fESe LEGAL CHAR . a7 1650 5654 STC 44 /SAVE HETURY
380y . B s N T © 3329 1651 #5642 1on
3299 . 1568 1461 SAE. I 1 , /30« CHECK FURTHEK. 3331 1652 G241 QATSF  /WwAIT FUR FLAG
3293 .. 1563 7572 T JMP W7 R ' 33an 1653 765! J4P .=
3924 - 1564 - 1323 Lia 1 /RUBJIUT 3343 1654 69230 Jup ZEALT
37538 - 19€5 . 0334 334 ‘ ‘ . 3334 /
326 .. 1966 - 1644 J4P QATPE 7ECHO BACKSLASH . ‘3398 1655 0243 QACHAR, 243 74asyd
3237 .+ 19671828 Lpa g 3396 1656 0244 244 /LJLLAK SIGN
. =379 . 1579 3337 37 AR 3397 1657 2245 T 245 /PER CHIT
e . 3WEY .. 1571 .7637 JMP QAEXIT+Z2  /LEGAL EBAIT ) 3319 1663 @247 247 /78PISTHIPHE
a2 ; - ’ ’ : © 331t 1661 9329 349 741 5164
3213 .- . 1578 1261 SAR 1 1 : 33t2 1662 @336 336 7UP Al
- 3914 ., 1573 7635 JAP QAERXIT 7ILLEGAL , 3313 1663 2337 337 /RACK ALROW
anrs o /7aLT T 3314 1664 08340 49 / RURILT
321¢ - 1574 76317 J¥P QAERXKIT+2 ZEXIT, DONT ECHO 3315 1665 2036 36 /74LT
3717 / . 3316 . ZEND UF S\R GETKRD
anza 1575 14028 QALEGL, LDA ‘
3221 1576 1536 QATY NO ERROLS
3222 1577 7644 J45P QATPE 7ECHY CHAR
3293 ° 1€33 3526 ALL QAIY ADDR 0063
3204 1691 1564 neL 1 /STHIP IT TO 6-BIT ariFe  a277
22ns 1632 7730 T443 aic 4101
380¢ 1633 7637 JuiP 0ArXIT+2 ANSWER €532 '
3927 /T0 HERE IF CUJTRHOL CHAR ’ AVF 3049 ‘
3239 1634 1462 QACNTR, Snr I cAHC 2192
3231 1635 7755 7155 CALHC 2657
3232 . - 1€26 7601 JIAP QACHLF . CaLl4l £330
3r23 1677 11323 Lon 1 /CR CALIYE /A7
Toanayg 1613 3343 43 CALIM3 £302
=938 1611  563¢ STC QARXIT+1 CALI 44 43733
3836 1e12 1323 LEA I CALVC 4656
3237 1613 8215 215 cave 3577
3243 1614 7644 J¥P QATPE _ CRUF 2772
3241 1615 1023 LLA I CPMPLK S114
3542 1616 212 212 . CHC 2753
3243 1617 7644 J4P QATPER . cict 2751
angs 1423 7¢3% JAP QARALT CUtP 2306,
asus / col’ DE16
3048 1€21 14€3 QACHLF» SAER I cup o642
3247 1€22 7752 7152 CoPA  PG6S
3753 1623 7627 JuP .44 ca3 2792
3251 1624 1322 LLA I ZLF cos 2721
3952 1625 5a4d a5 cJ5 27351
3083 1626 7611 JMP NACNTR+S CIPLK 2853
3254 1627 14€9 ; sar 1 CTP 02432
. a5y 1633 7751 7751 cyve 0746 ;
2954 1631 763% JiP QARKIT /1LLEGAL cuel o747 '
3757 1€32 1323 Lra 1 LIF 8374

3249 1633 22347 47 . DIV “a73



Happp
HaLDh2
HC

HEC

2 {0 §
HOC2
HCCA
HOTR
“4C1
HO1Y
.G
L HC12
4C13
‘HCl4
HC1S
HEl6
HC17
He2

HCRD
4¢3

HGA

HCS

LRIV
%04C1
w551
visse
%ESL3
AFSS4
MO
1<
MIX1
“142
~T42

Q423
4431
4435
Lua7
2397
0&22
2333
2311
2531
2537
2376
7501
aA372
4371

- B3e2

nore
£334
4345
£363
2335
2783
2162
2763
L764
£7€S
2766

" 2767

2179
771
754
2112
2755
27 56
2757
2769
2761
3951
23Ed

Ml

u2

M3

NF1
NHC
NUY
ocTac
Py

Pyt
PTR
nar
0ACA
QACHAR
OACHALF
NACNTR
[~L¥
NAE
NDAEXIT
QAar
Qa6
aAY
nat

C BAINIT

NAJ
[a]:1. 4
DAKRR
aaL
OALEGL
andg
ALY
0NAJ
AP
o] %0]
ONRFSH
NAT
nATLS
RNATPE
OATSF
Sa7Y
DAY
LY
AW
2174
Ay
anz
1
LRIV
F-¥D
e

a4alt
3437
Bane
2526
2752
6176
6175
6133
6137
918
1304
7915
7655
1621
1624
7326
793592

7635

7516
78462
71i4
7131
7933
7136

7335

6936
7175
7575
7101
903
7231
1242
7963
7453
7273
&3LD
7648
6341
7536
1576
7316
7512
TH24
/18
73431
2734
3%€5
3365
2745
BH s>
4102
2744
3344
3955
3116
4433
4647
POLAA
44D
~313
43048
2251
3409

3433

. 2200

2512

.8964

3339
3141

$039
Su24
3101

2473
42033
9132
$340
5072
5193
2511

2510
067
2436
2473
961

a7l

4026
4237
HQ2€1
Hatl
6174

837



Flow chart for display programs (DISC and derivations)

lSTART '

V

Set up initial parameters
for program

Load data from tape
into memory (1024 pairs)

Sort data into separate
areas of memory for

field co-ord,VC & HC

F

Sample POT @ to set up
start of display window

Sample POT 4 to set up
cursor position

* Fetch parameters for
cursor read out and store
in character buffer

1

Display character buffer

Display cursor

Display 512 data points
with appropriate scaling

289
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2141
AP37
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/
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LuA I
377

LSC 1 17
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J4P -2
J4P LCUR
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PLP
PAILE
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51C Leut
LLF 6
L1A CuRS
SCR 3
ADA
833
SiCc 1
Skl 1 17
-g

Ly S5
LLA CURS
SCR 2
ALA I

4
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3531
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2537
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0561
A8e?2
A54:3
AnLd
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3548
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7553
2551
2562
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2555
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2561
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361
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JSES
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1323
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/RINLEC 1
/pJl PLP=12

/Lede NI
7UNI V-
/

/SIGNED 12=-PIT RINARY TU LECIMAL CINVEKSIIN

/

CHIULS
WISCINSIY

/FNTER ViA: JMP PUL

/7 w1Td
/7 Aaib

RIJAREY NGARER IV ACCU4ULAT IR
IR 1 PRESE1

/LFCIMAL &-PIT ASCIY COLF STJHEL VIA IR1
/7 LrALING ZEHJFS SUPPLESSEL

/  RIGA

1 JUSTIrIEL

/381 NTERELPIARLE
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’/
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LIPDI,

/LITILE
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SSCR I 1 Z81GY 19 LIVK BL1T
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APy 1 74AKz JEGATIVE

CcJAa

SIC YJRLL /s8AaVk 11

ALL 2 /SAVE RETUEN

51C PIRLIL
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A7} /18 17 A LEALING ZEilJ?
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LLa /5AVE RKFIUEN

b4

S1C PyPLl-4

Sr0 I 3 /7SKT LIGIT CJOUVIERY
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BETIT
113

1114
115

1116

1117

119D

1121

1122
1123
1124
1125
1126
1127
1127
1131

1132
1133
1134
1135
1136
1137
1147
1141

1142
1143
1144
1145
1146
1147

1153
1151
1152
1153
1154
1185
1156
1127
1163
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3311
1321
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1114
5133
1393
3343
1363
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CTAR-42
S1C «+2
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ALA I
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ASH I 2
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J¥p 2

/N2 RACK TU THE SUBRUUTINE
/YES:MAKE ASCII

/STORE IT
7AND RETURN TV CALLING PGM

06€7
oL & ]
2671
ner2
@€73
A674
D675
0676
2677
2790
2721
2792

3133

8754
0795
3756

3707
8113

a1
o718
a713
a11a
9715
0716
3117
3793
#7921
arpe
2123
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8725
f1Re
37127
a739
2731

8732

2733
734
2735
a736
@137
ATng
2741
n742
2743
B744
145
2746
147
27153
27151
3752
2753
oY B T4
3775
B756
0757
BT1€39
2761
BIE2
2763
AT1£4
37€5

1162
11€3
1164
11€5
1166
1167
11748

1170

1172
1173
1174
117%
1176

S 11717

1239
1291

Tiza2

1233
127
1235
1236
1237
1212
1211
1212
1713
10214
1215
1216

1217

1223
1221
1222
1223
1224
1225
1226
1227
17233
1231
1232
1233
1234
1235
1236
1237
1243
1241
1242
1243
1244

1245
1246
1247
1259
1251
1252
128
1254
125%
1256

3333
0339
32334
3494
an99
2333
5136
2101
45023
4122
2414
5172
1506
H443
5126
sl1e2
0an0
a273d
3330
37339
" kTl
243
AAID
ANa3
ANH3
3202
343
2322
3ana
0393
NA32
3033
UPRE
3333
0339
434
3393
B33
3641
2177
2151
2651
ATt
J651

4228 -’

6352
2¢€51
3651
233072
3330
23393

a477
Lyl
23430
Laq7
3044
3313
2354
R ]
4477
4044

/
/

CTABl,

CCRUF»

VACSIICRVOAIIIITeIsaIESS

2424

3641
3177
2151
2€51
QatT?
3651
4225
6352
2651
3651

4477
4344
3349
L4877
3344
J

2

d

4417
Lvisl

/=

/F

/9

/F

£67




D766
a167
a113
CINA)
2172
2773
Qria
31715
2176
2117
- 18939
1Iamn
1032
1332
1334
1338
1234
1337
1210
1311
1312
113
1314
14158
1316

1323
1924
1325
1326
1027
133D
1321
1332
1523
1334
1835
12336
1537
13473
1341
1942
1343
1244
1345
1346
1047
1153
1951
12352
1353
1354
1355
17156
1357
1363
1261
1362
1363
1364

1257
12€9
1261
18062
1263
12¢4
12¢%
1266
1267
1272
1271
1272
1273
1274
1275
1276
1271

1339
13231

1332
13133
1344
13438
1376

1337

1312
1311

1312
1313
1314
1315
1316
1317

1323
1321

1322
1323
1324
1325
1326
1327

1333
1331

1332
1333
1334
1335
1336
1337

1344
1341

1342

1343

1344
1345
1346
1347
1352
1351
1352
1353

03392
0238
3332
BREL)
2339
3353
3333
o333

2340

Ba32
0428

gaag o
Gﬂ?@‘f_f”“'ﬁ‘
390
Kol b
8176

70;2

2809
8232
3333

#1233

ANy

3323
22393
o393
3499
2339
3933

32343

2333
3333
3323
3330
1277

7710

333
{3432
3333
3353
3339
33230
2333
[4 R Fe 1]
3233

3320

2133
39139
3372
3332
343
3333
3333
B339
2339
3342
3930
2332
2432
22333
D332

SEUES PRI NS S

2
]
1
2
0
@
)
@
L]
)
a
.‘a
< g
8
e
tig
2176
7402 4}
1077
7712 ’d

PO DVDOVUOLSSVEeERVNSHEEIIRNEISOCE

1365

106€

1067

1373 0804
1371 2935
1372 2336
1873 0287
1374

NU ERROURS

nol 1921
CTAB 1159
CTary 1245
CURS 1335
LCPUF 1288
DCT - 1106
rCuR 0751
bBeul 3716
LDAT- 3777
DLAL 1334
L1a2. 1323
vise 31722
o1i . 93res
LP1IR 2334
DSORT 2131
nse azo4a
LSPL 2123
Ls1 A4a41
L82 Aass
Lsa 2451
LIPLK 92436
FCIR 2337
GLCS 1116
GL:} 1126
cLre 1147
X9nD1 1931
Liata 23192
LLATY  J4al4
LieaTte 216
LInEY 1993
$AIN 3233
MOITDL 1354
SDISP 26492 '
NITLL 1365
PIPL1 1191
a9PLE 11492
SEIS? 3633
SLSJRT %437
SLLA19 2433
TPTR « 0226

3923
0002
2239
3209

PPTR:
CURS.
TPTRs
FCTR»

762



o

ORRY
S fRe
- Byes
)
2927
#4330
L2331
3332
R b ]
2334
FI135
a136
an37
A343
341
. f_]:’-’.’ 2
3343
S
J34as
daae
2347
3053
REE-3
aed
IS IX]
1154
2955
JN56
2357
7562
Gle1
3082
T3
PR
8365
D66
a7
AN
371
I
A3713
RV

J37%

9020

22321

3149
8191
2132

0230
Jd231
3°oa2
8233
32734
3235
520€
AT
021y
3211
3212

6141
6293

3433
8437
gedd

1423
3650
1340
0441
1943
3445
149
3H51
snl 4
ATE6s
37117

*2)

/DI SPLAY CALIBRATED DATA WITH FIELD CUHSORS

/L1 SF=CAL
/
/
/716-6-75

14
/M'JOJARQETT'
/

/ . Coo

/DLSPLAYS DATA FEUM TAPE CONTAINING
7CALIDRATED DATA 0N UNIT 2.A DISPLAY OF TV
ZFIELD SUMBYR 1S PRIVIDEDs CORKESPUNDING TO
ZCURSORS WHICH MARK EVERY POINT OCCURING
71V THE TV FIELD SELECTED.

/ . i

/7 o

/UAaTA TO Pk DISPLAYED IS PLACED IN A

71028 POINT BU¥FEKs AND A M0VING WINDOW

/19 DISALAY THE DATA IS CUONTHOLLED BY
S /PIT Be THE TV FIFLD ON wHICH CUKSURS ARE
470 PY LISPLAYED 1S SELECTED BY PUT 4.

P : . . :

.

/ . . .
/P1IGRAY% STARTED BY 1/0 PRESET, START 22
/71N 8 MJIDLE .

4

/

ZLUCATIVN 436 CUdTAINS START BLOCK FOR
/LATA TV R DISPLAYED.

/RE=-STARTING PROGRAM LOADS NEXT 12 BLOCKS
Z0F LATA.

NN

P4OLE
*22
LI
LNOLE
JMP MAIN

A 2T)

%109

SLLATA .
SDSURT

SpLse

LDATA,
DSORT,
DISP»
/

LMJUDE
*243

Lba I

LUF 12
STA

DSt

5TA

©vse

STA

LS3

STC LDATI
st1 I DPTIR
3777

“AI NS

2376
(N
arisa
0171

2192
2193
2194
s
2116
3197
0110
@111

3112
8113
o114
2115
#1116
o117
2109
o121
aiz2
2123

- 0l12s4

2125
2126
2127
0132
2131
#3132
2133
2134
213%
a126
4137
@110
0141
142
a143
G144
g145
8146
2147
3153
5151
2182
D153
2154
2155
2156
157
0169
g1
girée2
2163
Nled
%165
B16E
01¢7
2119
“l7i
2112
2113
Cl74

2213

pat4
pel1s
2”16
U217
0229
o221
2222
a223
g224
9225

0432
2421

Pan2
2433
Gans
3475
246
3437
a419
B4t
pa12
413
faats
D415
416
2411
2423
Qa1
U2
0423
ey
3425
AN26
6427
2433
3431
Q432
3433
0434

3435

2436

ean2

4560
4581
4500
4591
4590
45081
4509
4531
4592
5224

Qa3
6141

3267
7774
1502
Q436
1125
S0
4416
1029
29301
63531
365D
379593
9535
19293

1031

1149
2416
geet
6415
1333
nae16
1120
17176
4436
ZI€6
2377
3042

5639

22923

NNNNDN

SLDATA,

LDATL,

LDAT2,

/

/
DTRLK,
/

N4
/SUFRVUTINE TU SOET DATA INTI FIFLLS Jr

PLP
P4IDE

T J%S I LLATA
JuS I LSUKT
JMS I LLATA
JitS I DSIORT
J¥S I LDATA
JMS I DSIRT
JisS 1 LLATA
J%S 1 LSJIHT
J¥s 1 DIse
JAP o=}

SUBRROUTINE TO LVAD 3 BLUCKS QF DATA

L¥ODE
*402
PYULE
802

LINC
L#%ODh

SET 1 FCTR
-3

LDba

LTPLK

ADA I

5803

STC LDAT2
Lpa i

1

AXY

LDF 18

ELC

KEPY]

Lua I

1031

ADA

Lbar2

ASK 1 FCTR
JY%2 LLAT1+1
LN

LLAT2

Ara I

-1

STC DTRLK
SrT 1 TPIR
2377

PP

PHILE

Jir 1 SLLATA

LY0DE

233
NG
&

/TY FIFLD SUSREERS, VERTICAL AND AdJx1ZJViAL
/CIOKLINATES

/

PAVLE




3175 na3ar
8176 " 443

N7
: 3283 Aaal
3231 Baa2
2232 3443
8203 . B44a
8234 DLay
3235 0La6
8236 1. @sar
. 3287 4. 9453
L 213 045t

‘U oemT T pase

geract ¢ 2453

3213 VY
5 3 B Q455
9215 0456
3218~ 8487
#2171
sopy - Basd
Peny -
e
> 2283"
R sl B
8%ps U
2808 <
3227 T
32313
323%
an3z - - a608
7223 364l
Wwaa,
3208 3€J2
naze 3623
3231 - 0634
240 - 0635
anay 0636
J242 8637
2802 DELD
1L T oA611
3243 T3 ¥
JR45 2613
207 BE14
3253 f615
3251 1616
2252 A617
5963 0623
J2se 121
37268 062
3255 3623
2257 N€P4
092¢3 3645
nney 5606
249 ne27
S263 NE3D
N4 NE31
3965 86372
anee Rk
BYEY J€ 34
227 3635
2071 2636
a2 €37

a3 640

5T TR
0020 SDSORT, Q200 2274 #6641 1777 DSC 1 17
6141 Live 2275 nes2 3236 XS5X 1 16
L4oLk 2276 BeA3 664l JEP -2
0653 DS1» LLF 10 22717 Be44 0356 SrT 16
1626 LDA I TPTR 0330 645 BG4 LPTR
23644 LLF & 9301 P646 0375 SET 1 15
1064 $TA I DPTR n332 neatT 2176 271¢
8650 DS2,°  LLF 13 #3733 NESA . A64N LDF 4
1326 . LpA T TPIR 8334 @8¢5t 0235 Dlls KSK 1 158
peas LDF & g 9305 7652 3456 Skp
1044 STA DPTR. 2356 ¥653 6665 JMP DI2
9653 DS3» - LDF to " - ¢ A307T 2654 1036 LLA I 16
1326 TEOULDA 1TUTPIRS 03148 | 2655 1564 nreL 1
7626 CLDF&T ot e 8311 0656 7480 7432
1244 oSTATDPTR 2312 3657 1443 SAF
J206 © O RSKCTPTR 2313 2562 09395 cuis
6441 i L 2314 3661 6651 Jip DI1
a%02 SR s 8315 N662 6673 JMP LCUR
* PMOBE ‘ 2316 NEG3 0644 LLF 4
5637 JMP 1 SDSORT ) 3317 o664 6651 JAP LI
4 : o 2329 p665 6716 DIas J4P DDAT
’ o o e 6321 0666 02I2 PLe
’ S oo C ' . 7322 PAVLE
/SUBRJUTINE TV DISPLAY 912 POINTS AS A L 2323 0667 5623 JiiP I SDISP
/M0VING WINDOW UVEH 1828 POTNTS, WITH CURSOR 3324 7
’ S : 2325 ’
LMUDE - . e
*602 . '
PAIDE k.
9903 SDISP, 9903
6141 LINC
LMOLE
2311 CLR
2130 SAd 3 /SET UP START
1123 Apa 1 /LUCATION UF MOVING
1209 182 7EINDOW
1620 PSE 1 '
2323 2004 \
4334 S1C DPTR 1
3106 584 4 /CUGRSOR |
1123 ava I ‘
1933 1384
3342 SCR 2
1643 STA
32375 CURS
23361 SET 1 1
1325 LT
674 J4P RO
8363 ST I 3
1177 DCRUF+3
7335 J4P GDCS
o2y S¥A
1563 PCL 1
8223 239
GBei4 ESF
2377 SET I 17
1173 LCRUR~1 o
%61 SFT 1 1 3
2323 3 o
AATH SET 1 16
7757 -29
1322 Lba 1
0377 377




' ' 2976 3213 441 $iC LbAll

*23 . 3317 A211 2164 SFI L LPIR
/DISPLAY DATA WITH CURSJR = DISC 3143 no1e 3777 3777
’ Coe17 5213 43232 PL?
7 ' 112 PLOLE
/18=5=76 . © 3103 2214 4508 J4s I LLATA
/- . o © A13a 2215 4531 J1S I DSIRY
e / S . 72195 7216 4593 J49Ss I LLAiA
G /Mo e JARRET T . 0136 3217 450 . J%S 1 bsJal
B ’ e SR . 3107 84223 4tag ' . J4S5 1 LLAlA
YBLSPLAYS DATA FRUA TAPER CONTAINING . 3118 9921 4531 J4s I rsont
ZUNCALITBRATED DATA ON UIIT R.A DISPLAY KIRE 2222 4592 J1$ I Lbaia
70F CAMERA CHANNEL VUMBEE,TV FLELD 8112 8223 4541 Jus 1 LSIuET
7 VUMPE He URHTTCAL CUOURDINATE, HORIZVNTAL 2113 0294 4582 DSP» Jms | DIsP
SAQUIRDIVATE AVL AN INDICAIIUN AS 1V st #22% 5224 JUP o1
/WHETARS 'THE PURCE PLATE (FP) WAS SAMPLED ) B11s s
/1S ALSY ' PRUVI DED. 8116 7
’ She 117 7
y ok B 12 /SURHOUTIdE TO LUAL 3 PLOCKS OF DATA
ZLATA TO DMEF-DISPLAYEL 1S PLACRD IN A s 191 ’
/1324 SOINT RUFFRIs AVL A MOVING WINDOW a12o LAOLE
779 LISPLAY ‘1H} DATA IS CONTHULLED BY a1223 *479
S S /89T 3, A CUHSJUR ‘TS CINTROLLED BY PUT 4 3184 PAOLE
/TY PLHUVIDE A REALOU1 Jk LATA AS DESCHIBED , 288 2400 2388 SLDATA» 2932
7ANJIGE. : 3126 3401 6141 LIve
’ : M87 LU DE.
R S 2 . - 239 3602 367 $¥i 1 FCTR
C 28<43LF 1740 PRESET.STAKT 23 TO START ‘ 2131 8473 1114 -3
’ 3132 aany 1939 Lia
’ : : 2133 #4995 2436 LTPLK
JL0CATION 436 CINTAINS INITIAL JAPE PLUCK 7134 . P46 1123 aLa I
7NUMBERs 12 DLOCKS Alik LOADED. 2135 D447 533D : 5433 .
y; . 7136 0417 4416 STC LLAT2
/LE=STARTING THE PRUGHA4 LUALS THE NEAT 12 Coa1ar 3411 1423 LIA I
ZPLUCK S : 5149 12 D331 1
’ atreq 0413 $331 LY ]
/ 2182 w414 2653 LLATL, ‘LLr 13
’ w142 Au1S 3735 RLC
Vs MNan 2416 09923 LDAT2, 2303
PAILE ) a14s 417 1328 Lra I
*23 " n146 G423 1391 1311
o922 6lal LINC 2147 421l 11462 ALY
LsJLE 7159 a422 3416 LnaTe
o321 €283 Je4p ¥AlIN . 2151 B4a23  J227 Xs4 1 FCTR
y <2152 3424  €4i1s J¥MP LbaTi+l
PAILE 0153 3425 1339 Lia
) «132 154 2406 3416 LIATe
41073 $43% LLATA, SLLAlA 155 parT 1120 ALA 1
J131 3437 15DHET,  SESJKI 2156 2433 7776 -1
3102 3683 LISP, SuIsP 9157 Ba1 6436 STC LIPLY
2183 2224 LS5PLs 1sp 3163 L3266 S¥1 I 1PTh
P 2161 4433 2377 2371
’ 3162 8434 8332 LY
L4JLE J1€3 PYMILE
#2349 8164 2435 56308 J4P I SLLATA
3233 1423 AAI LA I 3165 s
3731 3653 LLF 12 2166 LYODE
Agy2 1549 STA Ale7 /
3293 Aasl 51 3172 2436 22323 LTDLK, 233
A254 1343 574 5171 ’
3245 S44b £s2 . w112 /7
s9m6 1343 STA 3173 /SURKRJIUTING TJ $OHT LATA INTJ rIFLIS OF
3077 nEsS) ps3 2174 /TV FIELL NSUARENS, VERTICAL AVL HJnlZlviAL




175
0176
2177
PR R
a2
9232
3233
3224
85
2226
21
oama
© g1
ata

Tamia

2214

3218

3216
9217
fAR2)y
nN2ai
3222
093
no04
4228
3996
32217
3233
23231
13232
233
324
3238
3236
3231
3243
a2l
242
LPa3
2L4
1245
32486
noeq
oL
2051
aRE2
253
IP254
8255
3254
ST
W63
LAY
[s 2 o4
R4 ax]
NPEL
a2.%
ANEG
2267
A2
3271
A2re
3273

3437
daa}

3441
BHED
8643
244

2445

o646
Jaa7
453

past

9452
#4453

. @h54
LSS

3A%6

B4sST

B468

2690
0N

3692
8633
3634
f€.15
6 .36
3€.37
S€1D
3611
2612
3613
YL
AELS
3¢16
2617
3€2D
J€21
A622
3623
J624
AE2S
AE606
AEPT
3637
7631
3£32
©$5633
0634
3635
JEJ6
2637

2393
614t

3653
1326
a644
1364
2650
1926
J645
1844
3650
1396
9646
1044
3236
6441
2022

$637

3333
€141

21923
1122
1329
334)
LE3-B)
6612
1677
1977
1€22
2793
1343
A334
124
1122
1039
3341
2354
1629
2893
4335
36 L6
1345
cJa61
1122
7335
RAE3
1343
7132
BELS
1335

/COORDINATES

/

SDSJORT»

LSt,
Dse»

L83

/
/

4

#MIDE
2202

LISC

L40DE

LLr 12
LLA 1 TPTR
LLF 4

STA 1 LPTR
LLF 10
Lta I TPIR
LLE 5

51 DPIR
LLF 12

Lba I 1PIR
LLF 6

STA DPTR
XSk TPIR
Ji4P DS1
PLP

P4IDE,

J4¢ 1 SDSORT

/SUBHOUTINE TO DISPLAY 512 PUINTS A5 A
7%JVING WINDUW OVER 1924 POINTS, WITH CURSOR

/

SL15Ps

NDISP»

* 649

3

L1 3C
LUJILE
544 @
Aapa I
1344

scr 1
A7 k.

J4P «+3
NSk 1
17717

NSk 1
2332

STA

LPIR

$AM 4
ALA 1
1032

SCH 1
aADL LPTIR
RSE I
2308

STC CURS
LLE 6
LA CURrs
5T I 1
LCT

JMP RBL1Y
S¢T I 3
LCBUF+47
JYP GLCS
LD S
LLA CUKS

/SET UP START
/LOCATIVUN OF MOVING:
/WINDIY

/CURSOUR .

A274
3275
aA276
9077
@333
341
3332
2333
93924
09395
3336
B3337
Aa313
2311
0312
2313
N34
a31s
2316
3317
232
33721
2329
6323
3324
2325

3326

3327
23392
8321
3332
M333
A334
2335
3336
3337
2349
J341
KT
3343
3344
o345
346
33a7
2350
3351
9352
2353
%354
A355
23356
3287
336N
3361
23R8
3363
A3E s
o3€es
D3€6
4367
32
4371
8372

0640
3eal
a6 42
Ve 43
0644
3645
DE46
9647
2653
3651
€52
0653
0654
AESS
D6 SE
7657
2662
el
2667
0663
0664
2665
€66
667
3673
2671
ne72
2673
3674
A675
2676
2677
21933
a7951
Q102
2733
Q734
9735
RX A1)
27037
3712
2711
2712
3713
n714
0715
3716
0717
3123
3721
9122
“r03
B
2125
3126
727
%733
3731
3732
3733
3734
2735
2736

?2€1
1122
7335
3003
1316
7132
cé a4
1425
1563
7409
2961
1122
7035
3363
1274
7132
963
1274
10995
3318
1569
7170
1129
1204
4672
1023
Q923
1463
1343
3672
1129
A344
4792
1298
8239
10¢3
1995
B261
Aa72
6725
33¢3
1354
3062
1268
0361
1112
1422
1343
yeel
(716
0376
77%6
cre?7
3376
7114
gazy
1562
B2
384
0IT7
1279
Ge6l
2098

Ell,

SFT I 1
LCT

J¥p npt
SET I 3
DCRUF+25
JuP GILCS
LLF 4
LLA CURS
RCL I
7423

Sr1T 1 1
Lot

J4P Bt
ST I 3
DCRUF+3
JiP GLUS
kT I 3
LCRUF+3
LA CURS
Rok 12
peL 1
7173

ApA 1
CTAan+20
S5iC «+2
LLa

3939

STA 1 3
LLA

=3

AbA 1

49

STC «+2
LiLA

2433

STA 1 3
LA CUIS
RJIL T 1
LZ: 1
J¥ipP DIt
Sri 1 3
LCBYUF+63
S5k1 1 2
crani-1
SE1 11
-5
LA
511
J 453
Jeip
SET
=71
J%2 «+3
S5r1 I 1¢
-€3

SkKN

7CL 1
294

ESE

5T 1 17
LCRUF=-1
SFT 1 1
“

e e e ]

v

7
G

36



9737 1322 LLa 1 ’ 2412 1824 1129 apA I
0743 93177 377 8413 1225 0470 47¢
874l 1777 DsC 1 17 . . 3474 1326 1122 apa 1
@742 9236 XSK 1 16 8415 1327 7517 ~-203
8743 6741 . JMP <=2 0476 1230 0017 CcoM
67284 6751 JMP DCUR 2477 1231 214! Lis 1
0745 7095 ) J%P DDAT @523 1932 2237 KSK I 17
8746 6751 - ' JMP DCUR 4591 1033 7212 JMP DLAL
8747 6202 PDP 2502 18634 6202 DDA®2, JiP 0
' © PMJDR . _ 9593 /-
€753 5680 )vfh T APLSTESP T R R T Co e .
P R R
: CUOAL RS RMIDE -
) Y AR B
2751 1993 ‘LCURs ' -"LDA
0752 3333 o
9753 S3%a - _STC BCU}
@754 9646 1 ¢ 7 LDF-6 - P ' .
#7855 1235 - -LLA GURS - - R
3756 08341 i SCR &
0757 a9y v o 8TC1 : T e
2769 3571 7 ¢ - SET 147 o
3761 717113 -4 *
3762 0645 LLF S !
2763 1595 LDA CURS
9764 1123 apa 1 ~
31€¢5 1397 . -470
8766 047l apo 1
8767 6772 , JMP ++3 :
2773 1123 - aba
a1t AL ) 472
8772 1123 ALA
3773 1577 -233 )
2774 M7 cux )
8775 1122 apa :
8776 3304 4 , -
2777 0141 DisS 1 ' !
1233 1122 ALA 1 :
3ea0 1331 3531 1 )
2063 1932 3237 XSk 1 17 )
Dusa 1843 67171 JX4P -4
a4% 1024 6088 DCUL» JuP 2
BasLé / . s
da47 /
3153 Vs
24651 /
3452 ’
305 1895 1323 DDAT» LLa :
3854 1336 9293 e ,
3455 1087 $334 S1C LDA2 )
3456 1319 09717 Sk 1 17
3457 1911 2777 COUNTIRs 2777
24862 1312 A646 DDAl LhF 6
n61 1013 1924 LbA 1 DPIR
Jn€E2 1314 2341 SCR 1
SV 1915 £#331 S1C 1
34en 1316 D645 LLF 5 55
JLES 1917 1334 LDA DPTR 3
BLES 1029 1120 ALA 1
2a¢7 1321 7397 -472
3277 1822 0471 ap) I
on1l 1323 7026 JiP -+3




331
4232
8731
8239
9333
3334
2335
@36

B237.

23487

3341

o & 233
2343
BRES
mRLE
INGE
Candl
"SJ
351
6352
3343
23%4
23 B
3356
2157
0383
7361
3462
8363
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APPENDIX A.4

Characteristics of "Scotchlite" Retro-reflective sheeting.
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Optical Properties
"Scotchlite" Brand Reflective Sheetings High Gain # 7610 and « 76|

have the retro-reflectance values listed on the following tables. The values
are expressed as a multiple of the brightness of a perfect diffuse white surface.
This multiple is shown as the luminance factor. These values were obtained
from retro-reflectance measurements of typical samples of #7610 and #76ll
Sheetings.

Table | - Luminance Factor vs. Incidence Angle

Angle of Incidence 0° 10° 20° 30° 45°

Luminance Factor 590 595 620 660 710

(All readings were taken at an 0.5° divergence angle).

Table Il - Luminance Factor vs. Divergence Angle

Angle of Divergence | 0% | 1/4°| 1/3° | 1/2° | 3/4° 1°|.1-12°

Luminance Factor 1610 | 1280 1090 590 195 "5 55

(All readings were taken at a 0° incidence angle).

Table | data shows that retro-reflectance of # 7610/# 761l Sheetings remain
h!d\.up to very oblique angles of Incidence.

Toble 11 shows that retro=reflective efficiency of 47610/476l1 Sheetings
decrease rapldly os the angle between the incident light ray and the sensor
or recelver Is Increased only slightly.
~ Since the retro-reflective surface of "Scotchlite" Brand Reflective

Sheetings High qun #7610 and #76ll is actually a continuous bond of

exposed g!o!u'kspho"ms, the result is a surface which Is non-specular and
therefore reslstant to glare interference from ambient light..




306
References

Amar, J. (IN6). "Trottoir dynamographique". Compt. rend. acad. d. sc
163, 130-132,

Andrews, B.J. (1976). Ph.D. Thesis (in preparation). University of Strathclyde,
Glasgow. '

Aristotle (384-322 BC). Cited by Rasch (1963).

Ayoub, M,A., Ayoub, M M, & Ramsey, J.P. (1970). "A steriometric system
for measuring human motion". Human Factors _13 (6), 523-535.

Bemstein, N. (1934). "The Techniques of the study of movements". In Bernstein
(1967). (First published in Textbook of the Physiology of Work, edited by
Couradl, G., Farfel, V. and Slonim, A., Moscow 1934),

Bernstein, N.A. et al. (1940). "Investigations of the Biodynamics of Walking,
Running ond Jumping. Part Il." Moscow Cent, Inst. of Phys. Cult. 1940,
In Bemsteln 1967,

Bernsteln, N.A. (1967). "The Co-ordination and Regulation of Movements".

~ Pergamon Press 1967,

Borem‘,yté.A.’\‘ {1680). "De Moto Animalium”. (In Landmarks of Science) Rome
1680-81. Cited by Rasch. o '

Bresler, B."and‘Frdnkei, J.P, (1950). "The forces and moments in the leg
during level walking”. Trans. Am. Soc. Mech. Eng. 72. 27-36.

(Paper No. 48-A-62). | :

Carlet, M. G. (1872). “Essal experimentale sur la locomotion humaine. Etude
de la marche”. Ann. d Se. Nat. Zool 16, 1-92, (Serles 5) Art.6.
Clted’ By Paul’ 1967). S |

G’tcfﬂ‘oy, J. ef’al. (I968). "The recording and analysis of galt in relation
to ‘the’ Wl'y “of the hip joint", Clin, Orthop. 58, 153-164, May-June.

dé‘-ny, 1. (1974, ‘Computer-Television Analysls of Biped Locomotion. Ph.D.

* Thésts. ‘Ohto State University.
E-(1970); POP 12°LAP 4-DIAL programmer's reference manual. Published by
dtgmrmi"mm Corporation, U.S.A.

ﬁfo'%’if (WM POF 12 Sysfem Reference Mcmuo| Published by Digital Equipment

~“5:;:f|'oi's, U.SA B

Digtal” (197 “Ppp.Te Moimnanc. Manuals Vol. 1-1ll. Published by Digital
Equlpment Corpomﬂon, U.S.A.




Digital (1972). Logic System Design Handbook. Published by Digital
Equipment Corporation, U.S.A.

Dinn, D.F. et al. (1970). CINTEL - Computer Interface for Television.
I.E.E.E. Trans on Computers 19, 1091-1095.

Drillis, R.J. (1958). "Objective recording ond biomechanics of pathological
gait". Ann. N.Y. Acad, Sci. 74, 86-109.

Eberhart, H. and Inman, V.T. (1951). "An evaluation of experimental procedures
used in a fundamental study of human locomotion". Ann. N.Y. Acad.
Sci. 5l (7), 1213,

Elftman, H. (1938). "The measurement of the external forces in walking".
Science 88,152, Cited by Paul (1967).

Elftman, H. (1939). "Forces and energy changes in the leg during walking".
Am. J. Physiol. 125, 339. Cited by Poulson (1973).

Fischer, O. (1895). "Der Gang des menschen". Abh. d. Krenigl. Saech.
Geselbsch. d. Wissensch. Math. Phys, D. 18951904, Cited by Paul (1967).

Fischer, O. (1906). "Theoretical Fundamentals for a mechanics of living bodies,

- ..with special opplication to man, as well os to some processes of motion
in .machines®, P, G, Teubrer, Lelpzig & Berlin.

Furnee, E.H. (1967). V'Hybr;duinsﬁvmntuﬂon in prcstheﬁcs\ research. 7th
International Conference: on. medical and biological engineering. Stockholm.
(Prosthetics Control Laboratory, Delft University of Technology, Hollund).

Fumee, E.H. et ol. (1974). Automatic. analysis of stepping movements in cats
by..means of .a television system and a digital computer. Dept. of Applied

o, Physies,~ University of Technology, Delft, The Netherlands.

Gags ; Hi (1964) . "Accelerographic analysis of human gait", A.S.M.E. Paper
G-WAMUR-S. . . . o |

Ganguli :, S & Mukhprjce, P. (|973) A guit recording technique suitable
for clinical. use*. Biomed. Eng. 8, 60-3,

Grlove, D.W. . (I968) . "Goit patterns and the speed of walking". Biomed. .
Enge 3, M9-22.. ... . .

Grieve . D, W. (1969): "A device coliad the Polgon for the measurement of

the ortentation of parts of the body relative to a fixed external axis.
J. Phydo! 201, 70P,



308

Grieve, D.W. et al. (1975). "Techniques for the analysis of human movement®.
In the Human Movement Series, general editor H.T.A. Whiting. Published
by Lepus Books (Henry Kimpton Ltd.) London.

Hallert, B. (1960). "Photogrammetry". McGraw=Hill Book Co. Inc., London.

Harvey, W. (1627), De Motu Locali Animalium. Edited ond translated by
Whitteridge, G. Published by Cambridge University Press. 1959.

Hunt, M.B. (1965). Resultant force action at the hip joint during normal
level walking. M.Sc. Thesis, University of Strathclyde.

Jacobs, N.A., Skorecki, J. & Chamley, J. (1972). "Analysis of the vertical
component of force in normal and pathological gait". J. Biomech. 5, 11-34.

Jarrett, M.O. (1973). Television-Computer Sysfem. for the Analysis of Human

~ Locomotion. Internal Report, University of Strathclyde, Bioengineering
Unit, Glasgow. September.
Jarrett, M.O., Andrews, B.A. & Paul, J.P. (1974). Quantitative Analysis
- of Locomotion using Television. 1974 World Congress of ISPO, INTERBOR
and"APO, Montreux, Switzerland.
Jarrett, M.O., Andrews, B.J. & Paul, J.P, (1976). A Television/Computer

| Syshﬂsfév the Andlysts ‘of Humon Locomotion. 1.E.R.E. Golden Jubilee

o Conféiénce on the Applications of Electronics in Medicine, University

77 oF Seuthampton, England. 6th-8th April 1976, |.E.R.E. Conference

. Procest ngt"No. 34, ~

Jonkins, F.A. Jr. (1972). “Chimpanzee blpedalism: cineradiographic analysis
and TmplTeations for the evolution of gait. Science 178, 877-9,

Johnston, R.C. & Smidt, G.L. (196%). "Evaluation of an Electrogoniometric
Method. Measurement of Hip=Joint Motion during Walking". J. Bone &

- Jt. Surg. 51-A, No.6, Sept. 'p.1083-1094,

Karpovich; ‘P.V., Herden, E.L. Jri & Maxim, M.A. (1960). YElectrogoniometric
Study of Joints". U.S. armed forces medical journal Vol. It, No.4.

Kasvand, 'T.,” Milner, M. & Rafley, L.F. (1971). "A comp.u*er-based system
for the analysls of some aspects: of human locomotion®, J. Mech. E.

""" Conference on Human Locomotor Engineering. University of Sussex Sept.



309

Kasvand, T. & Quanbury, A.O. (1972)."Computer aided study of human
locomotion™. Computer Graphics 6, 53-60.
Kattan, A. & Nadler, G. (1969). "Equations of hand motion path for work
space design". Human Factors I, 123-130.
Kettelkamp, D.B. et al. (1970). "An electrogoniometric study of knee motion
in normal gait". J. Bone and Jt. Surg. (Am.) §_2_, 775-790, June.
KGM (1971). Handbook for Model 113 camera. KGM Vidiads Ltd., Clock
Tower Road, Isleworth, Middlesex, England,
Kinzel, G.L., Hall, A.S. & Hillberry, B.M. (1972a). "Measurement of the
total motion between two body segments = |, Analytical development"”,
. J. Biomech. §, 93-105. _
Kinzel, G.L., Hillberry, B.M., Hall, A.J. et al. (1972b)."Measurement
of the total motion between two body segments - Il. Description of
- Application". J. Bilomech. 5, 283-293.
Lamoreux, L.W. (I1971), "Kinematic Measurements in the study of human
e . 'wolking™. Bull. Prosth., Res. 10-15. Spring, '
~ Levens, A.S;; Berkeley, .C.E.; Inman, V.T. & Blosser, J (1948).
":fm rotation of segments of lower extremity in locomotion".
Puiiids Bone:dtyiSurg. 30A, 850-872, |
Lindholemi; L .- (1974). An optoelectronic instrument for remote on-line
- -movemeant ‘monttoring., ‘World Congress: Montreux.
Lippert, F.G. (1973).  "The f&osibll!ty of photogrommetry as a clinical
research to0l." " J. Blomech. 6,1459-473,-
Loughborough University of Tochnology (1973). Polarised Lighf Goniometer,
- Report from University of Technology; Loughborough, England,
 Marey, E.J. (1895). Moveniant. Translated by Eric Pritchard, New York,
Appleton. (In 5 (09) Landmarks of sclence Readex Microprint cards).
.. Cited, by -Bernstein.. 1967, :
Mltcheison D+ (1974), CODA: Instrument for 3~D movement recording.
“.»: kovghborough University of Technology, England, Report No.l45,
Mitchelson; D.: {1975). Recording of Movement without Photography. In
“Technlques for the Analysls of Human Movement". Grieve, D.W.
et al, Lepus Books: London.




310

Molen, N.H. & Boon, W. (1972). "Measurement of Momentary Velocity
in a Study of Human Gait". J. Biomech. 5, 273-276,
Morris, J.R.W. (1973). "Accelerometry - A technique for the measurement
of human body movements". J. Biomech., 6, 729-736.
Morrison, J.P. (1967). The forces transmitted by the human knee joint
during activity. Ph.D. Thesis, University of Strathclyde.
Murray, M.P. et al. (1964). "Walking Patterns of Normal Men", J. Bone &
Jt. Surg. (Am.) 46-A, 335-360, March.
Murray, M.P. (1967). "Goit as a total pattern of movement". Am, J. Physical
Med. 46, 1, 290.
Murray, M.P. et al. (1972). "Kinesiologic Measurements of functional
performance before and after McKee=Farrar total hip replacement”.
J. Bone & Jt. Surg. (Am.) 54-A, 237-256. March,
Muybridge, E. (1882). The horse in motion, as shown by instantaneous
~ photography. London. From Bernstein 1967,
Nadler, G. & Goldman, J. (1958), "The Unopar", J. Indust. Eng. 9, 58-65.

. )vml*' J“'P' K‘WO 59"“-05 at the human hip joint. Ph.D. Thesls, University

ﬁ.ﬁé ) . . :
Pelzer, E”' 'erght, D. W and Mmon C. (1969). "Human Locomotion",
Bull, Prosthetics Res. BPR 10-12, 48-105.
Pepoe, R.. (1970), Manuol for automatic film scanner developed at Children's
Hospital In lowa City, lowa, U.S.A.
Poulson, J. (1973). Biomechanics:of the leg. Ph.D. Thesis.
Strathclyds. - .
Rasch, P.J. {1963). Kinesiology ond Appllod Anatomy, Henry Kimpton, London,
Reed, D.J. & Reynolds; P.J. (1969 ."A joint angle detector". J. Appl .
Physlol. 27, 745-748. . | _
Rydell, N. (1966). Forces acting on the femoral head prosﬂmls. Tryckgri
A.B. Litotyp , Goteborg, Swaden. Cited by Paul (1967),
Saunders, J.B. do C.M., Inmon, V.T. & Eberhart, H.D. (1953). "The
major: determinants in normal and pathological galt". J. Bone & Jt,
Surg. 35-A, No.3, July, P.543-558.

University of



Ingen Schenau, G.J. van (1973). Bewegingsstudie Van De Ann Door
Midde! Van Televisie Gekoppeld Ann Een Digitale Rekenmachine.
M.Sc. Thesis, Depoftment of Applied Physics, Technical University
of Delft.

Selcom, AB  (1975). Trade literature on the SELSPOT system. Selective
Electronic Company AB, Box 30, S-431 2|, Molindal |, Sweden.
Signetics (1974). Signetics, digital, linear, MOS, data book. Published

by Signetics Corporation. 1974,

Smidt, G.L. et al. (197l). “"Accelerographic analysis of several types of
walking". Am. J. Phys. Med. 50, 285-300. Dec.

Stetlberg, P.C. (1968). Televisieregistratiesysteem Voor De Analyse
Van Bewegingen. Thesis. Prosthetics Control Group, Lorentzweg, Delft,
October. ’ |

Steindler, A, (1953). "A historical review of the studies and investigations
made in relation to human gait". J. Bone & Jt. Surg. 35-A, No.3,
duly, P.540.

lig.& Joim (1973). Analyse Van de Annbeweging. Thesis.

CWM -Group Lorentzweg, Delft, November, -

Suthnrlmd D H. ot al (1972). "Meosurement of gait movements from
motlon picture films. J. Bone & Jt. Surg. (Am.) 54A, 787-797. June,

- Texas Instruments (1973d). Semiconductor Circult Design Vol. Il. Edited by
B. Norrls. 905“3’105 by Texas Instruments Ltd. England.

Texas Instruments (1973b). The TTL data book for design engineers, Published
by Texcs Instruments Ltd., England.

Texas Instruments (1974). Reference Mark Measurement System for Automatic
Process Control. In Applications LINK on new TTL and Interface products.
Published by Texas Instruments Ltd., England. April,

University of California, Berkeley (1947). Fundamental Studies of Human
Locomotion and other information relating to design of artificial limbs.
Sept. 1945-June 1947, Report in two volumes to the Committee on
Artificial Limbs, National Research Council, U.S.A,



312

Da Vinci, Leonardo (1452-1519). Cited by Rasch (1963).

Waas, R. (1969). A digital optical scanning system for Kinematic Andlysis.
Ph.D. Thesis. Case Western Reserve University.

Weber, W. & Weber, E. (1836). Mechanik der menschliche gekwerkzeuge.
Goettingen (in der Dieterschen Buchhandlung). Cited by Steindler (1953).

Wharton, W. & Howarth, D. (1967). Principles of Television Reception.
Published by Pitman, England.

Winter, D.A. et al. (1972). "Television-computer Analysis of Kinematics
of Human Gait". Computer ond Biomedical research 5, 498-504.

Winter, D.A, et al. (1974). "Kinematics of Normal Locomotion - A
Statistical study based on T.V. Data". J. Biomech, 7, pp.479-486.

Wirta, R.W. et al. (1970). "Laboratory for Kinesiologic Analysis". Bull.
Prosth. Res. 10-13, 165-172, Spring. '

Woltring, H.J. (1973). Real time iighf spot position and movement assessment.
Interim report, Section of work and organisation Psychology/Computer

. section. University of Nijmegen.

"""9: H.J. (1974). "New Possibilities for Human Motion Studies by

E;“m{Light Spot Position Measurement", Biotelemetry |, 132-146,




