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To my POicnls and .~A(1ry 



Thc lite:-atulc;! review, Ciwptc r One , is in ~hrc() p,11 ;S . Th" fll~j' por 

concerns the development of lac mo.ion u!, 1)'5;-' I p\oc:f;,g 

on the methods of 'leo')urement U:;.:!ij. 'lhc sE..-;or,d pl.!i is 0 ,-;;vi,:", Cl 

kine,nafic measurement sy"tems 'n '/flich ; ,e Cl l,ih t..~s ,md lirnil'ot ',-,'115 of encl-, 

me thod CJ e full ), di cussed. 

te le vision/cornpute r systLm that h(1Y" been s -d or developed ror locomo\-iorl 

meo!>u remer d- a nd ciisCl;JSC5 ihe iirnitc.tions of these Sy5t'>~(,$ . 

Ch('pte r Two discussc3 m0tho:h of dct'cctins; t e spaticl posi ~· ' .. J11 of bd)' 

se8men ts usi ng a tElcvi ion camera Clnd ius:'ifi ~.: thF;' use of a passivt:' marl(~r 

S '"I n l a 'll~d' ",en ~\ .. - ton, ', c')' f l~""r""' I,I,- ,6, <:."~, ,.., )\£..0, .1'1"er·,c, 1 tOl' 11 ~I- I."e l"~ y" r, , 'C"ti"'; U,!" ",!:, :''-' .. ' ... k. . __ \..' <, "I, " , _ 

a nd ils r~spc:n::e is describ~ d . IJ\e~hods or id2'1'!fvinH th .. siqna ls pl-cduced 
J U 

by th me brs 'n the camer(l V;df!O outpuT nE' 5uSJges ted, and the circuit s 

fo r the marker d .:::i\, "' ~ nrs Llsed are presented . 

The prhc iple s of opE-:rati on of a te l e vision/comp~, tc r in te rface designed 

~ ~ ge ne rate the spo lia l co-orclin otes of markers a rE: descrlb~d i ~ ChC1p ;er Three. 

A si mp le scheme t ( J obta in th ' .. 0 co-ordinates is first of a ll presen~<vj 0 :',(1 the 

li mita tions of th is mathod a re s ewr: and use d to justify the de ve ~ 0prnen , of 

a more compl ,x digi ;oI system. A descri ptio is prescntc;d of the fu,~ ,- ~ i (.J' l a l 

el emenl-s of this syste m, which g~ne ro t ~$ the co ord inates of markers d·.:! te cte d 

in Ihe vi deo ignals from up iu six te ievision cameras . The bas ic princ ipl os 

of te lev ision refe rred to in thi s chapter wi 1I be found in Appen dix AI; 

similarly thos~ aspects of the PDP 12 compute r system which directly con cern 

the inte rface a re descri bed in Appendix A2. 

Ch Cl pte r Four presents lhe logic of the inte rface in the form of a 

descripl'ion and a set of logic drawings . The nomenc la ture used to desc ri bp. 

the logic is first of a ll di scussed and then a de tail e d desc ription with the 

aid of timing diagrams and tab les is prese nte d for each drawing. 

Computer programmin g of the interface is described in Ch a pte r Five 

The instruction se t cre ated to control the interface is liste d, and two programmi ng 

examples ore p~ovide d to show how the instruction set may be used. A me thod 

of decoding th e in te rfa ce data, to rel ate the co-ordina tes to the camera 



so flware w ritten a nd l iste d in Appen dix A3 i ~ given . 

Ch a pte r Si x descri bes how th e s y~ te rn WC: $ tos te d in n!! C1Sp~~ ct $ ef i is 

de si gn and in its suitabi lity for h uma n l ocom .tion me su rerne It . Error: (.'pc! 

me thods o f c o l ;bra ting the duta are d iscussed . The co-ord: r.:.::cs ~:(Jnci·(:t(; d 

by th e interface for th e t ra jcc l"ories of marke rs pl Gced on c vta lki n g sub i ~~c t 

are p rese n ted an d a means of iden tifyi ng markers fro m co - o rd in a te do lo ' s 

descri bed. So me mod ifi cati ons to the basic des ign are suggesteJ to g ive 

i mprove d perfo rmance . The pe rfo rmanr.e of the syst'ern is sumrna ri5cd orld 

comparisons a re mode wi th other me thod5 . Clil-·lea! a t1d o the r a p;;ii c ('l iions 

of the system a re disc ussed and re comme ndo t io , s fo r fu ture work ore 9 i v ~ n . 
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CHAPTE~ I 

REVIEW OF THE LITERA TU?E 

1 .1 In troduc ti on 
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1.1 Introduction 

It is the purpose of this chapter to reviev. the li terature concerning lhe 

development of locomotion analysis, the different types of kinematic meOSl-'I"crnent 

systems and television/computer systems. 

1.2 Development of Locomotion Anal ysis 

Scientific enquiry into the nature of human locomotion has Cl history 

extending back to the time of Ancient Greece. Aristotle (381: -322 BC) 

described the aciions of muscles and subjected l'hem to a geometrical analysis. 

Leonardo da Vinci (1452-1519) described the mechanics of the b·,)dy in standing, 

walking up and down hill, rising from sitting, and jumping, \rVilliam Harvey, 

in his notes IIDe Motu Locali Animalium" (Horvey (1627) ) I frequently refc!"s 

to the work of Aristotle when discussing the relative motions of body segments. 

In these notes Harvey also stresses the function of the antagonistrc action of 

muscles in modulating movement. Typical of these philosophers was the great 

range of thei r studies. Harvey WC'15 no exception, and his reference to th0 

kinds of gait in man resembling that of a duck I a cr':Ane, a crow ete. we:'c 

n~t facetious comments but typical of the way in which he drew his il!ustrations 

from every, kind of! Qnimal life which he had studied. Borelli (168C) uescribcd 

forward motion as the projection of the centre of gravity of the body cnd 

consequent loss of stability which was regained by swi~gin9 thz lirnb through. 

Borelll considered tbc!t skeleton os a- system of levers and again did not confine 

his .s!ydles to hUrnOns, as Fig~ 1.1 shows • 

. ' the We~r.brothers (1836) were perhaps the first to attempt some quantitative 
r . 

measureme'1~ or tocomotton. They used measuring lines and evolved C1 theory 

whIch consIdered thelwing..,phase of gait as a pure pendulum. Thi:: theory 
"-,,.., ,- ""-" -, 

~as I~f$; repudIated f:,y Fisc.-r (1895-1904). Carlet (1872) investigated human 
." ~ 

,~tf(rng,usin, Cl pneumoti~cJvstem of recording displacements of parts of the 
, t : ,>,,' 

" body, .foot pressur~ ~nd periods of muscular activity. The test subjects were 
,.;' ~.\ :/~~~..; .,~""-<,, ",,:,' ~.~ - ~ -.. ' 

,', 'cONi,f'ilned~~'w~Jk;ip a circle around the recording equipment. 

h"was"qut'tri'm the advent of photography that signiftcant advances In 

,.,quantlfying IQ~pn1<)ti()f,l Yferemacle. Muybridge (1882), In America, demonstrated 
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-Ft gure' 1.1. PI ate from Borell t (1680). 



I-he ability of the phoTogrophic system to arrC$t Ir.,~,jj;-)n. He used 24 fixed 

cameras and two portable bf.1tteries of !2 cameros each 10 photograph nninwh 

and people in action. Investigations were performed on humon subiects wulkinC!, 

running, rising from the sitting position and various other uclivit:c:;. The ~c!riol 

photographs were combined and used to show a slow motion moving picture et' 

the recorded event. In some of the studies the background wcs diviGed into 

squares to allow a quantitative estimation to be made of the dl~pl,~cem8nh of 

vcrious ports of the body. The photographic technique was furl!,cr adopted 

o~d improved by Marey (1895). His technique was to use (j single plate comera 

which had a rotating disc with slits mounted in front of the len';, The subject 

_ \vas dressed in block and the limbs and joints were marked w!l-~ shiny strips 

and bright buttons. The tests were corried out in bright s!Y'11ght and a I1stick" 

diagram of the subjects motion was recorded on the plate, Figures 1.2 and 1.3. 

Thil> technique, known as chronophotography, is still in use in vorious forms 

today. 

Fischer (1895-1904) was the first to perform u comprehensive analysis d 

three dimensional movements of parts of the human \:-.;dy. In these investigCJt!cns 

the subject was dressed in black and carried incand.::scent light tubes strapped 

to the various segments of the body. The subject walked in a dark~ned room 

in the view of four plate cameras; the plates being exposed at a comtant 

~yclic rate, The exposed images of the tubes on the plate gO"~i stic.k diagrams 

representIng the successive positions of body segments. Measurements from these 

plates were corrected to eliminate errors due to perspective, which was 

compltcated by the layout of the cameras. Two of the cameras were perpendicular 

to the axis of progression (one on each side) and the other two were positioned 

obliquely at 300 to the line of progression to obtain the frontal view. The 

Information was analysed to obtaIn displacement, veloclty and acceleration 

curves against time tn three dimensions. This data together with data collected 

by Flscher on the moss properties 'of the body segments was used to calculate 

resultant forces acting on the centres of gravity of the segments. Fischer's 

work has been referred to by all subsequent investigators and his ftndings largely 

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

this century. 



Fig~re 1.2, One of Morey'!= sub jec ts dressed for photography 
(From Bernstein (I 967)) • . 

Figure 1.3. Stick diagram produced by Marey's techr?i que 
(From Bernstein (1967). 

1'1 , ... ; 



Amar (1916) extended Fhcher1s work by devekpi.19 on il'sin'fl'!.'nl' whic l , 

measured j'hree components of ground to root force. 'this uforce pioh::" was 

of purel y mechanical design I spring deflections indicating the appl ic~d forc.;,. 

Investigations into the gait of subjects wearing externai pro~rheses W0.,::! :n:lde, 

and the results were used to suggest improvements in prosthetic desipn, El Ftmun 

(1938) also designed a mechanical force plate, in which the spring deflectlon~ 

were recorded by a high speed cine camera, which also recorded t;:0 position 

of the foot in one plane. Elftman (1939) extE::'nded his work to study ihe 

planar kinetics of the leg, using the force pI ate to measure stance phc.;e 

I,: 

forces and cine photography to measure displaceli1enl~. f\S record!r.s techniquG'; 

improved investigators attempted to look for finer detuils in the reccrdGo 

patterns of locomotion. Bernstein (1940) used chronophotography with repeated 

exposure rates from 60 to 190/sec and 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 .-:omponent of force acting on 

the centre of grovlty of the thigh he claimed to observe I consistently / 10 

distinct features in one cycle - Figure lA. Studies were made of the develop·· 

ment of running technique in children using chronor!--.otography I as well 05 many 

01her types of movement. Data on the segment mass parameters of toe body 

was also collected by 8ernstuin (l9~4) from studies of 150 live subj'9CtS. Most 

of Bernstein's work was carried out in two dimensions, ,but he did some tests 

In 3 dimensIons by meons of stereo photography (using a mirror to provide the 

second Image):.·· 

A major; i~ndmark in locomotion analysis was the research carried out by 

the College of Engineering and the Medical School of the University of 

Californta, Berkeley. Their report, University of California {I 947) I covers a 

wide range of work, and provides much original information about the character

tstics of humon locomotion In the normal and in the amputee. Their studies 

provIded data on the rotations of, the lower limb segments about their long 

axes, Levens (1948). This data was obtained by making measurements of the 

spat1al position of stainless steel pins which were inserted into bony prominences 

of the limb, from the recordings of three 35 mm cine Cameras. Two dimensional 
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Figure 1.4.fc,rce 'curves attfle centre of gravity of tliethigh in normal 
-walking used by6ernstetn to illustrate distinctive features 
during the WO,lking cycle. Above: vertical components. 
8efow: horizontal components. (From Bemstein (1967»). 

-;0 .' 



" f' ... ' I' I 1 I • d t! stuQles 0 mo1"ron were fl1oc:e uSing Interrupted rs,t{'Cni1l'-('k::;, an' 1ree 

dimensional meClsurements were mode with cine com,;ro<;. One of the p;-illcipol 

advances made by the California group was the dev.:doprnenl' of a force plCffc 

which could measure the six quantities necessary to define Iha resultant force 

actions transmitted between ground and foot during wulking, The objectiv(;$ 

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) fa 

form the basis of physiotherapy treatment I 3) to provi de desi gn parameters for 

external support devices and limb replacements", Figure 1.5 shows a part of 

the experimental set up. 

Details of the labour involved in the University of California studies ore 

contained in Bresler and Frankel (1950). In this paper it is revealed Itu;;t to 

calculate the external forces and moments in the leg during normal level 

walking some 14,000 numerical calculations were made, 72 curves were pi atted, 

and 24 curves were subjected to graphical differentiation for onl y ono striC"". 

The calculations were performed on desk calculators and th.:::: da~a processinG 

for I'he first subject took 500 man hauls, this was reduced to 250 man h'::'llr!: 

for the fourth (I ast) sub ject. 

In a historical review of gait analysis Steindler (1953) c1aim~d that 

IIkinetic analysis of gait reveals and enlightens many situations concerning the 

practising ph)'$ician •••• ", also that it had " •••• become apparent yhat the 

kinetic analysts of gait hos developed into a guide for clinical practice and 

an effective adviser tn difftcult and controversial situations •••• 11, The colossal 

manual effort involved in a proper kinetic analysis of gait certainly precluded 

tts use in a clinical situation, and restricted the number of tests that could 

be made for research studies; hence the resul ts 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 translation of the centre of gravity 

of the body through space along a pathway requlrtng the least expenditure of 

energy. Six factors which had a major influence on this motion were identified:

rotation, tilt and lateral displacement of the pelvls 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 Ca lifornia's experirnen 7c i se t up -

the glass walkway. (From Uni ve rsity or California (1 947)). 

Figure 1.6. Photographic recording of locomotion as used by Murray (1964). 
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compensation by I·he others, which was reasonably effective if only or:::: 

determinant was lost but the loss of two determinant:. lead to on incre(l';c 

in energy requirements of three times. The force plate and int~rrup~cd 

light photography were used in these particular studi 8S , and the energies 

referred to were the mechanical energy requirements not the physiological 

energy requirements. The cadence of normal gait was compared with that 

lh 

of various pathological gaits by Drillis (1958). The cCldence for normals was 

found from a sample of 936 pedestrians on a 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 "NUS used to 

record the horizontal velocity of the trunk. More detailed studies were made 

using interrupted tight photography at frequencies from 25 ex.posures/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 mode of a stroboscope to obtain interrupted light s\'ick diagrams 

by Murray (1964). 60 male subjects were analysed, measurements being '.'1.1de 

of l) duratfon<of the walk cycle and its phases, 2) length and widt'h of steps 

and strldesandfootongles(3)-soggital rotations of pervis, hip, knee and 

ankle,14} vertical, .forwor::d QI'lQ. luterol ex-cursions of the head and Ileck, 5) 

trans,vers •. fototion'of. thepet'Ais"ondthorox, ond6) soggital excuf:;ions of the 

upper·ttXtremlti_.W·markers were usedond the subject was filmed in 

seml.-datkn,ss;;Jn one ploneihu.,wiin 0., overhead mirror to provide the view 

of'~tetc:* m~merits.: .. :.;:.fJgure 1~6 shOws one of the photographs from which 

measure.,ts were:made,obviously o considerable amount of manual effort was 

required;' "Murray suggested that the results of these Investigations showed the 

woUdng pOttem,rof n9rmal ~men,. however although a fairly large sample was 

·.ttaken cbmparec!bwfth citherWOtk'the sIze of sample was still relatively small. 

The ·60;·.subjecq •. were .,It fnto·j • groups, and the somple for each age 

group was'.Ht,;. tato' three· further'.· ; groups by het ght • 

TheresuhanLforce' octlc;n"'atthe human hip joint was studied by Hunt 

(t96S)'ustng etn. cameras ORcl,a force plate similar in desfgn to that at the 

Untversftyof CoUfomlo. DurIng thfs work accelerometers were used, mounted 
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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 

tn three dimensions by using two cine cameras, and measurements were made 

over a complete gait cycle. The manual measurement of the fiI m 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 stili 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 Rydetl, when compared on a basts of body weight 

and stride length. Morrison (1967) used the same experimental techniques 

, 01 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) Introduced the concept of angle/angle diagrams, In which 

the angles of totatlonabout one lotnt were plotted against those of another 

iolnt •. Thl. method pfoduced clOsedtoops which GrIeve suggested provided 

consistent and recognisable pattems, illustratIng this by showing the changes 

.produced by different walldng speeds. Data for these studies was obtained 

usIng' clneftlm onct because of this time consuming method only 13 subjects 

were studied. Pelzer (t96c;) used Cl variety of the available techniques to 

measure locomot1on and also measured oxygen consumption and CO2 production 

to aueu the physlologlcol ;"1'91 cost of particular activities. An instrumented 

pylon, slmtlarto thatflnt' used by the UnIversity of California (1947), was 

developed tO~ directly the axial load, knee moment, anterlor-posterlor 

shear, mecRal-tateral ... onCItorque. 

Altudyof hIp fotnt mOtfenfnthree planes was made by Johnston and 

--5tnldt (1969) utlngelectro=gonlometen. They measured extension and flexlon, 

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



movement for normal subjects were presented a"d quolital-ive o!)~(~r\'aiicns c-f 

departure from the "normal ll patterns were noted in certain palho\(.lgica! cos"';:>. 

Measurements from the recordings were made manual!)'. Kettclkarnp et 01 

(1970) followed up Johnslon1s work with a similar study of the knee using 

the same goniometer apparatus. In both studies errors arose due to the 

geometrical offset of the goniometer wHh respect to the joint c(,ntre I ond 

due to the mobility of the soft tissues to which the goniometer was stroppc;d, 

Wirta (1970) uses a variety of techniques for his anal iSis .. eleclro

goniometers, foot switches, myoelectric detectors ar..:! twin force piates, 

together with specialist instrumentution to measure the spatial displacement of 

the hips. The significant aspect of Wirta1s system is his data collection melhod. 

The system records the data on magneti.:;; 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 completel}' free movement, as Figure 1.7 shows" 

Extensive use is made of a c'')'TIputer, os the key to 'J data handling s~stern I 

by Lamoreux (1971). In this system an e:<:oskeleton, Figure 1.8, is US(·:! to 

measure skeletal motion. This apparatus is instrumented with potentiomelers 

as in the more normal electrogonicrneter. Information from instrumentation 

which measured pelvic displacement and heel contact was also recc,~Jed. The 

collected data was digitised and stored by a computer system and the data 

was subsequently processed to produce parameters such as flexion-extension ot 

the joints, relative rotation etc. which were presented graphically. All the 

experiments reported tn this paper were based on one test subject. 

Assessment of locomotion performance after total ioint replacement has 

been made using, a quantitative measuring system by Charnley (1968) and Murray 

(1972). The system used by Chomley is discussed tn a paper by Jacobs et 01 

(1972) in which the waveforms of the vertical components of force, as measured 

by force plates, are subjected to further analysts. Comparisons are made 

between normal ond pathological gait I and waveforms are classified according 

to shape. It was claimed that certain mathemotical 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 . Wirla 's appnralus to measure hip position during walking. 
(From !Iirra (1970)). 

Figure I.B. Lamore ux's "exoskeleton" in use . (From Lamoreux (1971)). 
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before and after hip joint replClcement. The same meosuring Syst'>fil wos 

used as in Murray (1964) for the locomotion studies. The paper c()ncl udes 

by saying liThe quantitative values presented in this study provide Cl bO$j:; 

for comparing the functional performance following malar reconstructive 

procedures on the hip". However it is difficult to see how true compad$ons 

can be made because of the number of variables - the ages of the subiects 

ranged from 36 to 85, there were large variations in the extent of lhe 

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 resul ts, but a I arge amount of manL·ql effort was rt;~qtlired to 

obtain the data. 

A strain gauged force plate and cine cameras were used by Poulson (1973) 

to perform a biomechanical analysis of the leg during fast and slow wal kir.g, 

wal king up and down a ramp, and up and down stairs. In his studies on the 

biomechanhs of the leg in normal level walking he considered I) muscle force, 

2) internal joint force I 3) muscle tension versus length I 4) segment energy 

levels, 5) joint power and 6) muscle power. The cine filM and force plate 

record were transcribed into a form suitable for inpui" to a digital computer by 

using on X·Vanalyser.' This device produces coordinates in punched tapE'! form 

of theposttlonof a pat rite r which is ptacedover the point on the recording to 

be measured~' ,Even Ustrig this 'labour saving device H .to 2 hOflrs were still 

required to"tronscrtbe the' data for one stride. 

A statlstica1study of the tdnemotics of normal locomotion was presented 

tn a paper by Winter et 01 (1974). The data for this two dimensional analysis 

was coneeted by'o televfslOn-computer system. Three walking speeds were 

ancl ysed over at "least 3 strtdes for each test. Ranges of Ii ncar tind angular 

measur8rMnt$ of 'dlsplaeements I velocities and accelerations are shown, and 

comparisons 'ore mtachwittf the studies of Murray (1964) and lamoreux (1971). 

These comporlsOrlt shoviogreement, between the studies where comparable 

measvre~1S'were made; 'exCeptin the ease of the angular accelerations 

of the'ankle reported by lomoreux. Winter et 01 suggest that this difference 

might 'heotfrtbuted to the dtfferent types of footwear used, the instrumentation 



worn by Lamoreux' subject and the fact that a treadmil! was used. However 

the last two factors would certainly have affected the other pororn<.dt.;;IO$ also. 

Lamoreux used a sampling rate of 200/sec compared wilh Winters 60/sec; 

this could also account for the difference in the acr.cleratiom meC1Sured becClu:~c 

Winters' results would have been subiected to a much higher degree of sr.1ooth

ing and hence loss of the high frequency components which would produce 

the higher accelerations. 

1.3 Kinematic Me~~uring Systems 

For the purpose of this review these systems will be grouped under the 

followtng general titles: - Photographic I Non-Photographic Optical, Contacting, 

and Other Techniques. 

1.3.1 Photographic Systems 

Interrupted Li ght. This method o~as i ntrodu,,';d by I\'\orc,' (1695) and is 

still in use today. The use made of the techr!iql'l:! by Morey and Fischer hos 

already been discussed. Bernstein (1934) made refinements to the technique CI:1ci 

used the system extensively, he referred to it as cYl,,;iography. Tiny gas fillad 

electric tight bulbs were used to mark positions on the test subject I the light 

from these bulbs to the camera was interrupted by means of 0 rotating shutter. 

Bernstetn° claImed that hecduld achieve exposure rates.of up tn 600/sec: although 

to avoid the recorded Itght dots from merging with one another, such high 

exposure ratesc()Uld~nly:be used when observing purely fast movements. Most 

of his experIments were made at exposure ratfl of between 60 and 190!sec., 

the measurement of Shutter speed beIng accomplished by the determination of a 

tone emi'tted by a ,iren located on the shutter 'and rotat1ng with it. Later an 

electromognetlc:' tunlng-fork was used to switch a neon bulb and the speed of 

the shuttef!~; adJusted unt11 a circle of asterlcks marked on the shutter 

appeared motIonless when t1IumTnated by the neon. Enlargements were made 

of the exposed film and durIng this proc ess a grid of ! or I mm squares was 

supertmposedon the recording- Measurements of the displacements of the 

recorded points were then token and used for the anal ysis. Cyclography is 

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



deficiency Bernstein introduced kymocyc!o9rophy i.e. cyclographicol <.::)<:pOW\C:; 

on slowly and evenly moving pholographic film. A further extension of the 

technique wos the three dimensional recording of movement by p!acin~J fJ rni IT()r 

at 450 to the main optical axis of the objective and so effcctivl~ly making 0 

stereoscopic recording. The manual labour involved in obtaining quantitative 

data from these methods must have been colossal, al though Bernstein refer:; to 

this part of the procedure as being "easy". 

The University of California used the int~rrupted light techn;~uc in their 

fundamental studies of locomotion as reported by Brasier (1950) and Ebe;-hart 

(:951). Opthalmic electric bulbs were attached to the subject at est!mated 

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 ISo opening. The speed of the disc was made 

uniform by using a mains synchronised motor to drive it. A Kodotron speed 

lamp was synchronised with the shutter and fired to catch the subject in mic.l

field for tdentification. The data was measured from the resulting photograph 

using a toolmakers l microscope (30X magnification) (.-:d a scale factor. Only 

data in one plane was obtained using this method and Eberhart stated thot the 

Interrupted light _ technique was IInot particularly useful in evaluatkn of go it 11 • 

More 'recent use of the method has been reported,by Murray (1964, 1967. 

1972). Instead ofuslng light sources as markers and a rotating shutter Murray 

uses reflective markers and a stroboscope flashing at 20 times/sec. Fourteen 

markers -are used to fderitifyvarious 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 . 
only sampUng the positions of the poInts every 0.05 sec Murray frequently 

+ -
quotestntervals between events IUch as 1.06 - 0.09 sec (Murray (1964), p.294). 

AU, Interrupted I1ght!-measur~ment systems suffer from the problem of manual 

dataredvc.tlon. The techMque can be quIte accurate for movements In one 

plane, but there are ldentlftcatlon problems if movements overlap, and if a 

point remains more or less statIonary (as in the foot during stance phase). Also 

--



if the sub ject moves out of the defi ned pi ane of motj on then paroll (IX will 

occur. The recording of movement in 3 dh(:ensions is nol impossible, os 

Bernstein demonstrated, but it is difficult. Another disadvantage is thot 

subjects are generally required to walk in a darkened room • 

..Qillt.. Muybridge's serial photographs of hlJman 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 dato of 

locomotion I although he only mode two-dimensional measurements _ The University 

of California made extensive use of the rnethod and an evaluation of il:. use 

is given in Eberhart (1951). In these studies two ~ameros were used, set up 

to provide front and side views of a glass walkway (Figure 1.5). The side 

view comera was also used to provide a bottom view by means of a mirror 

placed at 45
0 

to the vertical underneath the £11 ass wal kwaYi by this means 

it was possible to obtain an estimation of the transverse rotation of the leg. 

An adjustable contact brace was strapped to the pelvis locating on the posterior 

and anterior tliac spines; anterior and posterior projections were attached to 

this brace to magnify angular displacements and allow the transverse' rototiollS 

of the pelv;s to be meosured. To measure transverse iotations at the ankle r 

targets wereftxed to a uU II shaped bracket holding two small pins. The pins 

enfered the c:ortlces of the bone of the medial and lateral malleol i , after a 

local· anaesthetic had been administered. These projections on the ankle and 

the pelvis coutdbe seen vIa the mIrror and hence It was possible to measure 

the transverse rotations. Sagg1tal and lateral displacements were measured 

from 1" diameter black dots on (I white background placed over the joint 

centres of theltrrtb. To minlmise errors due to parallax the cameras were 

placed forty feet away. Measurements of the target displacemenfl r to an 

accuracy of t", were taken from each frame of the exposed film; as the 

Cameras were runnIng at Cl Rim speed of 48 frames/sec. the manual measurement 

process took a considerable> tIme •. High speed cine, with film speeds of up to 

700 frames/seci, was also'·used during these studies. Filming had to be done 

outdOors in brlght sunlight., . No quantitative results are quoted from the high 

speed elnetests and It appears that only qualitative use was made of the 

technique. 



A much hi gher degree of accuracy 't,'as obtai ned by Poul (1967) who 

used cine photography in his studies of the forces ot ihc hip joint. Two 

PaiJlard Bolex HI6 reflex 16 mm cameras were used running at a filn. sp8ed 

of 50 frames/sec. Synchronous electric motors provided the drive tn 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 than re-exposed to Cl grid of 5 11 squ~res placed in a known position 

in the field of view. Subsequent measurements were taken from l'he fil m 

using the grid 0$ a reference, optical errors thereby being restricled to those 

occurring within a 5 11 square. A high level of illumination was required 

(8 KW total giving an illumination of 260 foot candles over the mea$llrement 

area) os the markers used to identify the anatomical lancimarks were small 

(i" diameter) white paper spots, and exposure times were relatively short for 

indoor high speed filming (1/125 sec). The camera 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 accura~'i 

of the clhpJ age~_ arthe markers was stated to be 0.05" ('" I mm). The 

measurer,ne.ntof fJtm and force plate :-ecords for one test on one subjact occupit.~d 

two op!rotots,,;for.~tmeteJy 9 hours; . preparation and checking of the data 

for Input, ~ "~ t;qnrwtertooka fwtber 5 hours. ·Correctlons for parallax were 

made, In the subsequent analysis. 

In ,an,~t~.~t to, reqaove the manual effort required to analyse cine film 

KQsvQnd 0971 & 1972) developed a computer-based system to do the processing. 
, ,> , 

A flY!f19 spotsconnerovndercomputercontrol was used to interlT..gate each frame 

of the ~sti JU". Twodt9itol to am:tlogU8 converters provided the deflection 

VC»ta~SM,.Jro~ cfigJtol ~#,~y CQOrqinates"to.positionthe scanner beam. Once 

th~. defJec:tJon£fOIJoge$.,.h9d~eet\ ~t up, the scanner beam was turned on and 

tn. ~tp'fti~ ,hept.otofJtultlplier was read with on analogue to digital converter 

to provIde cLmeQ$U .. mentof.the transpcnncy of the film at the point x, y. 

It was. $fated. that o .. 35. mm frame can be resolved into 4,000 x 3,000 elements 



with this system. During H1ming the camera \'IGlS moved along pm-ollel to 

the subject and to provide the necessary spat;al reference 5 parallel digital 

encoded bars contained between two continuous bars were vi5ible in tlv3 

background. Anatomical landmarks were indicated hy III diometer black 

spots on a whi te background, the spati a I reference bars bo i n9 I" wi de and 

also black on a white background, as seen in Figure 1.9. The computer 

programs used to obtain the displacements from the film provided for operator 

intervention at any stage. Initially a coarse scan of I-he first frame was done 

and the results displayed, the operator I-hen marked off the area of the spatial 

rE:ference code and selected the spots to be anClI)i;ed, defining q neighbourhood 

for each spot, Figure 1.10. Having set up the initial conditions the computer 

program then reads the reference code and locates ihe specified spots from 

frame to frame, providing a continuous on-I ine display as shown in Figure 1.11. 

Processing speed for 5 spots in one frame was about 15 sec if no operator 

interaction ""as required. EMG signal:. from 4 major muscle masses were 

recorded simultaneously on a FM tape recorder together with signals from foot 

switches which were used to synchronise EMG data and displacement dala. 

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 t::MG records and displacement data, by using 

the foot switch signals, could not be particularly accuvate 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 Iowa City 1 

U.S.A. (Pepoe (1970»). This system utilises fibre optics to provide a line 

scan of ctne film, and Is Interfaced to a POP 12 computer. Three sheets of 

ftbres are used, with 1024 ftbres tn each sheet. The fibres are arranged in 

bundles in such away os to digitally encode the position of a light spot falling 

on the ftbre ends by iIIuminattng on array of phototransistors. The sheets are 

clamped together and ctne film is projected onto the fibre ends. The illuminated 

phototransistors provide a digital x co-ordinate (to 1 part in 1024) of any light 



Figule' 1. 9. Mader and spatial 
reference S}' tern uSed by 
Kasvand (1971) . 

Figure 1.1 0. Coarse c .f ,p',tel" 5':011 w1th 
local search ,.m ~13 :r.Ci 1'0'd. 

{K asvand (1971)). 

Figure 1.11. On li ne computer display of marker trajectories produced by 
Kasvand 's system (Kasvand (1971)). 



spols in the film. The y co-ordinate is provided by 0 shaft encoder which 

is rotated by the moving film. The shaft 0n..;ocier increments Cl counter in 

the PDP 12 which is reset at the beginning of each cine fi! m froli1c I providing 

750 counts/frame. If two light spots fall in line then the c0-oroinates 

generated by the system will be erroneous. This would plOVC to be a Ilmiic)tioll 

when markers are placed close together, such as on the fool" 1 or at the pelvis. 

The film is processed at the rate of 2 frames/sec., which is fastt:r than the 

flying spot scanner method of Kasvand (1971), but furl-her processing would be 

required to identify co-ordinates belonging to particular markers. 

In a more conventional cine system Sutherland (1972) discusse'1 Ihe 

discrepancies that can be made in manual measurements of cine film. Comparhons 

were made of the differences in val ues computed from me'.lsurements, . made by 

two observers, of the same piece of film. The parameters compared were 

rotation of the pelvis I femur and foot; flexion-extension of the knee; and 

plantar flexion and dorsiflexion oi the ankle. The discrepancies in values 

were most serious where the total range in tb-a val ue of the parameter was 

small. The worst case was pelvic rotation in which there was an averoge 

discrepancy of 2.6
0 (20% of total range) and 0 maximum discreponr.y of 6.3

0 

(48% of total range). The best agreement obtained by. two observ9fs wos in 

the measurement of flexion-extension of the knee. Here the average cilscrepancy 

was qnly,5% or th.total range and the maximum was 13%. Repeotcbilityof 

measurements ,by a single observer was found to be better and resulted in 

variations of computed parameters ()f 0
0 

to 2.S
o

• Sutherland vsed 0 Vanguard 

mottQn 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 port in the most important locomotion 

studIes. However ;the manual effort required to obtain data from film has 

~.n Q great obstacle. The number of subiects studted and the number of 

tests.ca.rrled out for each subject has been severely limited'by this constraint. 

Semi-outomatlc,sysJems of film analysIs have reduced the data collection time 

substantially, fully automat·lc systel11$ are still in the development stoge and 

present problems of synchronisation of film data and other data. If 0 fully 

automated system were developed to the point where three dimensional studies 



of movement together with data from other sources could be achleved th~nO) 

would still be disadvantages in u;;ing cine. r=irstly the rec0rdcd mcvem('~nt 

is not immediately available, the film must be develnped; secondly in 

addition to the cost of computer processing time (which will be requirrd fer 

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

, '-

film processing; thirdly flying spot scanners for this purpOS3 are not commercially 

available; and lastly an appreciable amount of computer tirfle would be required 

for data collection. 

Photogrammetry • The technique of obtaining three dimensional measurc-

ments from two planar recordings of an object ha~ been u~ed extensive I y in 

surveying {Halbert (1960)). The method requires that two simul taneous record

ings are made of the spatial position of the object. Providln8 the distance 

(base) separating the recording devices is known and the focal length (principal 

distance) of the optical system is also known then jhe third dimension (usually 

called depth) can be derived from the two planar measurements. tiernstein 

(1934) made the first use of the meihod for stucies ef human movement; no 

details of the accuracy obtained VYere given and his general method has already 

been discussed. More recently Ayoub (1970) has dev::-bped a stereometric 

sy~tem for measurIng human motion. A measurement accuracy of 2% was 

claimed, aUhQU9h to obtain this it was stated that it was necessar)' to measure 

the differences in the spatial positions of common poin~s in stereo-pairs (the 

two planOrrecordlngs) to within 0.0004 tnc h. Stereocomparators can certainly 

measure to very' high accuracies r but it must be remembered that when 

photographingmevements, because ,of the relatively long exposure times used, 

there'ls certoin'to be a degree of blurrlng of the image. To use the Itmits of 

accurocy of a stereocomporator sharp edges ore required. Thf!' other measurements 

Involved, base ondprlnclpaldlstance, ·must also be known to 0 high degree of 

accuracy, as:any errors ctnHtiese measurements will affect the overall accuracy 

con.lderobty. Ayoub.tudied han~Qndorm movements using st~reo-photography 

and thefnterrupted tight technique to produce multiple exposure stereo .. pairs. 

The type of movement studied is limited for the some reasons os with interrupted 

light photography and again manual measurement of the resul ts is necessary. 



Lippert (1973) used a photogrornmetric system j'O study the mobility of 

fracture fragments of the tibia. lipped rejected conventional methods of 
, 

movement measurement, such as cine photograph," because of lhe "artificiol 

restrictions imposed on the subjects' movement by the mCClsuring opparatus". 

In lippertls tests targets were attached above and below the fracture site b)' 

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 lino load ll and three other positions which put various loads on 

the limb. The tests had to be carried out in a darkened roorn which, with 

patients whose movements were restricted by their plaster casts, was inconvenient 

and occasionally led to targets being knocked. Measurement$ from the exposures 

were mode manually and 6 personnel were required to run the tests. 

Photogrammetric methods can be used to obtain three dimensional 

displacement-time data for human movement, but very precise aligl1ment of 

the photographic system is required. Measurements must be made manually 

using a stereocomparator, which is very costl y and could not be justified for 

exclusive use in these sort of studies. The clinical \,i~e suggested by Lippert 

Is not acceptable in terms of the effort requi red, and the i nsertj on of pi ns into 

the bones ol patients. 

'-;: 

1.3 .. 2 .NonPhoto9faphic Optical Methods 

Methods of this type did not become available until the late 19601s. 

Obviously teJevlsion/computers)'$tems could be included under this heading 

but discussIon of such systems wtll be deferred. Limited studies using non 

photogrophicoptical systems have been carried out, but so for the studies 

have been restrIcted to .k.inemati.cs (and kinetics where no external forces are 

Involved) and no comprehensIve analysis of locomotion has yet been presented. 

In some cases the systems have ~ly been available for a short time and no 

doubt the tnc.Jusion of other measurements will soon be attempted; in other 

cases the additional facilities required for measuring other aspects of locomotion 

have not been available. 



Systems using polarised light have been d,:weloped by Reed and 

Reynolds (1969) I Grieve (1969) and the University of Loughborough (1973 a:~d 

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 is 

rotated. This has the effect of rotating the plane of polariSC1tion through 180
0

, 

which happens twice for every revolution of the polarising filter. The polarised 

light is received by ~ matched pair of photodiodes connected in opposition to 

each other~ A window of polarising filter is p'a(~d 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 resul ting signals cancel 

each other. On the other hand polarised light incidel1t to the photocells is 

first transmitted to one cell and extinguished at tr.~ other I and then vice versa 

as the plane of polarisation of the light source rctotes. A sinusoidal voltage 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 ra~I'p is initiated on receipt of the reference 

pulse, and the ramp is stopped wh~n the sinusoidal signal from ~he receiver 

passes through lts zero reference voltage in a negative going sense. The fi,iCiI 

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 orIentation of the receiver to the light source can be 

chosen as zero angular displacement by delaying the reference puise by an 

approprIate time. The output voltage Is updated once for every revolution of 

the light source o Iter , in the case described ISO times a second. The measured 

noise level of the angular 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 wos 
+ 0 

quoted as - 0.1 over the totol range. Measurement errors can arise when the 

receivers undergo two rotations with respect to the plane of polarisation of the 
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Figure 1.12. Schematic diagram of the Polarised Light Goniometer. 
{From Mitchelson (1975)). 

Fi~r. 1.13. Diagram illustrating the error angle <fJ , due to the two 
rotations of the transducer If/ and e 



light source, in addition to the rotation which is being rneasun~d. i~/litchel:;()n 

shows that this con amount to a measurement error of 7° For two addi tienal 

rotations of 20
0 

in planes mutually perpendicular to the plane in which the 

measured rotation is taking place. Obvious! y careful posi tioning of the 

receivers can keep such errors low for locomotion studies. Analogue 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 Ihe derivat'ion of acceleration in this way . . 
This technique provides 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 meosurements. 

A continuous light spot position sensor forms the basis of the commel c:ol 

SELSPOT system, Lindholm (1974), Selcom (1975). The st'nsor is basically a 

large area silicon photo-diode of the Schottky :'orrier type manufactured by 

United Detector Technology Inc •• An equivalent circuit of a single axis sen;-,or 

of this type is shown in Figure 1.14 (from Woltring (1':'73)). The overage posit1~n 

of a light spot imeged on the sensor surface at any instant varies the current 

in the load resistances. A dual ax:s version of the sensor provide~ the two 

dimensIonal co-ordInates of the Incfdent light spot. In order to monitor the 

positIon of more than one Itght source time division multiplexing must be used. 

In the SELSPOT syitem small Itght 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-ordtnates from the detector 

for each LED being processed by special noise suppressing onc linearizing 

circuits (noise Is suppressed by 60 dB and non-linearity is decreased from 600k 

to 0.5%). The co-ordInates for each LED are then made available as analogue 

signals on indivIdual output chan~els. 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 fncidentpower of the light source on the detector. For sufficiently 

large Incident power ('" I mW) a resolution of 10-4 (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 also 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 - I ",S) are not particularly suitable. However 

a resolution of better than 10-3 
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 srstem has the advantage that 

output stgnals are obtained for Individual markers and there are therefore no 

co-ordtnate/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 necess,ity 

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 tratltng leads are to be avoided. 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 Itght sources could prove difftcult on some anatomical landmarks 

(particularly over ioints If the light source Is strapped onto the subject). 

A similar system to SELSPOT, using 'the same detector, has been reported 

by Woltrlng (1974). Th. positions of three LED's can be sampled at 300 Hz 

with this system. However at present the resolution is rather poor - I tn 400 

with the LED 1 m from the camera, becoming less 01 the LED Is moved further 

away. This system ts stili In t+le experImental stage and It Is hoped to Improve 

the resolution by a factor of four for distances up to 3 m. 

Another opto-electronlc measurement system is being developed by Mitchelson 

(1974, 1975). This system, called CODA (Cartesian Optoelectronic Dynamic 

Anthropometer) uses an array of silicon photodetectors In front of which Is 

placed an encoded optical mask, Figure 1.15. Cyltndrtc~1 optics are used to 

focus point SOurces of light tnto a line Image onto this array. The component 



Figure 1. 15 . Optical mask used in IICODA II sysiem. (From Mitchelson (1975)). 



of movement of the point source that is at right onf)!cs to the orientation of 

the line image causes a corresponding shift of the line irnage across the focal 

plane. The first seven rows of detectors are behind the dig:tolly encoded 

portion of the optical mask, and a direct digHal readout of the posi tion of 

the line image is thus obtained (7 bits). Further resolution of the position i~ 

obtained by using the analogue vernier part of ihE: ol-)iical mask. The anClloguc 

vernier consists of 4 rows of 64 transparent wedges I the pattern of wedges being 

advanced by 1/4 of the interval between wedges for eoch row. As the line 

image moves across the wedge the amount of light fall ing onto the photodGiectors 

is linearly proportionate to the position of the image on the wedge. However, 

the width of the Hne image may be as much as ~ the base width of a we-.lge 

so the linear relationship only holds good in the central naif 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 one row at a time. The sys\"em can select 

the row in which there is a linear response I which therefore provides 2 further 

bits of resoll·Hon (lout of 4 rows). The analogue output" of the selected row 

is then digitised and a further 6 bits of resolution is claimed. ThE: seven bits 

from the di gitall y encoded portion of the mask together with the tv"o bits from 

the row selection and the remaining 6 bits obtained from the analogue output 

gives a total of 15 bits resolution. One bit is lost in order to avoid ambiguous 

or erruneous matching of the outputs from the digital and onalogue ports of the 
. . . 

system. Two more bits are lost in the arithmetic processing necessary to derive 

parallax free three dimensional co-ordinates. A final output resolution for the 

instrument of 12 bits or I part in 4096 is the design speciftcation, The broad 

transPQrent portion of the optical mask provides a reference signal which allows 

corrections to be made for 'fluctuations In the Intensity of the light sources. 

Three ,dimensional co-ordinates are obtained by using three cameras. One 

of the, cameras Is oriented so that it Is sensitive only to the vertical components 
".", ' 

of displacement; the other two cameras are both oriented to be sensitive to the , . , 

horizontal components of movement. These two cameros are separated by a 

known base length and therefore stereo-photography princtples can be applied 

to derive the 11 depth 11 component of position. Corrections for the effects of 

parallax can also be made. As tn the SELSPOT system LED's are used to 



provide the light source, but due to the fc~t0r response of the sensors used 

it has been possible to use the higher power La:;er LED's. Eoch light sour<:(" 

is switched on in turn to give a light flosh of approximately 200 nS duration, 

90 J.L S is then required to derive the co-ordinates of the light source; and 

so with a total of 10 light sources (markers) a sampling frequency or repetition 

rate of I KHz can be attained {although Mitche!son appears to be limilinrJ 

the system to 8 sources}. 

3'1 

Mitchelson states that the resolution of the system is linliled by the signal 

to noise ratio at the sensors. With the laser ligH 5("·'.qce 2 m from the comCt"O 

this is stat'ed to be 33 to I; which gives an overall resolution of better than 

I in 4,000 (when the resol ution of the digital pari' of the system is also 

considered). The signal level from the LED at the sensor follC'ws the inverse 

square law so there is a corresponding decrease in resolution with increasing 

distance from the camera. Table 1.1 shows the effect of this on the resolvinu 

power of the system. The "width of overla~" columns give the amount by 

which the fields of view of the: outside cameras overlap 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 thrt".: strides 

would be accommodated, and the resolution would vary from 10 mm to 0.5 mm. 

At the present stage of development of this system there is a systematic error 

of I 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 

horizontal and vertical co-ordinates of I part in 130, and of I 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 I) base length between the out'side cameras, 2) 

focal length and 3) width of the focal plane can be set up. These constants 

ore used in the analogue computation of the p:1rallax free co-ordinates and 

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



Overlap fo~:r 
---

Distance Field of view OVArlap for 
from of base base Resol vi ng 
camera Resol ution I camera = .5 m =1 m power 

- --
m m m m mm 

2.0 1:4000 I 0.5 0 0.25 

2.5 1:2500 1.25 0.75 0.25 0.5 

3.0 1:1800 1.5 1.0 0.5 0.85 

3.5 1:1300 1.75 1.25 0.75 1.3 

4.0 1:1000 2.0 1.5 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 ~-J 
Table 1.1. 

',. ,I . 



setting up these c(;>nstants will affect the overall c(.':curacy. Pr-.3ciso a!'isnnlc~nr 

of the sensor with the optical system is required, cm:l ahJ the camcl"o mu,;! 

be oriented precisely to the external measurement (lxis. Mitchelson sugGe~ts 

that improvements in the precision of the optical mask and more efficient 

diffusion of the light from the laser landmarks will allow fhe design specificntion 

of a resolution of I part in 4,000 to be reached. 

These optoelectronic methods are mostly still at the development stage. 

If the design specification of some of them are attained then they will provide 

powerful measurtng systems •. However it seems most likely that the range over 

whtchmOYetnent' <:~ be monitored wtll be restricted by the power Gnd angle 
'"'".. 

of radiation of available light sources. To monitor the movement of more than 

one light source it is necessary to use active light sources which will obviously 

requtre a power supply. Swttching of the light sources will require control 

cables to be attac:hed to the subject, or a telemetry link. 

1.3.3 ContactIng Methods 

Gqnigmeters. The electrogoniometer as used by Karpovich (1959) is 

a very slmple·and cheap instrument;. basically it conshts of 0 precision 

potentto';;'t8rflxed to a support bracket with the spindle of the potentiometer 
" .. ~~ "< 

ftxed to o~"'r~support brac:ket. ;,Relotive motion between the support brackets 

rot9flh .~~~~ijftomef.r,pfndle ~dhen<:e. vart8$ the resistance in direct 

~~t~t!.i;~9te~~n the brackets. By suitably attaching the brackets 

on; t ther stde;'~;aiotnt:r8b:ltlvet'ftoti on' can be measured. Johns ton (1969) 

used gontorneters to measure saggftal, 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 sl"'ply of a linkage 

tn which the three rotatIons Were Individually transmitted to three goniometers; 

obviously, the, measurements obtained were of the rotations of the linkage which 

is not the exact centre of the jot.nt. Corrections were made for this but errors 

arising 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 attached to the lower 

11mb, Figure 1.16. The exoskeleton at the hip provided on external analogue 



Figure 1.16. 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 joints uf 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 1 inkages wi 11 transmit two of the three components 

of an arbitrary rototioll in three dimensions and absorb the third. Lornoreux 

states that precise alignment of these linkcgl'Js is not nece'isary and that the 

axes of measurement are the axes of the exoskeletal joinl' betwe·.:"'rl which the 

parallelogram linkages are attached. To measure the three compcnents of 

rotation two linkages are required; with lamoreux's system simul!aneous 

measurement of the three components can be made at the ankb tut not at the 

knee. Measurements obtained via the exoskelt::ton were made while the subiect 

walked on a treadmill. The physical attachment of the exoskeleton {total 

weight approx. 6 Ibs} and the use of the tre:odmill, must condition tht: subiect's 

gait. 

A potentiometer instrumented linkage system W'JS used by Kinzal (19720, 

1972b) to measure the total motion between two body seagmerits. His linkage had 

six degrees of freedom and he could therefore measure the three rotations and 

three translatlons which completely describe the motion at a joint. By making 

separate measuiements of the joint surfaces Ktnzel was able to study the: relative 

motion between the joint surfaces. The end points of the linkc.c~ :.ystem ware 

securely mounted on ptns which had been inserted into the bone. This system 

was used to study the scapula-humerus jotnt in Alsatian dogs, walking on a 

treadmtll. The measurements obtained were able to show the path by which 

the scapula moves over the' humeral head, the percentage of the time spent 
~ .. 

by the scapula at different locations on the humeral head, and the (lpparent 

areas of contact.· To a'ppt1y the s~tem to measurement of human joint motion 

would' require ci non-Invasive method of attaching the linkage to the subject, 

and anon-inv~t~e method cif measuring the joint surfaces. Both of these 

requIrements would ltmit the accuracy of measurement considerably. 

Tachograph. This is another tnexpenslv~ 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 (Jcnerotor varies with 

the velocity of the attachment point of the string on the bod),. Drillis (19~:;8) 

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 system the string was located in horizontal pulleys which were mounted 

on shafts extending between floor and ceiling, a bearing being provided 01 

each end of the shaft. Four such pull eys 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 d 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 affected by transverse rotations of the pelvis, and would therefore not be a 

true measure of the motion of the centre of gravity of the subject. Ganguli 

evaluated the data by taking the ratio of the first period to the second p3riod 

of the "centre of gravity" curve (the fundamental frequency of this cUl've 

being twice that of the gait cycle frequency). He claimed that this ratio would 

be independent of oH factors except the symmetry of gai t. 

Mo1en (1972) used similar principles to measure the instantaneous velod ty 

of the centre of gravity of the body. Magnetic tape prerecorded with pulses 

ataft)i(ed frequency ahd"constant tope speed was attaohed to the subject at 

front and rear at the level of the centre of gravity. The tape was then looped 

round guides and passed OVer a tape read head; vibratIon damping was incor

porated into this path and the hetghtot the tape read head was adjustable 

to suit the subJect.· AI the lub;ectmoved the output frequency of the pre

recorded pulses 'waspt'O)'lorttonalto· the instantaneous vefoclty of f-he tape 

passIng over theredd head. A frequency to D.C. converter was used to give 

o proport'onoJ ou~t voltage •. 

These methodt ore inexpensive, but the Information that they gtve is very 

Itmited. They may show I for fnstance I on assymmetry in the gait, but it Is 

most unlikely that they wltl indIcate the Cause of the ClSsymmetry. 



Accelerometers. The technique of measuring occf';eration directly vvith 

accelerometers was used during the Universit>, of Col i rornia's funcJnmtmtal 

studies of locomotion. {University of California (1947)). In the report by 

Eberhart (1951) on the experimental procedures used in these studies I the 

data provided by accelerometers was stated to be "inferior ll to thal 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 accelerotions 

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 and comparisons were made between norma! and ampulfJe 

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

normal Hies in the harmonic anal ysis, 01 though combi nations of def(;:cts were 

difficult to interpret from the frequency spectra. No attempts to derive 

velo~ity and displacement data from the accelerometer recordings were reported 

by Gage. Accelerometers were used to verify the pro.:edures by which acceler

ations ,~ere derived from dt$p.IQcement/time data by Hunt (1965). Measurements 

were made fromafcelerometers.mounted on the shank of the sub ject and the 

results o~tained.sh()Wed general agreement with data d~rived from cina film 

recording. 

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

effect of "induced" abnormalitIes - by immobili~Ing certain joints. He used 

three orthogonaUy; mounted accelerometers placed on the body close to the 

centre of gravity. Data was recorded over 4-6 strides and feot ~witches were 

used to det~rmin.,heel strike, foot flat, and toe off. Again, a Fourier analysis 

was performed:·~oo·th.accelcuatt~n curves of the fore-aft and vertical - the 
, ~ , ' .~ 1 . ~ . . ' 

lateral ac;c~lerationswere not par,ttcularly cyclic and hence not suitable for 

Fourisr analysts. Smidt quantifhlld the Ilsmoothness" of the gait by taking the 

ratio of the sum of t"- ~venharrnon.~c coefficients to the sum of the odd 

harmonIc coefftcients. A high harmonic ratIo indicating a smooth acceleratton 

curve. Smidt stated that the harmonic ratto could discrIminate between the 



"induced" abnormal gaits. 

The total movement of the shank (wilh the one Gxception of the 

transverse rotation) was studied by Morris (1973) using five accelerometers 

mounted on a perspex platform. Morris suggests thot the inferior resul ts 

obtained by earlier investigations using accelerometers was due to the use of 

unsuitable transducers. Strain-gauge accelerometers which deform el asti call y 

due to inertial force were used by Morris and stated to be the most suitable 

type. The signals from the accelerometers were rec·,rded on a !,ortab!e tape 

recorder carried by the sub ject or passed by a Ii ghtwe i ght cabl e to a fi xed 

recorder. The recorded data was processed on a small digital computer which 

allowed the use of interactive programmes. The operator selected one cycle 

of the aata by setting cursors on a visual display of the data to mark the 

beginning and end points. This portion of data was then fit tered to rCfnc>ve 

drift and to set 0 lower frequency limit to the signal pass band. Further 

processIng c.btatned angular velocity I direction cosille, translational acC/:>!eraj'ion, 

velocity and position data. The system developed by Morris has the advantoge 

thot it can be used outsIde of a spectalist laboratory, with little discomfort to 

the subject who may wear normal clothing. However, the system has so far 

only been developed for use on the .shank. Attaching accelerometers to the 

thigh, for Instance, wlll be difficult because of tissue movement; the sitt;! 

chosen on the shank was relatively free of such problems. 

The use of accelerometers always requires some kind of physical attachment 

to the subject, and some kind of "nk to a recording device. Studies have 

been limited to one or two segments, and no Investigator has attempted to 

Incorporate ground reaction tnto the analysIs, os for as Is known. 

1.3 .• 4' Other Techniques . 

. Clne radiographic techniques hove been suggested as a method of gait 

onolysl.{Eh-rhort (l95I». The equIpment necessary Is not only costly but it is 

also limited In its scope. The depth of fteld Is restrIcted I and the width of 

the field of view Is somewhat narrow. The onl y recorded use of such equi pment 

for locomotion analysts Is by Jenktns (1972); however, this study was of the 



gait of chimpanzees. Recordings of the gait wer~) made at 50 fr('lITt~5 per 

second while the animal walked on a treadmill. The field of view was 

only 25.4 cm, which meant that the separate sequences had to be recorded 

for each ioint. The data was quantified by measuril'1g joint angles from the 

film, and the results were compared with the gait of mono 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 anatomical skeletal landmarks. 

A novel technique to measure the velocity of a point on the body was 

c1ev~loped by Nadler (1958). A sound source (at 20 KHz) was attuch~d 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 varted proportionally to the velocity of the sound source. This 

frequency variation was measured and hence the instantaneous velocity of the 

source would be described tn three-dimensions by the signals from the micro

phones. More than one sound source could be used bi choosing different 

source frequencies. The method has been used to study hand motion {Kaftan 

(1969», but has', so far, not been u~ed for locomotion analysis. There are 

problems 1ri usIng the technique because of reflectIons of the sO'..ll"\d from the 

surroundings, and shIelding of the sound by the body. 

1.4 TelevisIon Systems 

. Several systems baSe'd Oh televrston i . for the measurement of movement, 

have been Incfependently developed. All of the systems use the same basic 
. " - ~ , 

prlnclpre·· to'" obr&ththasp6tldf co-ordtnotes In one plane of a detectable 

poInt or' area \~1thtn the "aId of view of the camera. This principle is that 

oneeo~rcririatemay be· obtaIned .by reference to the television rastor line 

on whh:h the potritts detected and the other co-ordInate may be obtained 

from Its position on this Hne. Sampttng of the positIon of a detectable point 

in tIme Is obtained by the sequenttdl scanning action of the televlston camera. 



Furnee (1967) reported the developrnent of a television-co:l1puter systCln 

to measure arm movements. A detailed description of the method I'n;)y 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 AI), A 3.995 MHz crystal 

controlled clock was used to count intervals along a line giving, in 64 MS, 

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-eo-ordinate 

counter). For the )/-co-ordinate an 8 bit counter was used which allowed 256 

scanning lines to be counted, the remaining scar."Iing lines were blanked off. 

Small electric lamps were used to pinpoint landmarks on the arm, th~ normal 

scene illumination and the camera settings were adjusted so tLal 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 caus",d 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 was arranged that only the detector pulse rec-=ived on the first line 

would causereadout of the counter contents. In the versiop of the s)'stem 

reported by"Steilberg (1968) the co-ordinates contained in the buHer register 

were immeaidtelytiarisferrea to thecorriputer memory pn a cycle stealing 

basis, during this transfer period no further marker co-ordinates could be 

registered. However as ,the system used a direct memory access method to 

transfer the dato this pertodwould have been of the order of microseconds 
. , 

. (r.e. very mueh less than the duration of one line - probably about 4 )JS). 

Ldter versions or fhe$ys~m incorporated a 16 word buffer lTt.a-rnory for each 

co-ordinate, "ancf th'.' ~tents'ofthts memory were transferred to the computer 

or to a;dfgttal tClp&recordei'during' the field blanking period (Ingen Schenau 

(1973» • The'sequentidl scanning ~ction of a television camera means that 

the 'positions of the lamps are not 011 sampled at the same instant. To provide 

stmuhaneoussampling of the lamp' positions the Dutch group introduced a 

synchronous 'shutter tnto the sys'tem,tngen Schenau .(1973) and Stokrom (1973). 



This shutter rotated 50 times/sec and a winJow in the shutter expo$ed the 

field of view to the television camera for 2 m5i synchronlsing circuils 

ensured that the exposure was made during the field blanking period. Th:~ 

light pattern stored on the camera signal plate was then scanned in the nCJrmol 

way. 

Methods for identifying the lamps from the co-ordinates are discussed in 

Ingen Schenau (1973); also various computer programs to filter the r8!:ulting 

data are presented. Non-linearities due to the camera art~ corrected by 

formula, found experimentally - the linearity of y was shown to be independf'nt 

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 a triangle. 

The number of lamps that could be used to mark anatomical I andrllorks was 

Itmited to 5 (in the buffer memory version some locations must be re~erved for 

pick up of spurious signals). So far only one camera has been \..·sed, 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 5chenau (1973). Some loconiotion studies have been made, but the 

results have not been reported, other than on the locomotion of cats, Furnee 

(1974). No attempt has'so far been made to Incorporate measurements of 
,'. ~ 

external forces. 

A televtstonsystem to 'measure three dimensional co-ordinates wos developed , 
by Woos (1969). Two televIsIon cameras were used to provide two planar views 

of erechTc lamps placed on anatomical landmarks of the subject. Up to 4 

lamps could be used ond It wos necessory to place them in positions where 

they would olways be In vi~~of the two orthogonally positioned cameras. 

Digital c~nters were used to provIde the co-ordinates, similar to the Dutch 
.:.". ::: ·t~·.-..:~ .... :.~' "',~ .;1 '-r":'. :" 

system., On detection of a lamp slgnol in the video the contents of the 

co-ordtn~te ~oun~rs were rea'd' ~ut and stor~cf on magnetic tape. This transfer 

oper~tlon lasted for 9 full' sca~" Itnes (570 ",5) and no further detection of 

marker signals could take place'durlng this tIme. The system was designed so 

that th~ second camera on I y gave one co-ordinate, the Z co-ordi note. 

Obviously the ttme required to transfer co-ordinates to magnetic tape placed 

a severe re~trtction on the system. " Markers had to be arranged so that at 



no time in the gait cycle did they come wilhin 9 scan lines of oach other. 

It is understood that this system is no longe~" in use. 

A computer interface for television has been developed by Dinn (19';"0). 

This is a general purpose digital system which performs all analogue to digital 

conversion of the television video signal. The standard American television 

system is used (525 lines, 60 fields/sec.) and the sampled orea of each field 

can be varied from a single point up to a 256 x 256 window, with I"he height 

and width of the window independently variable. The sys:em could be set 

to sample every television line or every 2nd, 3rd, 5th, 8th or 12th Hnc, with 

corresponding sampling intervals along the line. The amplitude quanl"isation 

of the video signal conversion could be set to I, 2, 3, 4 or 5 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 variable and could be set" to !2, 

16, 20, 24 er 32 bits, which gives a wide range of compatibility for difr~~rcnt 

computers. The obiect of this system was to prcvide a general purpo~e facility 

which could convert television images into a digital equivalent which co,..;ld 

then be processed by a digital computer. 

Extensive use of this interface has been made in studies of human locomotion 

at Shrtners Hospital for crippled children in Winnipeg. The experir"llenta! set 

up Is described 'nWlnter (1972), and shown in Figure J .17. The interface is 

set to give one bit amplitude resolution (I.e. either bright or dark) and 0 

sampling matrix of 96 points by 96 points for each fteld. Comparatively large 

reflective markers ore used to indicate various landmarks on the limb. Winter 

shows that by using such large markers 0 more accurate estimation of the spatial 

co-ordinates of the centre of the marker con be mode - 0 minimum of 10 sample 

points Ite within the marker area of the video signal, and a spattal resolution 

of I mm is quoted. In order to use the comparatively coarse sample matrix it 

is necessary that the field of view of the camera onl y covers a small area. 

This restriction In turn makes it necessary to 11 track 11 the subject with the camera. 

An operator pushes the trolley mounted camera along 0 roll keeping the walking 

subject In view of the camera at 011 tImes. The spatial reference of the 
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Figure 1.17. Experimenta l set up of the television sysl'em in use in Winnipeg. 
(From Winter (1 972)). 
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instantaneous camera position is obtained from large markers placed at known 

intervals in the background, one such marker always bDing within sighl of 

the camera. These background markers are larger than the body rnorkers and 

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 O:1e bit analogue conversion is 

packed into 24 bit words for transfer to the computer). Con::equel"ltly fairly 

I" 
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large computers have to be used, in the Winnipeg case a CDC 1700. The 

television signal is recorded on a video tape recorder for lal~: di~: :QI conversion I 

after conversion computer programs calculate the absolul'e co-ordtnoj'cs of the 

centre of the body markers with reference to the background mark.;n"s. Corrections 

being made for the parallax, error introduced by the position d ilae background 

markers being some distance behind the plane of wolking. 

A kinematic study of normal locomotion using this system is presented in 

Winter (1974). From co-ordinate data for 3 to 4 strides fundamental kinem.J:ic 

information was calculated including - x, y trajectory plots, p:ots of vertical 

co""Ordinate against time, velocities of markers, acceleration, joint angie$ ard 

angular'velocities and accelerations. The comparative ease with which j'h~ 

data for these calculations was collected demonstrates the power of thE-' \"/innipeg 

system. KOWever'dt this stag~ only two-dimensional measurements can be made 

and the ~ro~tems"~f Introducing an addltional camera to the $ysterll have yet 

to be overcome. No rotating shutter Is used in the system. The reason fo .. 

this being'that 'in normal locomotion the vertical position of the markers only 

varfes over a s",all part of the terevlsion scan and therefore the time between 

samples 15 vtr'tu~I'y cOnsta~t~ Of course there is a log between the sample 

instant for a marker"at' thft top aff.he scan and a marker at the bottom of the 

scan; but this c(5uldhe corrected as the ttme relationship between the two 

posItions 'is":fi~~d by th~; scanning rate, whtch is known. 

, 'bhliMeUstt~(a POP lJ,It~fmini-computer was made by Cheng (1974) 

to obtain;' c()""Ordtnates of ma~kers from a tele~tston camera. This system is 

quite stmila~, fn s6me ways~ to the'Dutch system. a bit counters are used 

for the hortz'ontal and vertical" co""Ordlnates. The horIzontal counter is clocked 



at a frequency of 4.55 MHz, and reset by the line blanking pulses (usin9 

the American standard television system), which gives 241 horizontal intervols. 

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 

5', .J 

used to detect the presence of a marker signal in the video (either reflective 

markers or light sources ore used), and on receipt of a marker pulse the contents 

of the horizontal and vertical counter ore stored In a buffer register. At Ihe 

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 !lnoise" then Tt is compared 

with previous data to see if it is caused by a marker being detected on several 

lines. If the data is a 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 field. During this programmed transfer and evaluation the 

Interface is prevented from detecting further markers. The computer progrll:n 

written to process the interface data would, in the worst case, inhibit fu:,ther 

co-ordl nate generation for 117 ~S (best case ti me woul d be 74 J.I. 5) • Th i ~ 

limits the system to detecting a maximum of one marker on any line I which 

effectively prevents markers being placed at the some vertical posHion on tha 

body (suCh as markelS on the pelvIs for the frontal view). This could be improved, 

by resetting the "ready" flag immediately after the interface data has been 

stored, to a worst case time of 34 /AS (best case 25 /AS). However this is 

Ittll 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 tn two-dimensions, 

correctIons cannot be made for parallax errors. 

All of the systems reported, and stili tn use, can collect data for two

dlme;'\Slonal movements. At present none of the systems are operating in 

three-dimenstons, and only the Winnipeg system Incorporates other measuring 

facllttles (EMG data). The Winnipeg system requires that the camera Is moved 

with the subject, but this does give fairly high resolutIon. However a fairly 



large computer is required to derive the basic dala, and it is unlikel y 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 sY5tem 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 dota transfer 

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

S !, . ,. 
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2.1 Introduction 

The h:ilevision camera is a sequential scanning device which converts 

a light pattern focussed onto a target plale into an analogue electrical signal 

the amplitude of which is proportional 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 Ifnes every 20 mS; as a I ine is scanned the charge pottern 

on the target, corresponding to the light pattern, is substanti all y 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 Cl movement wtll 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 amoving point between sample instants from the trajectory and dispense 

with the need for exposure control. The resolution of the television camero 

r I 
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Is I part in 292 In the vertical scan and I port in !OOO in the horizontal scan. 

The spati~' resolution is, therefore, 0.34% and 0.1%. The sampling frequency 

of British tetevtsidrt systems Is 50 Hz; which, according to Winter's studies 

(Winter {197~)" should, besufftdent for locomotton studies. The basic principles 

anJ porametersaf: televlsJonare further discussed In Appendix AI. 

2 .2 DetecttOn ol;the Segment 

For the purpos4K'ofloc:omotton analysts it is necessary to find the spottal 

co-of'dfridtes 'of defthed polMs on the skeleton. This requirement precludes the 

posstbtl-Uy of 'deNJettflg theoutltne of a 1imb and then deriving the co-ordinates 

of that part of:th. iketeton. The outUne of the 11mb has a certain degree of 

mobtlfty'-wt'tk', respect to the skeletOn; also It would have to be assumed that 

thebofte'wOI"placed centrally in the 11mb tIssues so that rotation of the limb 

had rloeff4tCt,on' the relatIve position of the bone and outline as the televIsIon 

camera t.·a -two dimensIonal ·detector. A further -objectIon to this method is 

the high dato,rate,that would ·be required to define the outline. With the 

. televisiOn tomerafleldof· vfewconcentrated on, say, one lower 11mb a dato 



rate in excess of 30,000 words/sec. would be required. It would not be 

possible to measure rotations 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 atfachrnents of any sort 

on the subject I It is impractical for the reasons outlined above. Methods of 

marking anatomical landmarks were, therefore, considered. 

2.3 Markers 

Anotamical landmarks may be indicated wi th active or passive Itght 

sources. light emitting diodes (LED's) have been used as light sources in 

various opto-electronic systems (Selcom (1975) I Mitchelson (1974) I Cheng (1974)). 

With this type of source it is necessary to use a diffuser ovel· 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 (J diffuser it would be necessary for the source to be always pointing 

at the camera, clearly this condition could not be lTr~t when marking a point 

on the limb, due to rotations. Using a diffuser reduces the already restricted 

optical power of the LED.· Peak power ean only be obtained when the LED 

is pulsed :"'*' up too point the$hortel' the duration of the pulse, and the lower 

the repetHion rate (duty cycle) I the higher the optical power that can be 

ob~tned; To," oble to detect ,.hort duration light pulses a camera target 

having Cl fastr4sponse would hove toCe used, which is costly. The highest 

power, currently available, LED!. emit light in the Infrared region; this has 

tb.advantage that the ltght J. n(l)t visIble and will, therefore, not distract the 

subiect. At'SOlombient tllumlnattonwhichdoe$ not emit In the Infrared region 

. can bearrange,~t(Ftuorescent Jishltng for example ,) and optical filters may be 

used to ensll18 that"peak .tgrials from 'the camera target are only caused by 

infrared 'sourc ••• · I 

fncem_cent: fight bulbs con provtde.·much higher Intensity levels, with 

a much greater solid angle of radiation than LED's; . but they tend to be 

bulkIer and, of C0Ut$8j the light 1. visIble and may distract the subject. All 

active light souree.·requlre a power supply. This may be provided by small 



individual batteries for each source, or a cenlral pownr supply carded 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 acHve 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 leeds, and are 

easily attached to the skin, with no restriction of the subject's movements. 

Several materials were considered from which to form m(Jrkers, these included 

polished. metallic s.1Jrfoces,white paper, retro-reflective tape and coloured 

versions of these. The materials were compared by placing 5 mm diameter 

sample. of each onto a plywood hoard (which effectively simulated skin tones) 

and observing the level of the video stgnal caused by eoch under the same 

Itghting·conditlons. Retro-reflectlve tape gave by far the best response and 

was selected os the most suitable marker matertal. 

2.3.1 Response of Retra-Reflective Tape 

The retro-refle;ctivetape used was 3 M l s"Scotchlite" (see Appendix A4 

for characteristics). This materIal Is a plasttc sheeting' containing extremel y . .'" . "' 

sm~1I sphertcal gl.a~ lense~ which ore uniformly bonded at their equofors. The 

optIcal glass lenses function, QS micr,QScopic spherical mirrors which focus and 
~ > ,:"' ~ , : 

return (retro-reflect) incomIng light rays directly back to the I ight source. 

The sheetlnghos ;d:preisu~ sensitive adhesive on the reverse side which is 
, '. " .. . , 

covered" '.vitflci 'removable 'Paper 'there To obtain the maxtmum response from 
.. ' . .' .• , .. ''','' .. .! .' "",",. :,., , 

thfs rha'ferrar,"t" 'tHit' felevlslonvTcJe6 stgnal, the lighting must be positioned 

QS clo'se .~ .. po~fble~~o 'the'toniera'lehs; 

With two Malham SE 23 lamps fttted with tungsten halogen 500W bulbs, 

one on .ciCh'".,ot the camera lens, and a camera field of view of 2.5 m 

the f01iOwt¥rgtesults were obtafned:- . 1) the vIdeo level of the marker was 90% 

hIgher them ffielevetof skIn' tones 2) the level of signal was within 5% of 

Its peak 6ver(the'entire fteld of vIew 3) rotatIons of the marker of up to 30° 

resulted l'n '0 'change of video level of no more than 5%. These results were 

r' • 
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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 during these tests as it 

was consIdered undesIrable to use markers whIch would require low levels of 

background Illumination. 
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On the basIs of these results It was decIded that passive markers of retro

reflectIve tape would be used Instead of acttve Itght 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 

and the dtmenslons of the fteld 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 Itnes 

suffIcIently to provIde a detectable sIgnal on each. The dIameter, 0, of a 

marker to meet these requIrements is gIven by:-

o = J N/.Hr)2 + (H. Vr)2 

where Hr = horizontal resolutIon of camera 

Vr = vertIcal resol uti on of camera 

W 11: wIdth of fteld of vIew covered by horIzontal scan 

H = heIght of fteld of vIew covered by vertIcal scan. 

For a televlston camera with a horIzontal resolutIon of I In 1,000, and 

a vertical resolutIon of I In 292 coverIng a fteld of vIew of 2.5 m x 1.8 m 

a marker dIameter of 7 mm would be requIred. A smaller marker could sttll 

be detected, although It would not gIve as high a sIgnal level. 

2. 3. 3 Marker Shape 

The basIc shope of 0 marker whIch Is used to IndIcate 0 poInt on the 

body should be cIrcular I 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 cameras whose axes are at right 

angles to each other (as In the case for 3-dimenslonal measurements) then the 



marker should be spherical. 

2.3.4 Marker Discrimination 

The response obtained from retro-reflective tope is so good that 011 that 

is required to detect 0 marker signal in the video is a simple tLreshold detector. 

However on alternative method was considered which could be worth using in 

a "noisy ll situation. This method uses patterned markers and a hardwClre pattern 

recognition system (Jarrett (1973)). A very simple pattern recognition system 

for the marker of Figure 2.lais shown in Figure 2.lc. When the video wove·' 

form, shown in Figure 2.lb, reqches a lower threshold level an enabling pulse 

of duration T sec is triggered off, if at any time during this period the upper 

threshold limit is crossed the IImarker detected" pulse is generated, os shown 
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in the timing diagram of Figure 2 .Id. This ideo con be extended to more 

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

by noise and also would eliminate the "smearing ll effect of the television CC ... ·E:.O. 

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 '::1t the 

end of the marker trajectory during each sample period. 

In the laboratory conditions used it was not found necessary to resort to 

patlern recognition techniqlies for marker discrimination. A simple threshold 

detector ~sshown'ln Fi9U~. 2.3 was used and found to be reliable. A more 

sophtsticatedthreshold detector whIch automaticall y adjusted its comparison 

threshold to be d certdtn ptoportlon of the peak signal received was developed 

. from a basIc desTsn by Tex;:;'s Instruments (1974) by B. Andrews. The basic 

prIncIple ofoperqtto,:, for this detector is shown in FIgure 2.4. The advantage 

. of thIs type of threshold detector Is that any varIation tn signal level from the 

marker Is automatically compensated for. The cIrcuit for thts detector is shown 

In FIgure 2.5. 
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Figure 2.la Patterned marker. 

Figure 2.lb. Video signal produced by marker. 
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Figure 2.Ic. Hardware pattern recognition system for the marker 
shown pbove • 
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Figure 2ol~ .. VicleQ waveform Qfpotterned marker and timing diagram 
for the logic of FIgure foie. 
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Figure 2.2. Pattern recognttio~s~tem to eliminate "smear effectll of the 
television camera. The patterned marker and its video waveform 
ore shown together with the decoding logic and a timing diagram. 
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Figure 2.4. Video digitising circuit with automatic 
trigger level (From Texas Instruments {I 974» • 
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FIgure 2.3. Threshold detector circuit used for marker 
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Figure 2.5. Orcuit for the scheme shown in Figure 2.4 {developed by 
B. Andrews (1976». 
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3.1 Introduction 

The currently functioning television/computer sY5tcms for locomotion 

analysis ore 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 ddta is but one of the 

requirements for locomotion analysis. In a few case .. it may be the only 

requirement, however a complete analysis would include measurements of other 

parameters, sueh as external forces. 

The requirements to be met by the interface were os follows: - I) 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 televisio:1 field is 

limited by the eomputer and other considerations, not by the interface; 4) to 

allow extension of the system without loss of performant;e; 5) to provide 0 

system of calibration; 6) 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 I such os 0 PDP 12, must have 

o reS'trieteddata rate. The method used by Winter (1972) I in which the whole 

video 'Slgmit is converted into a "digital equivalent and' stored, is not practi cabl2. 

However it l't not necessary to, restrict the data rate so much that only a very 

Um,ited' number of co-ordtnates, can be colleeted in each television field. In 

the followlngc'syStems'the data rate is restricted by only generating co-ordinates 

when a markersfgnalfs<detected in the vfdeo. 

Frequent reference w'Ubemade In tMs section to the basic terms and 

parameters offetevMoti systems I further explanation of these wi 11 be found 

In Appendt~ Af~ Shnllarly' whereteference Is made to the PDP 12 computer 

further details will be found in Appendix A2. 

3.2 AnalogUed System' 

InHially' ern analogue method of' interfacing the television cameras to the 

computer woseonsldered(Jortett (t978). With this system detection of a 

marker putsef." thevtdeo 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 vol tages 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 tvvo 

cameras were arranged so that the side view camera 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. 
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The advantages of this system were that it was extremely simple and could 

probably be used on different computers with little or no modification, and 

that it was r.ossible to record three dimensional tests Oq a single video channel f 

allowing off line experiments to be conducted. The disadvantages far out

weighed these merits in that the co-ordinates of onl y one marker on each 

televis~on line could be acquired; the resolution was very limited; the system 

could riot be expanded to cover several strides or the whole body wi thout a 

further loss in resolution; ramp generators of high stability and linearity were 

required; and the potential data acquisition capabil ities of the PDP 12 were 

wasted.. Some of these limitations .could undoubtedly have been overcome 

(ustng several sample and hold ctrcuits; for instance, to immediately store the 

value of ramp voltages on detection of marker pulses), but investigations inta 

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 S}'!tem 

The design of a digital syste.m 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. 

2Q 
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Figure 3.1. DIvIsIon of television field for 3-D analogue system. 
Two camera video outputs are mixed os shown. 
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Other aspects that must be considered are the use of more than one camera 

to obtain three djmensional data, future extension of the system, simultcmeous 

operation with other systems, control of the interface, calibration I and 

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 compromise. 

3.3.1 Data Transfer 

There are two basic methods by which digital data can be transferred to 

the PDP 12. The first method, "programmed data transfer", requires that 0 

flag is ~et in the interface when there is data ready to be transferred, a 

comput~r program senses < this condition and transfers the data word from the 

interface to the Accumulator. The program must then store the data in memory, 
i, 

decide Jf any more data can be transferred, and clear the flag. This process 

is illustrated in Figure 3.3 with the time take~ for each step shown in brackets, 

a total time of 19.05 itS being required to transfer each word. The operotion 

could be speeded up slightly if a block of data was transferred each time, even 

so It would still take about 15 itS per word. 

T~e second method use~ the direct memory access facility of the PDP 12 -

"Data Break". With this melhod data transfers to the computer are lilade 
, , 

under ft,e control of t~e· tnterface. When the lnterface is ready to I ronsfer 

data a ;"break requestHi TSmade ,<'. the computer completes the current cycle and 

then e~ters the "breakslQte" .6nce tn the "break state" the interface has . ". . 

complete control and may transfer data from or to memory unti I the "break 

requestU is cleared. Two type.'of data break are available - single cycle 

and three cycle.· T~,esf) nlO~s,.C:1r.e explaIned tn detatl in Appendix A2, but 

theIr bCi;lslc characterlsttcs will be state,d here. Three cycle data break requires 

4.8 I'S to transfer eacftwordf the address In memory to whtch the data is to 
.~. ," ' ... , ••• C" " 't ",." ," .... -, ..,r· .• " (", ,~ 

be tran,ferred, and a count of the number of data words Is provided by two 

sequentiarlocations in memory (current address and word count registers). These 

locations are set .to some Initial; v,al,ue by the computer program, the interface 
" J ," > <' .", .. ~ ': 

sImply provides the address (hard wIred) of the first of these locattons together 
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No (4.25 pS) 

Yes 

data .. accumulator (4.25 }'S) 

accumulator+memory (3.2 }IS) 

Y 
(3.2 }IS) 

es 

No 

Clear flag (4.25 )'S) HALT 

FIgure 3.3. Programmed data transfer. 
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with the data word to be transferred. When dato \·ransfers are made the 

word count and current address registers are aUl"omatically inc:rcmented, 

overflow of the word count register indicating that all the duta has been 

transferred. With single cycle data break the current address and word count 

functions are provided by the interface and only 1.6 J,LS 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 sti II takes 1.6 J,LS 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 J,LS, but more usually around 1.6 J,LS). To 

transfer a vertical and a horizontal co-ordinate, therefore, will take 4.8 fJ-S, 

which is approximately 10% of the active line time of the horizontal scan. In 

terms of distance, if a field of view of 2.5 m horizontal length were being 

covered, this would mean that co-ordinates could not be generated for markers 

which were closer than 25 cm and appeared on the same television line. If 

a second camera were being used then only markers separated by Cit least 4.8 MS 

scan time could be recorded. For some marker configurations this limitation is 

of Jittle consequence, however If It is required to mark several points which lie 

close together (such as on the foot) then the limitation is unacceptable. This 

probtemcanbe'overcome, quite' simpl y, by using a data buffer in :'he interface. 

As markers ore- -defected the-ir eo~rdtnates are immediatel y transferred to the 

buffer memory; allowIng for the delays of the necessary control logic this 

operatlon maybe 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 'Cl buffeer memory in the interface will stj 11 pi ace some 

restrIctions on data Gcquf,ItTon. However I these restrIctions may be minimised 

by making the eorreet'ehotee·ofdata transfer tlrneto load the buffer into 

computer memory. Three p'ssfble times are available for this operation. The 

first posstbfHty· Jlequlres the ose of a doubte buffer memory - as one Is being 

filled, the other Is betng unloadedfnto computer memory. The additional 

complexlty and e>lpense of a double buffer was constdered 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 dota. 

This period lasts for approximately 1.2 mS and therefore 750 words of data 

coul d be transferred using single cycle data break (250 usi n9 three cycle 

data break). It would be unwieldy as well as expensive to provide a buffer 

memory of such capacity in the interface, whereas a buffer size of I say I 

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 jlS. If 

single cyeledata 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 ~o-ordtnate 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 $ync 

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 AI). and also to indicate the transition from one television 

field to the next, the vertical counter counts over two fi~lds i.e. up to 625. 

This is done by only resetting the counter on every other field sync. A 

horIzontal counter is incremented by a high frequency clock ( 20 '-AHz), and 

counts approximately 1000 Intervals along the .televlsion. line before being reset 

by the Itne sync. When a marker 15 4etected in the video signal a 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 system Is then ready to repeat this process 
;" 

if necessary - total time '" 100 n S. The horizontal co-ordinutes of up to 5 

markers can, be stored In the buffer, memory. At the end of the television 
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line the contents of the vertical counter (I.e. the vertical co-ordinate) are 

transferred through the horIzontal counter and the latch into the buffer memory. 

A "break request" Is made and the contents of the buffer memory are transferred 

to the core memory of the POP 12 during the line blank period. The interface 

Is ready to repeat this procedure I If markers are detected, on the next line. 

1 
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The vertical and horizontal co-ordinates require a 10 bit word for 

binary representation. The word length of the PDP 12 is 12 bits, thus two 

bits are available for coding purposes (4 separate codes). As the number of 

horizontal co-ordinates collected during anyone 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 cameras. This would 

be adequate for the three dimensional requirement, but to allow 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 tnto 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 dete~tor and the priorHy register provides a pulse which 

causes the contents of the horizontal counter to be read by the latch, as 

before. The coder provi des a 3 bit code to i ndi ca te which of the 6 marke r 

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 theT and only provides one output pulse and the appropriate code. 

The two m'ostlignificant bits of the code are loaded tnto the buffer memory 
" ,< . ., 

along with the~zonta.·co-ordinote. The third bit of the code is clocked 
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into an 8 bit shift register. As. before the vertical co-ordinate is loaded into 

the buffer memOry, along with Its code, at the end of the It ne; and then the 

collected data h transferred, via data break, to the core memory of the PDP 
I 

12. This ti"., howev~r ,wh.., 011 th. horizontal and vertical co-ordinate dota 

for the line h~s been tdnsferred frpm the buffer memory the shift register word 
;,. ~,'-' ~ 

Is then transferred. The all ocatton of codes Is shown in Figure 3.6, and it 

can be seen that the vertical cb-ordtnate is unique ond independent of the 

third bit. Dota Is always transferred to computer memory in the same order, 
c: 

that is the vertIcal co-ordinate followed by up to five horizontal co-ordinates 

and lastl y the shift register word. It is then a simple matter for the program 

to reconstruct the appropriate codes, and hence deftne the cameras from which 

a port' cui or co-ordt note came. 
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With the data break method it is possible to run a prosrom independently 

of data transfer (with due regard to areas of memory used for program and 

data transfer). As a maximum of 7 words are transferred during anyone 

television line, and as data is only generated when 0 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 sy~tems such as 0 force plate. 

This data collection must be synchronised with the television system and the 

interface provides synchronising pulses for this purpose. To ovoid the restriction 

of having to sfarf data acquisitton simultaneously a means is provided for 

indicating when additional measurements ore started. This is done by using 

the spare bits in the shift register word (total 12 bits when transferred to the 

POP 12). With this word the most significant bit is permanentl y set to 'Q' 

to avoid ambiguity with the vertical co-ordinote code. As the system is 

restricted to 5 horizontal co-ordinates on anyone line then 6 bits of the 

shift register word are available for additional coding- When data collection 

from some other measurement system is stari-ed one of these bits is set to a 

Ill. As the shift register word Is transmitted with every set of co-ordinate!> 

the exact starting point of this other data collection is stored. An example 
i' ," I:' t, 

of a set of data Js 's~own' tn'Ftgure'3.7, together wIth the translation of the 

codes. 
, 

For Its oper;ot1on the co-ordt,wt. generator requires a set of synchronising 

pulses, a means bf respondIng to computer software and the control facilities 

for single cycle data break' trStnlfe~. A calibration system is required, and . , 

to simplify testIng a~~ fault findIng It was considered desIrable to provide a 

simulator. A bI6'dk"dtagratn of 'the' total' system Is shown In Figure 3.8. 

3.3.3Sy~c Generator arid SImulator (SGS) 

The SGS derIves from the televIsion line and field sync inputs sIx related 
, 

synchtoritsattc>n pulses whIch are requtred at various points in the system. 

These are:" 



-I'"''"! 
location % I 2 3 4 5 6 7 8 9 10/11 Octul value of bits 2-11 

0 I I VC % % % 1 %1 I %1 % %132 

1 % % HC I %1 I % % % 1 1 % 13,0'6 

2 % % HC % I , % 1 % % %1 1 ,0'643 

3 %1 HC %1 I % %1 1 1 I 1 %637 

4 % % HC % ,0'1 % ,0' ,0' 1,0' I ,0' %212 
5 % % SR I % % % % % % 1 ,0' , Third code bits 

6 t 1 VC % % % I % 1 1 % I I %133 

Data as received from the interface. Bit 2 of the shift register 

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

location %. t SR (bit) Code , I I X VC 
i l . % , 1(11) Camera I 

2 Sf , Sf(l~ Camera Sf 
3 , I 1(9) Camera 3 

.. 

4 - , %(8) Camera' 

6 I J X 

Three bIts codes for each He., .?< = irrelevant. 

FIgure 3.7. Set of data showIng de-coding. 
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I) Field sync A - a 20 #IS pulse occurring at the beginning of each 

TV field. 

2) Field sync B - a 4.7 ,uS pulse which occurs when Field sync A and 

the Line sync are in phase, t .e. every second TV field (due to interlace). 

3) Line sync - a 4.7 pS pulse at the start of each TV line. 

4) Line blank A - a 12 pS pulse initiated by the leading edge of the 

Line sync. 

5) leading edge Itne sync - a lOO n 5 pulse IniHated by the leading 

edge of the line sync. 

6) Line blank B - an 11.9 JAS pulse which starts 100 nS later than Line 

blank A. 

High and low logic level versions ere provided of al I the above syncs . 

and the outputs are capable of drivIng up to 30 standard Tll (Transistor Transistor 

logic) IcOds each. 

The SGS also contains two 8 bit register'! which may be set to any value 

by the computer softwo're. These registers ore the Field count and Linf.l count 

registers. They provide the data tnputs for the initial values of two 8 bit 

up/down counters; the fteld counter and the Itne counter. Field or line 

syncsareused to count down these counters from the initial value. When the 

counters 'p<Jst1t'lrOugh '$1" an overflow put,. is produced and the couniers are 

reset to th&lnitial ',valu8,;held tn the register. With the line counter the 

countertl'ol~ reset byo netd syntat the end of each televisIon ftel d. 

The' fteld 'counterean be usedtb Inhibit the co-ordinate generator so 

that co-ordh'tCites are on" y gelnerated on every 2nd TV net d, every 3rd e tc. 

up to every 2S6thr TV fteld, according to the Initial value held in the field 

co"nt register. ' In thls,waytt Is posslbte to vary the sampling frequency of 

the system from 50Hz downtO'O.2 Hz. ObvIously such a low sampling 

frequency woulclnot be Feqllfred fortocomotion' analysts, but there are ofi1er 

application .. for' this system whfch"woUld require this low rate. 

The tine counter hos .vero1 functions. As wlth the fteld counter It Is 

set to give on output put. occOrdlng to the Initial value held In the line 

count regIster. The first use Is to provide sImulated marker signals. This Is 



done by using the overflow pulse to trigg(;lr a series of 7 dual monostables. 

This arrangement produces seven 90 1\ S pulses at intervals of approximately 

8 pS. Logic provides various combinations of these pulses, os shown in 

Figure 3.9. The outputs correspond to video signal levels and ore capable 

of driving 75.n. 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 prograrn. The number of lines 

can 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 ~'ulses will always start after the 

beginning of a field after receipt of an externol enabling signal, i.e. at the 

request of the other measuring system. The time at which this occurs, in 

relation to co--ordlnate generation, is stored in the shift register word as 

previously described. 

A possible future use for the !tne counter is to provide a serie:. of out 
, 

of phase field syncs. This can beaone using the logic shown in Figure 3.10. 

At the beginning of each. normal A,ld Q 11' is clocked into the shift register. 

This causes a 160 pS field sync to be generated by monostable I at FSI. An 

overflow pulse from the line counter clocks this "I along the shift register 

producing as It goes 160 Jl S "eld syncs ot FS2, FS3 etc. From the table in 

figure 3.10 It can be seen that a sertes of out of/phase field syncs can be 

produced according to the value tn the Itneco~nt register. In this way 

sampling rates .higher thonSO-Hz could be achiav4itdby using more than one 

camera to cover the same field of view and usIng these out of phase field 

'ynes to Initiate the verttcal scan of each camera. If sIx cameras covered 

the sar,ne fteld of view a sampling frequency of 300 Hz would be achteved. 
,. ',' '.. 
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FIgure 3.9. Simulated marker pulses. 
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3.3.4 Address Register (AR) 

The memory of the POP 12 is organised In 4 K word segments up to a 

total of 32 K words. A 12 bit memory address is required ~o access locations 

within each 4 K segment, and a 3 h.it 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 limitation is that by ftxing the 
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Initial value of the first 3 bits of the memory address to 11 both the memory 

address and the extended address can be set to their initial· value with one 

computer Instruction. This Instruction loads a 12 bit word from the accumulator 

Into the Initial Data Address register; bits 9, 19' and 11 of this word correspond-

Ing to bits , ,land 2 of the extended address (8-mode field address In software 

terms). The remaining bits (fl - 8) are used to set bits J1 - 8 of the initial 
-

memory address. The address register Itself is a 15 bit binary counter which is 

._.lncremented 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. POP 12's memory up to the maximum of 32 K (only 16 K 

Is available on the machine used at present, but it can be expanded to 32 ·K). 

Computer Instructions have beenereated to enable and disable the address 

register, and also to allow Uto ~perate In a double (or circular) buffer mode. 

In this mode memory locations 1,0)JJ$s to 277778. (4 K to 12 K) are used. 

When the Interface has used all the locations up to 17777S (4 K to 8 K) the 

computer. Is sIgnalled and the program starts to unload this area of memory onto 

a mass storage .vlce (such as magnetIc tape or disc), while the Interface Is 

fUllng up locatl_ 2"'''8 to 27777s(S K to 12 K). SImilarly when the 

Interface has used up the .. locations the address register Is' reset to 1J!lJ1JlJ1 8 
and locations 2_ :' to2777i are dumped onto ~ass storage. By using 

this factl1ty It Is possible to have continuous data rates of at least 4 K words! 

sec If a dtsk Is available as the mass storage device. This effectively means 

that the duratIon of clataacqulsltlon is not limited by the core memory sIze 

of the computer. The capacity of an R K05 disk, as used on the POP 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 continuously 

for 6 minutes. Clearly this does not present a limHotion as far as data 

acquisition is concerned, but there would be problems (of time) in processing 

such a large amount of data. Utilisation of the Double Buffer mode for 

transferring data to disk is further discussed in section 6.6. 

Computer instructions to read the current memory address and extended 

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

3.3.5 Caltbration (CAl) 

To collbrate the field of view of each camera a grid of markers is placed 

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

A computer program organises this data into a calibration matrix for the 

particular comel"O and all subsequent data generated by the camera is referred 

to this matri)(; and calibrated. This is done by finding the nearest grid point 

to the data point, the position of this grid point in the matrix defines it!: true 

spatIal position; the difference between the grid point and the data point is 

then taken and calibrotedby assuming 0 linear relationship between adjacent 

grid poln1s, this difference Is then added to the known ~patial position of the 

nearest· grid point~· This procedure can be stated as follows for the x co-ordinate:-

where -

- x .K+L-
gll, , . IXgdn ,-Xgd (n - I if XgdQ :>- Xi)' 

(n+lifx
d 

<x.) . g n I 

• K 

~ - coltbrated co-ordinate of marker 

x,c: .' PositIon o(nearest grid point in calibration matrix 

. ~ ~grt - =co-ordtnoteof nearest grid point (grid data point), 
9~" . 

'matrIx co, u;';'n n. 

~ = marker co-ordinate (data poInt) 

le = cClltbrotlon cOnstant 

.~ " = shJftlna fa~or - to position origin 

A stmtlQr equat1of' ... usecl f'9caltbrpte the y co-ordinate. 

".i 
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The spacing of the elements of the grid should be based on the expected 

non-linearity of the system. The camera specifications state a linearily within 

1%; to allow for this a grid spacing of 100 unils i! requlr6d. A non·-linearity 

of 1% in 100 units would be I unit, and therefore the non-iinearity becomes 

indistinguishable from quantization errors. For the fields of view used for 

locomotion anqlysis a grid spacing of 10 cm is suggested. 

For a field of view of 2.5 m width there would be 25 grid points 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 some line. A correction would have to be made 

to compensate for this slope during calibration of data and this was considered 

to be inconvenient. An alternative solution was found by designing a hardware 

calibration control. This control operates by allowing the CG to successively 

generate the co-ordinates of col umns of 2 markers from the grid I,;ntil the whol e 

field of view has been covered, the computer is then signalled that calibration 

co-ordinates havft an \>can acquired. This process is shown, schematicall y I in 

FIgure 3.11, and1l1OY be consIdered os a window 2 grid points wide moving 

over the grid. Co-ordinates for the col ibration grid are generated over two 

TV. ftelds', so that the effects of Interlaced scanning may be taken into account 

(see Appendix Al)~·A. set of computer Instructions ore provided to operate the 

calibration control, and for maintenance purposes there is a "free run 11 mode 

which ~lIows the 'control tocperate continuously. 

Ingan Schenau (1973) found, with his TV/computer system, that the 

. linearity in the horIzontal w~s independent of the linearity in the vertical and 

derived quadratic functIons for correction terms of the form:-

f(x, = bx (Xl - Kx)2 

g(y') = by (yl _ Ky)2 

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

and th~ b constant was found by fitting the quadratIc functions to values obtained 
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Figure 3.11. Schematic of calibration grid data acquisition. 



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

with which data could be calibrated. 

x "- x' 

y = y' 

-4 4.7.10 (x' 

-4 4.0.10 (y' 

128)2 

128)2 

These equations applied to the particu lar 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 (.1 period of time. It 

is conside:red desirable, therefore, to provide a calibration system which can 

easily be used for different cameras and lens and take account of any change 

in linearity that may occur over a period of time. 

3.3.6 Computer I~uctions (lNSI and INS2) 

The computer instructions required to control the interface are generated 

using the Input/Output (6~ class of the POP 12 instruction set. The 

method" of convertin!) these software instructions into hardware operations is 

described in Appendix A2. A total of 28 instructions have been created, 

designed to "ensure the minimum of manual intervention during use of the 

interface, effIcfent programming, and effective ",aintenance facilities. Details 

of the function of each instruction and examples of programming wi!J be found 

in Chapter 5. 
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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 naming and drawing 

conventions used by DEC hove been adopted. This system was chosen because 

it allows the logic functions to be followed easily and is, of course, compatible 

with the PDP 12 manuals. Each drawing is allocated a name and a number, 

the number usually being on abbreviation 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:-

The origin is specified by the first word of the signal name and 

is the drowing number upon which the signal is generated. 

The signal description (function) is a description of the logical 

function of the signal when asserted. 

The asserted condition is either H (high) or L (Iow) corresponding 

to +3 or 0 volts respectively, and is the signal level which indicates 

that the, intended function has occurred (i.e. is True). The signal 

is considered not ossertedwhen the signal level differs from the 

O~ert ic;m ... Ieye I. 

Exatnp le!-i" 

[SGS~ALJ.E: LSY L 

, '. " 

leG-a ' $PC H 

",' .' 
" ~. 

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. 

,~efers to a signal which. originates on the 

._, ' Co-ordi nate Generator drawi ng part B. 

The signal Sets the Generate Co-ordinate 

flip flop when it is high. 

Signoisoriginotiog from flip flops are defined in terms of the flip flop 

state, as shown. i,:, the following table:-



Signal Name 

[CG-B] GC (0) H 

[CG-B] GC (0) L 

[CG-B] GC (n H 

[CG-B] GC (I) L 

Example:-

[CG-B] GC (I) L 

State of flip flop Signal Voltage 

0 +3 

0 0 

I +3 

0 

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 origfnpart of the signal name is omitted if the signal is generated on 

thGt 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 

referente number of the actual device is also shown. These logic symbols 

are shown inF;gure 4.22 at the end of the logic drawings. 

The computer generates the signals {I~ BA I N IT IALlZ E Hand [100] BB 

INlTtAL.tZE Hwhlchare used to initialize the interface. These signals may 

be gerierotedbythe use of the to PRESET console switch or by the program. 

In the' following description of the logic frequent cross references are 

made between logic drawings. For this reason these drawings wi 11 be found 

together at the·:end of· this section. The drawing numbers are referenced by 

the' ,ub-Fleadlngs of the logic descriptions. Other figures, which may show 

timIng dt09rQms'far instance, tire placed :by the relevant text. 

4.2 Marker' Detectors • MO. 

Theetreuf'tS· 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 te levision sync pu Ise generator. 

These circuits are simple comparators with TTL compatible outputs, as shown 
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in Figure 4. 15 • 

4.3 Sync Generator and. Simulator. 5GS. 

The drawings for the SG S are shown in Figure 4. 16, SG S-A to 5G S- D. 

Generation of internal syncs is shown in SG S-A I line count and field COllnt 

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 compatible field and line syncs from the Marker Detector board (MD) 

are fed into schmitt trigger input gates and used to generate the signals shown 

on this drawing. FSYB is a field sync of 4.7 .1'5 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-S. 

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 
. . ,. 

numberhefd 'in the Field Count Register (FCR). A low level borrow pulse 

occurs whe~the' clock: tnput is low and the counter is at zero. This borrow 

pulse is fedbac~ t~the 10adir'lput of the counter and will cause the counter 

to be set't~' c~esP~~~toth~ data inputs, provided by the FCR. As soon 
r' t,~.,'·~,;-,· -.~ ~ 

as the counter becomes non-zero the conditions required to generate the 
", : y _..' • 

borrow pulse~re. 'not n:'et and the borrow output is returned to its normal high 

le~el. The b~rr~w' pJls~'lasts f~r approximately 40 nS, and is also used to 

~res'etENCG ~:~n the F'i~t~f(;ount mode is enabled ([INSI-C] ENFC (I) H). 

ENCG' (I) H 'enbbl~sthe\ C~otdinate Generator inputs for the duration of 

0'';; 
/'.< 

one televisio~'tt~id until ENcG fs cleared by [SGS-A] F.SYA H. When the 

Field Count ~~e is dIsabled, (tNSI-C] ENfC (0) L, ENCG is held permanent

ly set. Thee. ~ i~'dCount Regist~ts loaded with the contents of the Accumu lator 

(bits .4 ~. 11) by·tU,J'SI-c] LDFC H.'" 



The Line Counter (LC) is a simi lar up/down counter except that its 

clock input is the television line sync [SG S-AJ LSY H. In this case the 

counter is also preset at the beginning of each television field by [SGS-A] 

F SYA L. The borrow pulse is produced as before and is used for several 

functions. The Line Count Register (LCR) , which provides I·he data inputs 

to the counter, is loaded with the contents of the Accumulator (bits 4 - 11) 

by [INSI-C] LDLC H. 

4.3.3 The Simulator. SGS-C. 
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The logic in this drawing shows how [SGS-B] Le L is used to generate 

the simulated marker pulses. The simulator is enabled by the signal [lNSI-C] 

ENSM. (0 H,and when this condition is met the leading edge of [SGS-BJ Le L 

will trigger the seven monostables SPT I to SPT 7. The -ve going edge of 

the pU~tlproduced by .each monostable triggers a second monostable to produce 

90 nS duration pulses 5P I - 5P7. These outputs are combined and buffE:-red 

to provide various simulated marker pulse configurations capable of drivil~g 

7S n inputs as previously shown in Figure 3.9. 

4.3.4 External .synchronisQt;o~. SGS-O. 

Extern91 dat9a~qtJisition is synchronised by the SYN flip-flop. When 
. - \ 

synchronisatiorl ~s requested by (EXT] 5YN (J) H (a stgnal provided by the 

externfll~evice, which may orlginate from a flip flop, as shown here, or may 

simply be ,a leve~ SYN .is .set on the -ve going edge of the next field sync, 

[5GS-A] FSYA H. SYN (I) H is then available to signify that synchronisation 

has star~ed. )t .~s used hen~inc;onlunction with a pulse generated by [SGS-B] 

Le L l~L.9cat' .hneblc;ank,.pulses •. ISG5-B] :LC L triggers moru:>stable LBK GATE 
, ';-_. '. . -' , " ,- ~. : - ,.- - . '. .., 

which iSlet to ·provi. 0, 4(0)'5 pulse. Whenever this pulse occurs, and SYN 

I~ Sttt, ,i~ bujfered Uneblamepuls.s will be available as B5YN H. Any 

number of.p,1Jls~ :A:~n b,e . provided by changing the timing components of LBK 

GATE; th.fix PtJ1ses ge~erqtod h~re ,are used as external sync inputs to the 

KWI2 cl~ckof .th~ POP '2 •. (The -frequency at which this pulse train occurs 

is control}~~ by the frequenc,y .of (SGS-B] Le L, which in turn is set by the 

co"ten"'?~f t~Jin, count ,reeister, LCR. 



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 and 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 Enable Logic drtdClock. CG-A. 
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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 [ SG s-AJ 
LBKA L and also, at a~y ti~e, by the signal [CAl-A] DISCG L. The 

facility to exercise external control over the CG is provided here by the 

switch inputs, whose conditio~s are s~mpled at the beginning of each television 

field. SWITCH 1 H and. SWITCH 2 H will both set ENABLE on the occurrence 

of (SGS-A] FSYA H. '. SWITCH DlSCG H will clear ENABLE when the field 

sync occurs.' [100] BB INITIALIZE H (originated by program or console switch) 

will also clear ENABLE and hence inhibit the marker detector inputs. 

The clock for the hqrizontal counter is shown here, it is a simple R-C 
~ . ;"" ~ , . "~ ~, , 

mu Iti vibrator as described, in Texas Instruments (l973a). The c lock is reset 

on the trailing edge of ISG~-:A] LE LSV L by a 35 nS pulse. Thh arrangement 

has proved to be entirefysa.tisfactory as wi" be seen by the stabi lity test 

described in the Results and Discussion chapter. 

4.4.2 Priority Register and Coding. CG-8. 

The tnark~:dete~tor;' inputl are controlled by the priority register PR I. 
: . ." ~' , .' , ,:': i ~ .' ',.( 

The cascading input P is fully over-riding and will inhibit each package o 
when high. A marker detected pulse [MD] CHx H will produce the signal 

SGC H which clocks a 'I' into GC. GC (I) L immediately latches the data 

in the priority register and inhibits the PR I 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, 



, Time (nS) o 
, 

Marker 
detected 

30 41 50 55 

I 
Data latched In PRI 
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 correspond to the input of 

highest priority at the time the data is latched. Df1 has the highest priority 

and D5 the lowest. A 3 bit code, to indicate which input generated SGC H, 

is provided by CO f1 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 I 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 unti I the last transfer is 

about to take place when [CG-F] TSR L clears BRF. 

4.4.3 Co-ordinate Counters and 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 [SG S-A] F SYB H. The 

VC outputs are fed to the data inputs of the high speed, synchronous horizontal 

co-ordinate counter HC. The He is incremented hy 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 ~ marker is detected in the video [CG-S] GC (I) 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 

eventris shbwn in FJeure4.3.".At the end of each scan line (SGS .. A] LE 

LSY L will be psserted ~nd the He will be preset to equal the contents of 

the VC on the next +ve going clock pulse. This data will then be available 

in the l ArCH, 'and is the vertical co-ordinate corresponding to horizontal 

co-ordinates generated on thQt,Ur-e. 

1 . 

4.4.4 Buffer Memory.'CG-D. 

The outputs of the·LATCH together with the code bits [CG-B] CO, H 

and [CG ... B]: CO I H pro~idethe data inputs to the 16 word (12 bits/word) 

random access memory RAM. The data inputs are written in to the location 

addressed by [CG-E] UDC ~ to UDC 3 when [CG-E] RAM CE Land 

leG-E) RAM WE L are both asserted. During write operations the data outputs 

OD Jl to OD 11 are high. Data is read from the location addressed by [CG-E] 
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co % CO I CO 2 INPUT 

J1 % % J1 
~ ~ I I 

~ I % 2 

~ I I 3 , 11 11 4 

I % I 5 

I , ~ None I VC code 

I I I None I VC code 

Figure 4.2. Truth table for camera code. 

(CG-A] ,CK H 

'. 
HC IIH ., 

. ·i' ... 7. _____ ---__ --. 

-,-". 
~ " ' ~ "'}'. I I I STROBE :itf. "': . _ .... 

" ", 

L H(I)L, I 
Data latched 

Figure 4.3. Timing dfagram to latch horIzontal co-ordinate. 



UDC f! to UDC 3 when [CG-E] RAM CE L is asserted and the write enable 

input &-lE) is held high. During read operatior:s the accessed dota 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 most be held low for 50 nS 

(Access time) and the data input must be avai lable for 20 nS and held for 
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5 nS after the WE input has been returned to a high leve I. These H mes are 

maximums and typical times are quoted as 35 nS, 18 nS and 0 nS respecti ve Iy, 

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 UOC. [CG-~ 10 INIT L sets the UDC to ze:-o, which 

is the first 10catiuIl to be used for write operations. The UDC is incremented 

up on the +ve going edge of ICG-B] GC (I) L, i.e. when the horizontal 

co-ordinate has been read into memory and GC is cleared. GC is cleared by 

the signal· IGC L, which. is generated by the RESET monostable. RESET is 

triggered on the +ve soin; edge of [ CG-B) GC (I) H and provides a pu Ise 

of approximately 35 n-S duration after a delay of 80 nS (maximum delay 130 nS). 

This delay all~ sufftcient time for the horizontal co:"ordinate to be latched 

and stored in ;t,he RAM. ~DC 2 (I) H provides the '0 1 input to the limit flag 

LF, and when\Jhis: signal is asserted LF will be set on the next RESET pulse 

(i .e. when a fifth: horizotitaLeo-ordinate hO$ been generated). LF (I) L 

generates rGC Land tnh1bfts 'the "generation of any further horizontal co

ordinates. [CG-B1 GC (0 H generates the chfp enable and write enable 

pulses - RAM CE Land RAM'WE l - to write into memory a horizontal co

ordinate. These signals are atso,.generated by (SGS~Al 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 

duri~~write ope,r:(Jtions ate tU,ustrated in Figure 4.5. A complete timing diogram 

for generation of, thehorizental co-ordinate is shown in Figure 4.6. 



[CG-C1 Lx (I) H _--If 
[CG-E] RAM CE L 

[CG-E] RAM WE L 

Time (nS) o 30 

Start of Data must 
write cycle be 

specified 
by here 

50 55 

Data can be 
removed here 

Figure 4.4. Timing for writing dota into the Random Access Memory. 

3 2 ". I Sd Write Additional Functions 

Sd Sd Sd Sd HC I None 

S1 ~ - I HC 2 None 

~ "~ I , HC 3 None 

~ ~ I I HC4 None , I " ~ HC5 Set limit flag , I ., I VC None 
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Nlh~ The number of HC's is variable, the VC will 
always be wrt tten after the last H C I and Is 
therefore not a function of the UDC address. 

FIgure 4.5. Random Access Memory address counter (Uoq functions durIng 
wrtte operatIons. (up count). 



[MO] CHx H 

l CG-B] PR x H 

[CG-B] GC (I) L 

[CG-A] CK H 

[CG-C] STROBE H 

[CG-C] Lx (I) H . 

[CG-E] RAM CE L 

[CG-E] RAM WE L 

[ CG-E] RESET L 

J 
l 

I 
I 
I I 
I 

marker 
detected 
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I 
I 

I u L 
I 
I I 

I I 
I -----.11 
J 

HC stored 

Figure 4.6. Complete tImIng cI1agram for storIng horIzontal co-ordInate. 
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If horizonta I co-ordinates have been generated the break request flag 

[ CG-B] BRF will be set and a break request wi I1 be made at the begin;) ing of 

the line blank period (break request enabled by [SG S-A] L BKA L, and he Id 

enabled by 1100] BREAK (I) L until all transfers have been made - see CC-B). 

When the break request is accepted the computer generates [100) AI)D ACCEPTED 

(I) L whicr is used to trigger a I )'S pulse from monostable AA. This pulse in 

turn gener~tes RAM CE L wh ich makes the contents ~f the currently addressed 

location of the RAM available at the RAM outputs. As this data is provided 

on the computer 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 wi 1I 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~e UDC is down counted by I, and addresses the RAM location 

contail,ing~ the next data word (a horizontal co-ordinate) which is then transferred 

to computer memory os before. This process is repeated until all the hori-zontal 

co-ordinates have been transferred, . which is indicated by the U DC under-

flowing (i.e. UOC output = 1111). When this occurs UOC 3 (I) 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 to zero. 
~"' , '. 

These functions 9fthe 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 REG ISTER by the +Ve going edge of[ CG-B) GC (I) l. As each horIzontal 

co-ordinate isg~<~ratedcodes 'Q~e, ;shifted along by one bit; the code for the 

last horizontoVco-ordinate generated on any line will be at CA. The SHIFT 

REG 1ST ER data is transferred to the computer when the UOC 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 JJ of this word is permanently 

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



, 

3 2 I % Read Additional Functions 

p I % I VC None 

.. ~ I % % HC 5 None 

1f J1 I I HC 4 None 

~ J1 I % HC 3 None 

.~ ~ ~ I He 2 None 

{4 {4 ~ fI HC I None 

"I I I I - Read shift register word 
and clear break request .. 
flag 

I I ·1 %. - Reset UDC to % 
• 

-: :,~ \' '-;:, 
-, >. ~, ,. " ,', 

Na:The numberot horIzontal co-ordinates is variable and 
the VC wnl always follow the last He and will ~ 
read out ftrst. 

Figure·. 4.:7. ' ·Rancbn<AcC8ss Me_rr address counter (UOC) functions 
~ur'n~ read~per~tions. (down count). 

:. \ 
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is set by [SGS-D] SYN (I) H which will indicate if an external device is 

being sampled; bits I, 2, 4, 5 and 6 can be used in a 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 

l M-B] STO IDA H. 0' to 02 of the IDA provide. the data inputs D{A to 02 

of the DFA. 03 to 011 of the IDA provide the data inputs D{A to 08 of the 

DA. The DA and DFA are preset to equal these data inputs by AR-B La 

IDA L. The DA and DFA is a 15 bit synchronous counter which is incremented 

(or preset to the value held in the lOA If [AR-B] La IDA L is asserted), by 

the +ve going edge of [AR-8] lA L. 

4.5.2 Address Increment Logic and Computer Bus Drivers •. AR-B. 

The computer instruction 6331 (LDCA) generates [INS2-B) BlOT 6331 L 

and [INS2-B) LDCA L. These two signals are coml-ined to produce STO lOA H, 

the combination being used to improve notse immunity. This signal generates 

LO IDA L, and triggers the monostable LOCA CLOCK to produce a 300 nS 

pulse which in turn generates lA 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 lA 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 



[100] SAC x (I) H 

IDA Qx (I) H 

[AR-B} STO lOA H 

[AR-B]. LO lOA L 

[AR-B] , lA L 

DA x (I)'H 1 
DFAx (I) H:' 

'I 

I 

L_ 

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

FIgure 4.a" Timin9dJQ,gr~Jor:, loading and settin9 up initial address. 

,.1' " 
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has been designed out. lA L is also produced by the [100] ADD ACCEPTED 

(I) L signal from the computer, the DA and D~A being incremcnted 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 ( lINS2-E) DBM (I) H) 

LO IDA L is generated whenever the DA is at 77778 and DFA bit I is high; 

on the next clock pulse (lA L) the contents of the IDA register ore 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 fie Id of these 

areas 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 (I) H. The 

current DFA may be read at any time and is made available on bits 9-11 of 

the 10 bus by [INS2-B1 RCFA H. 

4.5.3 Computer Bus Drivers. AR-C. 

(AR-A1 DA ~ to 11 are put onto the Data Address bus of the PDP 12 

via bus drivers which are enabled 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 H. 
, ,'-

4.6 Calibration Cantrol. CAl. 

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

on CAL-C, and the window control 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) I. the horizontal cQ"oi,ordinateof the left hand edge of the calibration 

window. The calibration control will enable the co-ordinate generator from this 

point until the Right Hand limit, ~HL) is reached. This limit being the horizontal 

co-ordinate of the right hand edge of the Ollibration window. The co-ordinate 

generator is inhibited once this RHL has been passed. The window will move 



109 

I AR-A] DFA I (I) H 

[ AR-A) OAt CA H I I 
I AR-A) DA 3 CA H I 
[ AR-&] LOfOA L 

~:j .. l I I 
f I 

Address Prese t DA and DFA 
= 27777 to = lOA 

Figure 4.9. Double buffer mode tfmlng diagram. 



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

% I 2 K 

~ ~ % 0 0-12 

~ % I I 4-12 

% I % 2 8-12 

~ I I 3 12-16 

I ~ % 4 16-28 

I % I 5 20-28 

I I % 6 24-28 

I I I 7 28-32 

(K = 1024 words) 

FIgure 4.rO. Areas of 'memory used In the double buffer mode dependtng 
on the In it,ia I dptafield. 

110 



across the television field unti I the Right Hand Margin ~HM) is passed b), 

the LHL, the co-ordinate generator is inhibited when this happens and Ihe 

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

in Figure 3.11. 

4.6.1 Calibration Initialisation an~ Control Logic. CAL-A. 

III 

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 ZERO 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 blSCG 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 generated when the control is in the Free Run mode 

( [INSJ-B] fR (I) L) and [CAL-C] RHM CONT L is asserted. To indicate 

that calibration has been completed CAL COMP H is generated by [CAL-C] 

RHM STOP L. 

. The calibration control is made operative by [INSI-S] CAL MOOt (l) H 

and will inhibit the Co-ordinate Generator when DISCG L is asserted. This 

inhibit si~al maX·.l?e, ~enerated by any of the four signals shown and wi 11 

control the times during the line scan in which co-ordinates may be generated. 

When a . co-ordinate is being generated (CG-B] BGC (I) L is asserted and will 

clock a 'I' into the ·shift register, CAL SR, on its +ve going edge (i. e. at the 

end of co-ordinate generati0t;\) •. , CAl SR Q
B 

provides .the 'D' input to the 

SeT ~Hl flip, flop ,which is c'ocked by bit 9 of the horizontal co-ordinate 

counter [CG-C] BHC9 H. The timing diagram of Figure 4.12 shows how 

seT RHl (I) H is asserted.'CAlSRi and the SeT RHL flip flop are both 

elebred by FSYlf L. 

4.6.2 Counter and Right Hand Limit Latch. CAl-B. 

'···11ie ctrlibrciftoncontro4··hos,1t .0WI't. horizontal counter, HC, which is 

incremented by leG-cl BHC9 H. The right hand limit latch, RHl LATeH, 

store.,,,Jhe current contents of theH:when [CAl-A] SeT RHl (I) H Is asserted. 
,~t ',', , " " , . ."~'.' • 

A t the start of alternate television fields the RHl is set to all 11 's by 

teAL-A] FSYB l. 
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CAlGO H ----'n'--__ _ 
CAL GO H 

FSYB H Jl""'-----lD ______ n'---_ 
CAL GO SYNC L u 
START (I) H 

ZERO LHL (0) L 

Figure 4.tI. Inltlalisatton of calibration control timing diagram. 

l CG-C] SHe 9H - ' " I 

l CG..a]BGC (I> L ..... ~ 
, , : ~ 

[CAL-A) ,SET, RHL (I) H , , I 

Figure 4it2. TImIng diagram to set the rfght 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] F SYB 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 LA TC H inputs must be he Id 

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 righthond margin register, CAL R HM R EG, and as soon 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-S] FR (I) L inhibits 

RHM STOP L. 

4.6.4 Window Control. Logic. CAL-D. 

The right hand limit comparator, RHL COMP, compares the contents of 

the RHL LATCH (A) with the outputs of the horizontal counter l CAL-S] He p..7 
(S) I and when A is less than B, RHL L is generated to inhibit the CG. Simi larly 

the left, hand limit comparator LHL COMP compares the contents 01 the 

LHL LATCH '(A); withlCAL ... S) 'HC'''-7 (8), and os long os A is less than B 

generation of co-ordinates is inhibited by LHL L. 

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

al ternate fields unti I the whole fie Id has been covered. 

4.7 Instruction Generator I. INSI. 

The drawings for Instruction Generator lore shown in Figure 4.20 INSI-A 

to INSI-C. The method of generating instructions is descr'ibed in Appendi)C A2. 

The description of the logic for the instruction generator is limited here to 0 

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. 

~,.', . 



[SGS-A] FSYB H I 
I 

[ CAL-A] FSYB L 

[CAL-B] RHL x (0) ti ________ ........ 

Time (nS) o 3 5 19 

Data can change any ti me 
after here 

Figure 4.13. Timing diagram for toodtngthe left hand limit latch. 

: . ..:". . : ~",' 
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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-A 1 lOT 6301 L. 

6302 Load CAL RHM REG with bits fJ-3 of the accumu lator. 
/ 

LDCAM H. 

Ib 

6303-1 Generate CALGO H to start calibration, clear CC flag, 

and set MON EN flip flop. CAGO Land [INS I-A] lOT 

6301 L. 

-2 

6304 

6305-1 

Set CAL MODE flip flop, which also enables the interrupt. 

CAGO SET CAL MODE L'

Clear all flip flops. CLR L 

Generate CALGO H to start calibration, set MON EN 

flip flop. CAGO FR Land (INSI-A] lOT 6301 L. 

-4 Set Free Run flip flop and clear CC FLAG. CAGO FR SET 

6306 

6307-1 

-2 

-4 

FR L. 

tl~arCC FLAG. [INSI-A) lOT 6304 L. 

Set MON EN flip flop. {INSI-A] lOT 6301 l. 

Skip if eaHbration has been completed. SCAC H. 

Clear CC FLAG. [ I NS I-A] lOT 6304 L. 

[INSI-A)':,b INIT L also clears aft the flip flops. 

4.7.2 'Syn'cG~ner~tor~~d Simul~tor Instructions. INSI-C. 

The devic:e seleetOr; ahd 'decoding 'with associated logic for the 631X 

instructions Is shown here as foUows:-

6311 LOad Field Count Register FeR with bits 4-11 of the accumul

ator.'L9FCH •. 

63f2 LoOcf Line Count Register LCR with bits 4-11 of the accumul

~for. lDlC H •. 



6313-1 

6314 

631~1 

6316-2 

Field Count Mode; sets Enab le Field Count flip flop 

ENFC, which allows [SGS-B} ENCG to be controlled 

by the contents of the FCR. ENFC L. 

Set Enable Simulator flip flop ENSM. ENSM L. 

Clear ENFC. CFC L. 

Clear ENSM. CSM L. 

[INSI-A] 10 INIT L also clears ENFC and ENSM. 

4.a Instruction Generator 2. INS2. 

The drawings for Instruction Generator 2 are shown in Figure 4.21 
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INS2-A to INS2-E. The method of instruction generation and the presentaf'ion 

of the logi c description is the same as for Ins truc tion Generator I. 

4. a.ICo-ordinate Generator Instructions. INS2-A. 

The device selector and decoding for the 632X instructions is show~1 here .. 

together with the appropriate buffering for [100) BMB 9- 11. These instructions 

are as follows:-

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

6322 Qisaql~ CG, clears ENCG. DISCG L. 

[INS2 ... A] to INIT L Cl Iso 'dears fNCG. 

4.8.2 Actcttess Register InstrudionslNS2 ... a to INS2-E. 

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

together with tJ'te decoding and I~ic for some of the instructions as follows:-

6333-1; J. lOad InitiafDato Address register IDA with the contents 

of th~; accumulator LOCA L. 

'-2 ctear Change Buffer Half flaSS, FLAG I and FLAG 2 

(Cln INS2-Eh: ,-lDCA CL.FL L. 

~35-1 

. -4 

C,lear occuJ1lU.IWor. RCA CLA L. 

Read current Memory data Address into the accumulator • 

RCA H. 



6336-2 

-4 

Clear accumu lator. RCFA CLA L. 

Read current data Field Address into the accumulator. 

RCFA H. 
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The decoding for the rest of the 633X instructions is shown on I NS2-C 

as follows:-

6331 Set ENAD flip flop to enable Memory data Address onto 

address bus. E NA 0 L. 

6332 Set ENFAD flip flop to enable data Field Address onto 

field address bus. ENFAD L. 

6334 Cleor ENAD and ENFAD flip flops. CLAD L. 

{INS2-A] 10 fNIT L also clears ENAD and ENrAD. 

The device selector for the 634X instructions is shown on INS2- D together 

with some of the decoding. These instructions are also associated wil"h the 

Address Register as follows:-

6341 

6342 
6343-1 

6344·, .. ' 

6345-;1 

,,4' 

Set Double. Buffer Mode flip flop, DBM. OBM L. 

Clear DBM •• CDBM L. 

Enabl. Double Buffer Mode interr~pt, DBI. ENOBI L. 

Disable'DBI. CDBI L., 

Skiplf Change Buffer Half F log is let, FLAG I or FLAG 2 

" , ·(on ,'NS2-E). SCBH H. 

<ttear FLAG I and FLAG 2. SCBH CL FL L. 

The "dec~din9 fbr the rest of the 634X Instructions is shown on INS2-E 

together with th~inh~r~pf andsIClp logic for the Double Buffer Mode of 

operation ~Thefollowing instructions areinduded here:-

6346-'2' 'Skip;it'Upper Suffer Half is being filled. SUBH H. 

6347':" t; C learFl.AG ( and FLAG' 2. CDBf t. 

[INS2-A) 10 INIT t also clears FLAG I, FLAG 2, DBM and OBI. 

FLAG I is set when data Field Address bit I changes from 11 to I and 

FLAG 2 is set when data Field Address bit 2 changes from 11 to I. 



4.9 Construction ond Planning 

Texas Instruments 7400 series TTL logic is used throughout 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 (I973b) and Signetics (1974). The integrated circuits (I Cs) 

are mounted on "Veroboard" and all interconnections are hand wired. The 
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layout of the 1 Cls 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 I Cs and the interconnections 

between them, a separate drawing being provided for each colour of wire used. 

This method allowed the posttion of each wire to be specified precisel y so that 

some attempt to minimise critical cross talk effects could be made. The wiring 

for the Co-ordinate 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 I C layout and pin configurations was also provided. The technician 

then made the oppropriote connections keeping wire lengths as short as possible. 

Checking of t~e: wiring was carried out before the components were inserted 

by testing for continuity between the specified interconnected points. 

De-coupling capacitors. (0.,1,.u F ceramics) were connected between the +Ve 

supply and, ground oh ~t. ,least e~ery other I C. These de-coupling capacitors 

were also provided for every I C that had a clock input, (such as 0 type 

fltp flop' etc.) ,-to reduce ,the possibility of the devices being clocked by 

noise on the powar, Unes.:47p Felectrolytic capacitors were also mounted on 

each bqor.d for dercoupling •. :Un..,..d .lnputs to logic elements were held at 

. the approprjate~logk: l4itveJ, J)r porolleled to' other Inputs. For low logic levels 

the input was, eonneFt~fJir~t.Jo. ground, but where high levels were required 

these were provided by the output of an unused gate, this method providing 

the best notse fm'mun'lty. . 
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PIN A PIN B Colour No P NoB Comments Signal Name 
-r----. 

AI-6 A2-6 Green 2 2 BMB 3 (0) H 
AI-5 A2-5 11 2 2 BMB 4 (I) H 
AI-4 A2-4 " 2 2 BMB 5 (I) H 
PIN 71 A2-12 " 2 I BMB 6 (0) H 
PIN 74 A2-11 11 2 I BMB 7 (I) H 
PIN 75 A2-1 " 2 I BMB 8 (0) H 

A2-8 B6-13 Green I 2 632 Select L 
B6-13 B6-12 Wire 2 I " 11 L 

86-11 86-10 Wire I 2 632 Select H 
86-10 86-5 Green 2 2 " 11 H 
B6-5 B6-2 11 2 I 11 11 H 

PIN 55 86-9 Yellow 2 2 A side 810P I H 
PIN 57 86-4 It 2 2 11 BIOP 2 H 
PIN 59 86-1 11 2 2 11 BIOP 4 H 

B6-6 8,7-5 YeHow 1 I A side lOT 6322 L 
86-3 87-3 " 1 I " lOT 6324 L 
B6-8 87-9 11 I I 11 lOT 6321 L 

B7-8 BS-13 Yellow I I A side lOT 6321 H 
87-6 8S-5 11 I 1 11 lOT 6322 H 

8S-12 AS-IO Yellow I I A side ENCG L 
88-6 A7-S-,, 11 

. , .. /\ . L 1. IJ· DISCG L , ' • c<. 

A7-6 AB-13 White 
" 

I Clear ENCG L 
82-8 A 7-4 " I 2 10 INIT L 

I 2 3 4 5 6 7 

Columns land 2 gTve the pl~ numbers to be Interconnected. 

Cofu~'3 'glv~~~;~~f~f~~);.~9f~~r tibe .~ed . 
Columrs 4 on(l·5, gIve the::aumber of connectIons on each pin. 

FIgure 4.14. Extract from the wirIng list for Instruction Generator 2. 
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22pF 

V!deo inl--+---II---..... ----4 ...... .A 

>-- Deta-:::'~f: signal 

- -- -

+12\1.--"" 
.10 K..n. 

IGPS 

-• 

out 

Figure 4.15. Comparator circuit used to generate TTL compatible field 
and Itne synchronising pulses from standard sync pulse 
generator syncs. 
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DEVICE EQUIVALENT 

::D- C ~=D-C 
AND 

~=D-C 
NAND 

OR 

~=D-c 
NOR 

A ---{>--B A ---i>- B 

INVERT 
f ~.~, 

FIgure 4.22~ LogIc Symbols used. 

A B C 

~ % % 
~ I ~ 

% % 
I 

A B C 

% % 
fd I 

% I 
% 

A B C 

% % % 
% 

A B 

% I 

% 
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EXa.USIVE OR 

Preset 

liD-TYPE" FLIP FLOP 

H = hIgh level (steady state) 

L = low level (steady state) 

t = transItIon, from low to hIgh level 

X = irrelevant 

L 

H 

L 

H 

H 

H 

A 8 , , , I 

I , 
I I 

Inputs 

Clear Clock 

H X 

L X 

L X 

H t 
H t 
H L 

C , 
I 

I , 

Outputs 

0 Q '0 
X H L 

X L H 

X H* H* 

H H L 

L L H 

X Q Q 
0 0 

Q = the level of Q before the Indicated Input conditIons were established 
o 

* = This configuratIon Is non stable. 

FIgure 4.22 (Continued) 
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CHAPTI:"R 5 

PROGRAMMING 

5.1 Introduction 

5.2 Instruction Set 

5.2.1 Address Register Instructions 

5.2.2 Co-ordinate Generator Instructions 

5.2.3 Sync Generator and Simulator Instructions 

5.2.4 Calibration Control Instructions 

5.3 Programming Examples 

5.4 A Method of Decodi ng 

5.5 Software Summary 

5.5.1 Real Time Display 

5.5.2 Data Acquisition 

5.5.3 Calibration Data Acquisition 

5.5.4 . Calibration 

5.5;5 Data Display 
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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 flexib le 

program control with the minimum of manual intervention. The descriptio.n 

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 12 computer are assembled' using 

the LAP6. ·OIAL operating system, OEC (1970). To simplify the use of the 

interface Instruction Set, mnemonics have been created for each instruction by 

the progratri TV. MN, which is shown in Appendix A 3. 

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,t(m in line mode programming. 

5.2.1" Address' ~egister ·Instructlon. 

,ENAO'~633l,'" Enable.Address;.thedata, address register of the interface 

is enabl~: onto' theextemal oddress'·lines of the POP 12 computer (12 bits) by 

setting the.' address enable ~ nip i flop., 

EN=AD 6332 - :.£nalrle Field Address; the data field address register of 

the interface:tI enabled ohfo··th. external: data extended' address lines of the 

POP 12 ~~,tbits) by <tett,,.ihe;,field address enab.le ,flip, flop. 

lDCA 6333 -load, Composite Addreu;theinitial data address register 

of the interface Is loaded with the contents of the accumulator. Bits' - 8 

of the DOtaAdd~ ;~ist.r' are set to correspond to bits ~ - 8 of this initial 

addreuood the:Datd F.ield Address: register is set to correspond to the remaining 

bits, 9,. ~.,'Grid"II •. 8 its 9, ~aAd" 11 of the Doto Address Register are set to 

zero. ,The contents of the 'aCCUmUlator remain undisturbed. This instruction 



also clears the 'change buffer half' flags of the double buffer mode, after 

the initial address has been set. 

ISO 

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 6335 .. Read Current Address; the accumulator is cleared and the 

contents of the 12 bit Data Address Register of the interface are read into the 

accumu lator. The previous contents of the accumu lator ore 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( I~ 

and 11 of the accumulator. 

DBM 6341 .. Set Doub1eBuffer Mode; the address register is set into the 

double buffer mode of operation. When the 15 bit address reaches 277778 ·the 

next address wilt be that held in the initial data address register. 

CDBM 6342 - Clear Double Buffer Mode; the address register is reset to 

the normal mode of operation. 

ENDBI 6343 - Enable Double Buffer Mode Interrupt; if the computer 

interrupt is turned on (ION' instruCtion) then an interrupt request will be made 

when the data buffer changes holves. The data buffer changes halves when 

the 15 bit oddresschonges frorn~ ,17m 8 to 2%%%118 or from 277778 to 1%,G,G,0'e' 

COOl 6344 .. ;,CleorOOuble Buffer Mode' Interrupt; no interrupt request 

wi n:f,e, mad. rwfterithe1 buffer changes halves. 

SOH 6345 .. Skip. if Change Buffer Half flag is set; the next instruction 

in the program Vt~1I '~b4!i skipp,d .If eit~r of the change buffer half flags is set. 

The fFagtore 'thehdeared. 

,:SUBH ,6346' <i. 'SkIp if Upper8uffer Half fs being filled; the next instruction 

In the progrcmfs:1ktpped;lf<thef5'bit addrfJss 's2'~8 or greater. 

CO&F6347':;'; CJttotflogs; the "c:hange buffer half flags are cleared. 

5.;2. 2 'Co-ordtnate:Generatof' InstructtonS 

ENCG'-632t: ... 'enable Co-ordincfe Generator; . The marker detector inputs 

to the c~ordinQte generator are enabled allowing co-ordinates to be generated 

and dCJfa fransf.·' to toke'l>loce via the single cycle data break facility. 



DISCG 6322 - Disable Co-ordinate Generator; the inputs to the co

ordinate generator are disabled and the break request flag cannot be set I 

inhibiting any dat~ transfer. 

5.2.3 Sync Generator & Simulator Instructions 

I:; I 

LDFC 6311 - Load Field Count Register; the 8 bit field count register is 

loaded wit~ the contents of bits 4 to 11 of the accumu lator. The contents of 

the accumulator ore undisturbed. 

LDLC 6312 - Load line Count Register; the 8 bit line count register is 

loaded with the contents of bits 4 - 11 of the accumulator. The contents of 

the accumulator are undisturbed. 

ENFC 6313 - Enable Field Count; the field count function of the sync 

generator and simulator is enabled. The sampling rate of the co-ordinate 

generator will be controlled by the contents of the field count register. 

ENSM 6314 - Enable Simulator; simulated marker pulses wilt be generated 

on every television scan line sp~cjfied by the contents of the line count register. 

CFC 6315 - Clear Field Count; the field count function is disabled and 

the co-ordinate. ~ner9tQr will sample every television field. .The conten~s of 

the fieJdco\,flt. regi~t4!~ "Q~e un~l$turbed.'. 

CSM ~t6 Gt,Cu.ar Simulator; generat,ion ofsir:nulated marker sienals is 

disabled.: The ,contents of the,Une count re9ister are ut:ldisturbed. 

5.2.4., £aiJibr9tJon<:ontrol Instructions 

;~NM,o.~,;63,QI;~ Enable Monitor Output;: this output provides a I volt 

signqJ ~t th~"s~ttme,e.c?fr.s~q,ingto.;th., positi9nof the window. The signal 

may bel m,ixed.,!f.lth,;th.,,,ict.o.~ sigoal fr9Rl; the camera viewing the calibration grid. 

LDCAf\r\~2 ~L9Qd)i~.oHb.ration Margin; bitsfl to 3 of the contents of 

the accu~IQt~,are,J~~ -;1;l,to:, ~e ca libt:ation, right hand margin register. When 

tbf,l left hand co-qr;9inCjJte;oC~e CClUbrotiQl"l window exceeds the value held 

in Jhisregi.t~;th,!~o-ordiqp!,:,.ner,atoLis dis(lbled and the calibration complete 

flag lssftt.) <' r". 
~:QO~93 ~J;,a'ipration,~" the calibration control is set into operation. 

The co-ordl!,<1h" of tb&wi~do\y.are sat to the beginning of the television line 

',' r \, 
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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 ffrst example program shows how the interface is initialised and set 

into operation to generate co-ordinate data. In this example sense switch f& 

is used to start c:md 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 disabUng the co-ordinate generator, the program then enters 

a routine to process the collected data (not shown). The interface wi 11 start 

transfer of data at locatton ~~ft8 of memory field I as defined by the composite 

address •. The ad~~ limit, is location 4ft~8 of memory field 2 as defined by 

'end memoryacldress'< and 'end field address'. This limit may be exceeded by 

a maximum of 31
10 

word~< allowed for by the instruction on lines 76 and 77. 

This example also demo"'trotes how' a program may be run independently of 

. data transfer. Interaction with the interface is provided by the subroutine 

(SAO which monitors the locations ,in memory used by co-ordinate data. 

The second example .hows how a program may control some of the other 

pararnetersof the interface. In thi's, example the Field Count Register is set 

to _58 and 'the Fie Id Count mode can be enab led if sense switch 1 on the 

computer b set. 1 This will limit the sampling rate of the Co-ordinate Generator 

, . 
, I ~ , 
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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 1778 and simulated marker pulses 
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wi 11 be generated if the simulator is enabled (by setting sense switch 2). These 

simulated pulses will appear on two lines in each television field os defined 

by the contents of the Line Count Register; the combinations of pulses previously 

shown in Figure 3.9 will be available 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 memQIY. The Initial Data Address register, in the interface is set 

to 6~%28 which is translated by the interface into a 15 bit starting address for 

the AddressR~gister - location 6fJ~ in memory field 2. When co-ordinate 

data is generated it will be transferred to computer memory starting at this 

location,t anc;!, the Address Register wi 11 be incremented upwards. When location 

77778 of memory field 2 has been filled the interface will automatically reset 

the A,ddre$S Register to the starting 'address held in the Initial Data Address 
... '. ".: ... 

register., ,;~.Y u~in.s the Address Register ,in this way the area in memory wh ich 

the l"terface may.(lcc~"san ;be limited, in this case to 1024,0 locations. The 

'fse()f th,e" DQUble ~:~~f,~ f1'I9de to "~ouble buffer" incoming data (so that data 

01,(:1)' be transf,rred t~ moss ~torage as it is received} is discussed in the next 
• ", '-." • ,. <,>"--. -' . ~ '. ' • ;. . < "', # 

c~~er., '/":,", i) 
, Th •. Cc:r:.f?J:dinat~e~gener(:dor is enabled P,Y setting se me switch ~ on the 

computer <;on$Ole •. As sq<?n as thb is done the interface will begin to generate 
: of r ~,-: .'1,;., ..... ,,,- ~ f~r:,~ , ," ~.'.' \.~ , . 

t~e f~~JnP:l~ of ~1 ,tp~er .i9r;\ClJ~ det~cted i.n the video channel inputs. 

9.'1'~rQti~n~!;l~t;~i~4JrCf~tr~ \"'W, ~ntinue u,n,til ~,n~ switch P is reset. The 

proaro"",cqv¥i easily- be expanded from this point to process data and, for 
, I ..... ·,,' j.;. "'f ~ 

example, to display the traiectories of markers in real time. 

5.4 ~';{:vS!!t~(t()r~99Jn9 ,. . '. 
,~h-~,iQr~(~"#,J~~., In ~!ch ;,clat~ is. stored, in computer memory by the 

,,' '," ' 

tfl~,r~,~~ ,~s~n~,~friip,~.h' :relation to the hardware in Chapter 3 and an 

UIUJtrotJ~n, ~ giver'!l~. ~i~ure ,3.7. ,In order to explain a method of decoding 

the~~~~,;,~~:~!~}or~lt~ ~i~1 ;~~ described in relation to programming. In 
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this section a "data block" refers to the data generated by the interface for 

one television 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 particLtlor 

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, except 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 appropriate interface' instructions •. This data format is illustrated In 

Figure 5.1. 

The camera code for each Horizontal Co-ordinate (Hq is made up of 3 

bits; two of which are tn bits ~ and I of the HC word, and tha least 

significant bit is contained tn the Shift Register (SR) word. The bit format for 

a data bloc~ i, shown in Figure 5.2. The .posltIon in the SR word of the 
• 

additional Code bit. corresponding to each HC Is clearly shown in this figure. 

To reconstr\,fct the camera code for each He the subroutine shown in Figure 5.3 

.and S.4rnoy be used. This subroutine would be entered once for each 

horizontal co-ordinate, starting with HCI os shown tn Figure 5.2. The re

constructed camera code Is left In the Accumulator on exit from the subroutine. 

The "';'fhod mown here ',sjust one of several possible ways of reconstructing 

th, camera 'cOde;TMj ,q,tc;aUs of this' method may be changed to suit other 

partS of a' p~am, s1 ticS· bun:. done tn' 10'** of ft\e programs shown in 

Appendix A3.. "~H~";' '~<""·'.¥:'·,t .. , ' .. ;'.;.!(\"'" '.' ." .' 

.. !'" 

5. S Software $um!'k!'}' 

" An: prtijicrmS fOr'~ata aequtsltton 'and Interface control have been written 
. _i.~,{. .~". <. ,.., 

In assembly language as have programs for calibration and data display I as 

thIs was the most suItable method available at the time. Full detatls 

of the programs summarIzed In this sectIon will be found In Append1x A3 , 

in the form of listings and, where approprIate, flow charts. 



I 

X 

X 

x 

X 

X 

-

159 

Vertical Co-ordinate VC 

Horizontal Co-ordinate He 11-5 word. 

Shift register code word SR 

VC 

He 

SR 

VC 

He 

Figure 5.1. Data format for interface generated data. 
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lid 11 
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Vertical Co-ordinate 

Decreasing '/alue of 
Horizontal Co-ordinates 

Additional code bits 
in Shift Register word 

Code bits 

FIgure 5.2. Data bits format for one,: data btock of interface 
generated data. 
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Rotate bit 11 of SR code 
word into LINK 

Replace SR code word with 
rotated code word 

Fetch He into Accumulator 
(AC) 

Rotate bits', 1 into bits 
I', 11 of AC 

Rotate LINK bit into bit 11 
of AC 

clear bits , - 8 

I RETURN I 

camera code 
now tn AC 

FIgure 5.3. Flow chart for program of Figure 5.4. to obtain Camera codes. 
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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. Anyone 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 con 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' be selected to ,reduce the sampling rate of the interface. 

Because the generated co-ordinates are displayed in real time the data rote 

is limited in order to avoid display flicker, this limit has been found to be 

approximately 4,000 words/sec. If it is desired to generate and disp lay a 

large" number of pai'nts in one television field and 0 reduction, in sampling rate 

ts acceptable then the' Fteld Count mode con be used. 

5.5.2 Data A'~qutsttion:>: 

The' ~i;, t~ of ~quiting 'cO-ordinate data and decoding it is accomplished 

by the" programDP (DOta Process). This program controls the acquisition of 
" 

data from t~('fi\ferface,' deCOdes it and stores the decoded data on magnetic 
, ," .". ~~.,~ .. , ~ ,!'1', .... , , :'.'" :'" ~_':~ ,'~'A . 

tape ~. Stx' oflne "anoTOgU8 cnannels of tfae POP 12 may also be sampled on 

receipt of ~(o'~:~f ... 'lin~r~' by 'the interface, and this data will also be 

stored' ~n _~H~C:t". 'Ithe'sompfingrate for this facility is controlled by 

the eont~nts"of ille'ITne c~nt r~gister~ Processed co-ordinate data is stored 

in th~ 'f~h~''; htl.vis~'neid number (time co-ordinate), followed by the 

vertical co-ordinate, followed by the horizontal co-ordinate. These three 

co-o~diriOt~ ClfeProvided for every paint detected in the video signals of each 

camera in fhe'iYs.;n.oata from each camera is stored in a separate sequence 

of tOp~ blocks~ Th~' end of each sequence, or camera record, being indicated 
;., 
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by at least three consecutive words of 7777
8

• The camera (channel) number 

is indicated by bits I, 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 abi Iity to set a limit 

on the amount of memory used by the interface, the interface is disabled ~hen 

this limit is reached. The sampling frequency of the interface may be controlled 

by entering the Field Count mode, and the simulator may also be used by this 

program. The various options ore selected and their parameters are controlled 

from the computer console switches and by presetting registers in the program. 

5.5.3 Calibration Data Acquisition 

The acquIsition of a matrix of calibration points from a grid of markers 

placed in the field of view of the camera is accomplished by the program 

C.a.LMTX (Calibration Matrix acquisition). This program operates the c(11ibration 

~ontrol of the interface, to generate the co-ordinates of the grid of markers. 

This data is then decoded .and stored on tape in the format:- vertical c.o

ordinate followed by horizontal co-ordinate, for each point detected in the 
;" ,~\ , 

vid~ signal •. No ti~e (field) co-ordinate or camera code is stored as these 

Poramet~rs \vin not ch.~e' :duri~g .dat(l acq~isition. Having acquired the grid 

co-~dlnates th."prO;~ "th:;~'(~s"~n< to reduce this data, by simple averaging, 
, ~. _,t!o '~."~,_~,: ( ,~~:. :,' ":"',;.{} " :-:,: ," " '. 'f . 

to one co-ordtnote pair per, grid .point. The results of this data reduction are 
(' .. >,,';; .It ';~'.f,_/'\"'" 'to,': 4F.~t .. - /.:~~:~,~ ." ./. ,1~,~ ).~' , 

displayed so fJ1at the su~ees,s of the grid acquisition can be verified. If the 
, ~. U ~¥~_. C,' :,,~t,~" ~; ,i;,~,. \ ~ . .t:';." ,.~ ";:'':'' •. ', ~~", '; 1 

program l~ aflo..-ec:( tq ,continue,.hen the reduee~ grid data is re-organised into 
:: '>~"C" ;," f~~·.,t. . ..... :<:~:. ". '~, ~.f'''-',~, ;':;' ".~ ,- .,_·'h .. ,p.·~~ " ". . 

a calibratlqn .jmotrix for use with the program CAL (Calibrate) • This matrix 
,;. ;': ;.;?; ,J.<~:;,' 

consists, of,~~t~7a~~~:;~~: !o,r~~. vertico~ c~o(di.I'l~~~s and one for the 

hortzonta1so-ordinot,J. T.be ~ltiorls of t~e co-ordinates in the arrays correspond 
. .' " t" : T~l:;if';:.' '!:··nn1~/E,:·r,{.:t: .~.,'~'~.::;-.\,~ .',;" ;~ ',' ; : \ 

to, the posiJloristof the.f1lCIsl;ers qn, the grid. The results of this data reorganisation 

cV~:jdt~l~k.:~'if·<'~ti;~~~~~~~Et stored on tape. 
~', - :" ~.'''_:a.~r" ,-,.r,/':::" \.. : ~ ','.'1 ".".-"""", ~" ',." 4 '" 

5.,5.4. 1 <7~I!~~?~iG,'l'J: n ~.' 
': ,lh~ \~~Jtpr;~ti~.p,~~~,arnf c,A.L,' is designed to imp lement the first method 

of calibration ou'tlined in section 3.3.5. The locations on tape of 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 a proximity criteria are averaged 

to provide one pair per marker. The subsequently reduced data is then 

calibrated against the calibration matrix. 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 reodfrom tape into a display buffer, 512 

of these pairs may be displayed at anyone time. Selection of the starting 

point of the display is made by setting a potentiometer (analogue channe I fd) 

on the computer. The position in the disp lay of a cursor is contro lied by a 

second potentiometer (analogue channel 4), and the camera number, fie Id 

number, and the valves of the vertical and horizontal co-ordinates of the 

point indicated by this cur.sor ore displayed in the top left corner. If the 

analogue channels were sampled thIs is indicated by the display of the letters 

FP (Force Plate). A typical display produced by this. program is shown in 

Figure 5.5. A second vertlan of this program (DISF-cAL) dTsplays a cursor 

for every potnt tn the a.ld seJected by the potenttometer setting of analogue 

channel 4. Thefteld number Is displayed tn the top left corner as shown 

In FIgure 5.6. 

Three other progtoms based on the above dbplay programs have been 

wrl tten. The$e v .... tons anow uncoltbrated data to be displ ayed on the VDU. 

The doto la soafed toht the grid dimensions of the VDU. The first version, 

DISC,d1sp1O)'1 C()-ordInote doto . together wlth a reod out of the co-ordinates 

and other InfOl'lftOtton of the point In the display Indicated by a cursor. The 

second verston f 01 Sf i i.ssimllar except that a cursor for every point in a 

selected held ts shown on the display. The thl rd ve rst on , DIS G I Ts for 



Figure 5.5. Computer generated display produced by the program DISC-CAL 
from marker trajectory data. The figures are a read out of 
co-ordinates and camera channel number for the poinl indicated 
by the cursor. 

Figure 5.6. Computer generated displ ay produced by the program D I SF -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 acquired by the program CALMTX. This data is 

organised in horizontal and vertical co-ordinate pairs and does not incl ude 

a 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 editi ng facili ty to remove unwan ted poi n t5 from gri d dato. 

!" 
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6.1 Introduction 

This chapter 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-ordinate~ 

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 modiftcations to the basic design ore suggested to 

give improved performance. The performance of the system i:; 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 sub iect wi th markers I n pi ace is shown in Figure 6.2 I the photograph was 

taken from behind the television camera light source tn normal room lighting 

and gives an impressIon of the brightness of the markers compared with skin 

tones. 

6.2 Interface Design 
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The efftcacy of the interface design was evaluated using . computer programs 

and the simulator. Initially programs stmil~r to those shown in the examples 

of section 5.3 were used. These programs allowed the interface to ope:oate 

under constant cond1t10ns, when the sImulator was used to provide the marker 

detector Inputs. It was .thus possible to check that registers In the Interface 

had been loaded with the correct data, that control logic was functioning 

correctly and that data transfers were taking place. Several important factors 

were revealed durIng the Initial testing phose, which resul ted In minor 

modtncattons to. theorlgtnat desIgn. 

The nrst mocnncotlon was to termInate some of the sIgnal Itnes from the 

POP 12 computer. It was found that noIse on the lOT pulses ([ 100] BIOP 1-4) 

and the tn1tlall. lines «( 100) BA and aB INITIALIZE) could occasionally cause 

false operatIons. thIs problem was solved by termInating these lines with the 

cIrcuit shown In FIgure 6.3, as recommended In DIgital (1972). The other 

Ilgnal Ifnes from the POP 12 were also extremely nollY, and although this did 



Figure 6 . 1. Television interface connected 10 the PDP 12 . 

Figure 6.2. Subject with reflective markers on anatomical landmarks, the 
li ghting is positioned to obtain maximum brightness from the 
markers as seen by the television camera. 
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,JJguro 6.3. Terminating circuit for computer bus 

lines to reduce noise. 
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not appear to present any problem they were terminated with simi lar circuits 

os 0 precaution (Accumulator lines 1100] BAC 0-11, Memory Buffer lines [100] 

BMB 0-11, 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 

i71 

transfer to computer memory. Originally the address accepted signal ([ 100] ADD 

ACCEPTED (0) H) on the POP 12 Data Break control lines was used to strobe 

co-ordinate data onto the 10 bus data lines. The failing edge of this signal 

WCl$' 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 dato transfer cycle. According to tho "Single Cycle Data Break 

Input Transfer TIming Diagram", reproduced in Figure 6.4, this should have 

been satisfactory; however It was found that data was not being stored in 

computer memory. It wlll be seen from this timing diagram that data must 

be specifted by time TP2 and wtll be strobed into a Central Processor register 

at TP3. The Address Accept pulse starts at TPI and ends at TP3, and should 
, 

therefore pt:etentthe ... lntertace'data on 'the 10 bus at the correct times. Further-

more the Internal, ~omp~,ter logic stenCllln the Central Processor which ends 
. '!' 

the Ad~ress. Accept pulse ,also causes the dqta presented on the 10 bus to be 

stored. As there 11 ,0 tWlcal delay of 43 nS In the Interface before the 
1 . . 

data t. remOved from th., 10' bus' there should have been ample time for the 
, . 

data to be stored In the Central, Processor (there would also be additional time 
\,,; ; 

caused, by the copriecting :cobledelays). Consultation with Digital Equipment 

Corporatlon~ .n9i~"fI:; qmUrmer,J;thqt Jhjs ~thod of operation, al though not 
" .' ~ '.... -, > '., , . <~ 

nOrmal practice, should have ""nsQtlsfactory. The problem was avoided by 

ustngthe Ipgic detcrlbe? In sectiQn 4.,,4.5, 'which extended the duration of 
... . ~ - .. ,., ,.' - . -
.- ". .~ -- ,. J " . . , 

the Addren)'cc;ipted pulse. :An i olt.matt·Ye solution, whlch provides all the 

necessity ~trJi. sl"alJ'reqJtred: In ~e Interface, 1s shown tn Figure 6.5. 

,",e flnal ~Iflcatton required ~as to the hort zon tal 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 characteristi cs 

for this device it was reasonable to expect them to operate at the design 

frequency of 20 MHz (Texas Instruments (l973a and 1973 b), a typi cal 

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 a 

modification had to be made. This could have taken the form of "carry 

anticlpate ll circuitry as described in Texas Instruments (1973 a) but a pin 

compatible counter (SN 74S163) with higher frequency capabilities became 

available and was directly 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 I modifications the interface functioned 
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os It was 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 

output having 7 marker pulses on it provided the input to the marker detector 

of channel $I. The ftrst column of the print out is the location in memory of 

the verttcal co-ordinate which is shown in the next column. The next five 

columns aTe the horizontal co·ordinates of five marker pulses and the finol 

column cc;mtal~ the Shift: Register code word. The interface waS generating 

co-ordtnates on every, televisIon fleld, and the data generated over two 

fields; ~. shown here. ·It con be seen that the horizontal co-ordinates remain 

almosfCc)"stant OS expected. ",The slight variations ore due to one of two 

causes~ I Where there~ rs ontya 1 bit change then this could be due to the 
"'_ t, -

uncertaInty cowed by! (I; market :pulse foilIng between two counts. Any greater 

change, ,.' t'ftOI,t hk.ly,~ d~: tottle fact ,that the simulated pulses are generated 
" • • ~ >~- •• , " 

by moriO$fabl.';l'nu!ttvl~a,torswnh putse duratfonsof up to 42pS, 0 slight 
, ~ "': "'. -: ' ~', T.t . 

varlatJOfttn this'" time: woUld produce such a change In co-ordinate value. 

Such \'(IJ'tott~ ~ ml>t k~htcor' and do not Impair the usefulness of the sImulator. 
, • , .' '-;( • 1. -., 

The stability of the Co-ordInate Generator when used with camera Inputs Is 

dtscussed In the next section. It con otlO be seen from this prInt out that, 
th although the simulator Is set to generate pulses on every 378 line, the first 

Unel" tQ,chtelevl$ton fi~ld ~wh1ch co-ordtnaJes appear Is line 418, This 
", - ,~ 
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': tn(M1J. l1llt;Arst'"c~sh~w~ the memory location of the 
vertical 'co-ordinate which is in the next column. The next five 
co1umnsare the horizontal co-ordinates for flve markers and these 
ore followed by the shift register code word In the last column. 



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 after five markers had been detected. 
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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 f4 and one marker is on channel I shown in Figures 6.7 and 6.8 

respecti ve I y • 

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 2.2.1. The same 

degree of lighting has been used for all the tests reported here. This consisted 

of a sIngle Malham SE23 lamp fitted with a SOOW tungsten halogen bulb 

positioned as close 0$ possible to the television camera lens. This configuration 

was used for each camera where two cameras were used. Normal room lighting 

was maintained. 

6.3.1 StobUltr 

To aicertatn that the system could provide repeatable measurements a 

stability test was carried out. Stationary marken were used mounted on a board 

In the conflguratlon Shown In FIgure 6.9. The distances between markers are 

also shown Inthtsflgu,.. Th. £leld of vIew covered by the camera tn the 

plane of thl. board wos 2.8 m by 2.1 m and the marker size required would 

be 7.7 mm calculated as shown tn .ectlon 2.2.2. It was found, because there 

Is a certaIn degM of flare, thct a marker of 5 "!m dIameter could cover one 

or two televisIon lines and thts size of marker was used for the stability test. 

A thirty minute warm up' time was allowed and then the co-ordinates of the 

stattonary markers were. generated by the Interface. The Interface was set to 

sample the spatIal posltlon of the markers once every 2SSth televiston field 



Figure 6.7. Real time computer display of data generated by the interface 
using the simulator. Channe l ~ data. 

Figure 6.8. Data generated for channel I at the same time as that for 
channel ~ 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, 11, 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 
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of the television fteld anclany malfunction in the vertical co-ordinate counter I 

for Instance, is more 1t~ly to have occurred by this time. These results 

show that the system can provide repeatable mealurements of the spatial 

position of markers. The results shown above were obtained using a simple 

threshold detector to detect markers in the video signal. Similar results were 

obtained 'for the more elaborate marker detector described tn section 2.2.4. 

6.3.2 Moving Mprkers 
I 

To demonstriste ,that the s)'Stem can generate the co-ordinates of moving 

markers a rotattpg 4fK was used. A marker was placed near the outer edge 

of this disc at a radius of 22.5 cm. The field of vif1w of the camei'a in the 

plane, of tl1edisc wQl3.2 m by 2.4 m and a marker size of 7 mm diameter 

was used. Th. disc was rotated by Cl synchronous electric motor through a 
" ~'" 

varIable redUctiQl\' gearbox. ,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 scaled, the scaling factor being found from the diameter of 

the disc in horizontal co-ordinate units (142) and in vertical co-ordinate units 

(54) givIng a scaling foetor of 2.63. It can be seen that one complete 

revolution of tl1e 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 and a peak acceleration of 61.4 m/S2. It can be seen 

that at least one pair of co-ordinates was generated for the marker In every 

televlllon field. The velocities and acceleratlons reached by the marker 



TV Field 10 11 IL 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 

10 239 504 275 150 273 504 270 860 

12 239 504 275 150 273 504 270 860 

14 239 504 275 150 273 504 270 860 
C df t t d ft 30 • • d o-or no es genera e o er minute worm up perto . 

TV Field 10 It 12 13 
0 239 504 ... ,276 151 273 504 271 B58 

: 

2· 239 504 276 151 273 504 271 859 

4 239 504 276 151 273 504 271 858 

6 239 504 276 150 273 504 271 858 

8 239 504 276 151 273 504 271 858 

10 239 504 276 151 273 504 271 858 

12 
, 

, 239 504 276 151 273 504 271 859 
f,"" 

14 239 504 276 ISO 273 504 271 858 
" 

., 

~ "Co""Ordtnotes ~!,eroted 135 minutes later. 

Table 6.1. Co-ordtnotesSftnerat.dby the interface for markers 10, 1\, 12 
and 13 of Ftgure 6.9 durIng "evenll television fields, showing 
the stability of the system. The interface was set to sample 

.' at'ollow fote ,;one field· eVefy 5 .1 secs. 
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TV Field 10 11 12 13 

I 551 504 587 151 585 503 583 860 

3 551 504 587 151 585 503 583 860 

5 551 504 587 151 585 503 583 860 

7 551 504 587 151 585 503 583 860 

9 551 504 587 151 585 503 583 860 

11 551 504 587 151 585 503 583 860 

13 551 504 587 151 585 503 583 860 

15 551 504 587 151 585 503 583 860 

Co-ordinates generated after 30 minute warm up period. 

TV Field 10 11 12 13 

I 552 504 5aa 151 586 503 583 859 

3 552 504 588 151 586 503 583 859 

5 552 504 588 151 586 503 583 859 

7 552 504 588 151 586 503 583 859 

9 552 506 588 151 586 503 583 859 

11 552 504 588 151 586 503 583 . 859 

13 552 504 588 151 586 503 583 859 

IS 552 504 588 151 586 503 583 859 

Co-ordinates generated 135 minutes later • 

. ·Table 6.2. Co-ordinates generated by the interface for markers 10, 11, 12 
and 13 of Figure 6.9 durtng "odd" television flet ds, showi n9 
the stability of the system. The interface was set to sample 
at a stow rate I one Reld every 5.1 secs. 
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compare favourably, as a realistic test for a locomotion measurement system, 

wi th 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 \14 strides/min), which 

reaches overage maximum vertical and horizontol velocities of \.76 m/S 

and 3.78 m/S respectively. 
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The co-ordinate data generated by the interface fo'r the rotating markers 

shows up an interesting characteristic of the television camera. This is the 

storage property of the pick up tube target. It can 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 taken 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 wtll be found. If the marker is moving with 

conston t veloci tythen there will be no error caused by this averaging process. 

If there Is any acceleration I however, then there will be an error, which 

will be discussed in 6.3.4. The missing portion of the marker trajectory 

between televilio'; r.eldsl2 and 13 was 'caused by the disc mounting assembly 

which concealed the marker -at thIs point. 

The two types of marker defector have both bee~ used in this type of 

test and found to perform .atJsf~torlly. Co-ordinates ore generated on receipt 

of 0 positive 9OIn9 edge from the marker detector I which corresponds to the 

leadIng edge of th.· morker pul... In most cases this does not lead to any 
, ' " 

significant error because the duration of the marker pulse Is short and similar 

to the tlme ta~· to generateco-ordi!,ates. However, If the marker is 
~- I 

moving paralle1to 1he. -televhtOn camera scanning lines then co-ordinates 
J ' , ~ ,. ~ , 

will ,be generated.for the leading edge of the traiectory only. In Figure 

6.10 It :can bfr _". th~t. th;.s hcls ,prqbably happened on same television fierds 

(8 and 9 for example). Thts would be a source of measurement error, however 

the log~ shown."" FI-9Ure 6.11 could be used and then a sertes of horizontal 
, ~ .. ~~ 

; . ';" 

co-ordInates ~d~~,,~~te~:fOr. a. trdiec~ry lying parallel to the line scan. 

" ' 

6.3.3 ExtraneOits~l1ght Sources 
! t 

Co-ordinates will be generated for extraneous light sources of sufflctent 

brightness In the field of view of the camera. Precautions can be taken to 

ensure that the number of .uch sources Is mInImised or eliminated by removIng 
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Table 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 tn the vertical scan and 

one part in 1000 i~ 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 I and 3, 

however, dIffers by :!: 1 a Itne from marker 2. This difference represents an 

uncertainty In the vertical co-ordInate of :!: ! a line. A similar situation 

exists for the horizontal co-ordinate and there 15 Cln uncertainty in its position 
,". . -. '.' 

+ 
of - i a horIzontal unit. 

A more serIous error can occur, as already mentioned, when a marker 

Is, moving parallet to the camera: scanning lines. If the marker Is moving 

with hIgh velocity .~ .. even th~ logic shown tn Figure 6.11 would not provide 

enough co-ordInates to cover the entIre trajectory. The magnitude of this 

error depends on the horIzontal field of view of the camera and 01'1 the marker 

velocity. If co-ordinates ore only generated at the beginning of the trajectory 

then the error 1.n overage position of a marker moving at 5 m/S horizontal 

velocIty coutd be os hfgh as 5 cm tn 0 20 mS perIod between samples. This 

error could be recIucec:J by desIgnIng logic to generate the co-ordinates at 

the beginning and at the end of a tralectory. Alternatively I since in locomotion 

the hIghest components of velocIty are 1" the horIzontal dIrection (Winter (1974) ), 

the camera could be tumed on Us "de and high speed horIzontal traiectories 

would then cross the scannIng lines. 
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Figure 6.12. Three markers whtch would all be gtven the some vertical 
co-ordtnate (Une 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 -1/8 a t
2 

(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 0.10-
3

• For an acceleration of 

50 m;S2 an error of 2.5 mm would arise from the averaging process. Since 
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such high accelerations are only occasionally reached It would seem that 

averaging of ' marker trajectories ts 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 rO$tor. 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. rh. range of vertical movement of anatomical land

marks tends to berestrlctedln tocomott on and there would, therefore, be 

little phase error between samples for the some marker. Corrections can be 

made for·phaM.,errors between markers because the position in the scanning 

rastorof".Q marker I ...... t.d to time. 

Phaseet..on aftc1 ef'fOl1 ,dUe to averaging of traJectorIes could be eliminated 

by theu.' of Cl rotatl,. ;thvttet~· Such Cl method Is uSed tn the Dutch s~tem 

Ingen Schenou (t97l).·~. l'IW''thut'ter consIsts of on opaque dtsc with a transparent 

wt"dow t'lt rotc:ttes 1n"'Iynctirdntsm"'wi1t\ the televIsion fteld synchronising pulse 

so:.' 'that·:the wlndoW'is postttoned ove ... ,~ camera lens during the field 

blcmklng 'pertoeJ. The dze of tbe' window Is chosen so that the camera is 

expol4JCl, h:)"the fhald ot.¥lew 'for'ttpproxfmateiyl mS. The light pattern 

plcked'lIp:lh storedorrthe'cia""a 'target'platetlntU It Is scanned. The dts

advahklge, wtth;"vsln9'thljii~ 'sthotacarneta . tube wIth a very rapid 

response h reqult*t 'lw,' 6nIet"'f\)regltte",ihe reduted I1ght levels tn the short 

exposure ..... ,; Suet\~ feftd·~tO 'be 'tituCh· mere"expenstve than the normal 

V1~ tub6~'~A'-,/'1' ,.' ">i~' ,\,l"',: ~ •. , 

Th."tetlWfsfon c:amefe ~ln'rraStot·k 'not perfectly ttnear and hence 

errors wU.' c:tr1se _to'"'' ncM-t'near'ttes~ Tf1e manufacturer's spectftcation 

q~"": d tnaKlmum ncJft"l~ty; m'! 1%1" tf1. I1ne scan and ! ;% in the 
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field scan, with the total error not occurring in less than half a line or 

half a 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 

ctne film analysts (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 traiectoryof 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 Caltbration 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 Calibration Control window referred to In section 3.3.5. 

For the control to function correctly markers must either slope downwards 

from left to rlght wIth respect to the televlston camera scan line or be 

horIzontal to thIs line. If the morkers slope upwards then the control will 

set the wrong window I~mtts. This situation was catered for In the design 

by Incorporating a "free run mode" and a monitor output. The control would 

be operated In th1s mode and the camera rotated until it could be seen on 

the monitor that the control was functioning correctly. It was found, however, 

that It Is lncon~entent to rotate the camera and that the control could operate 

successfully off 0 slopIng row of markers. An example of a grid of points 

generated by the Interface ustng this control is shown t n Ft gure 6.13. A new 

desIgn for a sImplified Calibration Control is dtscussed In sectIon 6.8. 

The operation of the caltbrotlon program CAL. was successful when a 

simulated caUbrotlon matrix was used to calibrate real data. Some 2000 

co-ordinate ,olrs were reduced to one co-ordInate patr per marker tn each 
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Figure 6.13. Data points generated by the interface for a grid of mCJrkers 
using the calibra tion control. The sloping row of mr..l rkers 
used to set up the window limits can be seen at the top. 



television field and calibrated against the calibration matrix in a 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 occosionally caused mal-

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

errors in building the calibration matrix. Such a facility could be provided 

very effectively by utilising the visual display unit of the POP 12. 

6.5 Gait Data Acquisition and Marker Trajectory Identlfication 

In the first example of gait 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 dow~ the television field (ltne 160). The second 

televisIon channel was connected to a camera output to record the stde view 

troiectorles of markers placed on 0 subjectls 11mb. Markers were placed over 

the hip, knee 'and cnklelotnts and on the foot. Some of the data generated 

fortnese markers Is SbOWA In figure 6.14 the read out for the cursor showing 

that the forceplat. wasalso'~.ddurJng the televlston fteld indicated. 

This 1, adtspl(ly ~ontbe POP 12 vhual dIsplay. unit by the program 

DISC (Displaywlthcursor).T"e number of potnts displayed Is limited by the 

computet progr. _,.512,thJ~lt"totlon beIng necessary to avoid display 

fltcker. Theeo-orcftbOtM,.fioymoreunprocessedln that they have not been 

averaged~ ~\Oneco""'CJ" poTr per marker In each television field. 

Dato that_~'''''''d In;thb way (by the program CAL) is shown In 

fIgure 6.'5;thIJ~ :Wq5 o"~,~lbrQt.clogatnst a s1mulated calibration 
. . .' , .' 

matrix. . Here" 'co •• ta ~j.ctory Is shown, and also a stationary marker 

that was po.hloned .In ..... ,fI.tciof vIew of the camera to provide a check 

on the stability' of .... ysten\~t\g this test. No slgniftcant change was 

observed Intf\eco-ordfMlt,$,ott.roted for this marker. At the some ttme that 



Figure 6.14. Computer display of unprocessed data showing part of the 
trajectori es of markers placed on a subject's limb. Marke rs 
were placed on the hip, knee I ankle and foot. 

Figure 6.15. Data of Figure 6.14 averaged to produce one co-ordinate pair 
per marker per television field and calibrated against a 
simulated cal ibration matrix. The bri ght spot is a stationary 
marker placed in the field of view to check stabi I ity. 
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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 interface design. The internal logic signals which generate 

the simulated marker pulse also generate the clock pulses which are used to 

initiate analogue to digital conversions of the force plate transducer signals. 

This means that co-ordi note data is ac tuall y bet ng generated and transfened 

to computer memory between analogue channel samples. This showed that even 

time critical computer programs can 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. Ca-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-ordtna"tes belong to which markers so that the 

~ata can'be analysed. Marker IdentificatIon can be achieved by the application 

of a linear extrapol.otion routIne such as that reported by Ingen Schenau (1973). 

'With tht. method the first two points of a marker traiectory are identified and 

then the, routine automatically locates the remaining points. This Is done by 

'; making .,~ estimate of the expected marker postttons from the two previous 

,poslttons; a boundar.y is placed around this estimate and a search 15 made for 

a co-ordinate patr within this area. The estimated x co-ordinate Is found from 

xt+2 = xt + 2(xt+1 - x~ 

·,where t Is the'tltne: co-ordinate. 
I r . 

The esti~ated"y co"'Ordlnate Is found from a similar equation. 

The process of extrapolatIon and search Is 111 us trated t n Figure 6.17. 

The extrapolation assumes that velocIty of the marker ts c.onstont and acceleratlons 

are allowed for by the search boundary. The data from the test discussed 

above has been processed In thIs way, the traiectory for each marker beIng 

IdentIfied and ItoJedseparately. The resultIng data was plotted on the 
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FIgure 6.16. Ground reactIon force data from the force plate acquired 
at the same tlme as the Interface generated the co-ordinate _0 shown in Flgure 6.15. 
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Figure 6.17. Extrapolation and search routine used to identify markers 
from eO-Qrdinate data. The actual marker positton is 
shown by X and the estimated or extrapolated marker 
position is shown at 0 over the time Intervals t to t+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 joints. on the pelvis and on the foot. Four of the 

markers were intended for tJ,e front view camera only and covered the pelvis, 

knee and ankle; as shown in Figure 6.20. It can be seen in Figure 6.19 that 

front view markers were occasionally picked up by the side view camera (as 

Indicated by the cursorS). At certain phases of the gait, marker Identtftcation, 

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 1dentlficatlon routine to solve this problem, however a 

sImple solution can be provided by suitable marker positioning. The ankle 

foint marker for the front vIew camera could be shifted up the shank to Ite 

a constant dbtance above the JoInt I and then pick up by the side view camera 

w9uld not present a problem. A .tmllar solution would be to provide a single 

marker for the ankle'iolnt which could be seen at 011 times by both front and 

std. view cameras. The sIze of the search boundary In the marker Identification 

routine Is dennedby "the expected acceleratlons and velocitIes that can be 

reached !n the x an4y dtrections. The size of thl. boundary in turn deftnes 

how close markersCGn .,. ,tac.tei to each other. Markers with high expected 

acce1erattonj and velocIties wln~qulre large" search areas and this should be 
" " "'" 

not •• when /Poattl«*ttl18 mo'tlc.rh Slmllarly care should be taken to ensure that ....• '.. . .', 

markers ,are not bidden'*" vl.w If at all possible. In the tests Illustrated 
r~ . , , 

qbove .... ·subl.ct walkecl· wlth"onns ·folded across hts chest to avoid obscuring 

hlp an~ .,.Iv's markers. ,llthl. Is constdered undesirable then It would be 

necessary to provfdesecondary mark.rs to be used when the prImary marker 

was obscured. 
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Figure 6.18. Computer plot of dota generated by the system. Markers in every second television field ore 
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Fi gure 6 .1 9. Side view data generated for a sub ject with front and side 
view markers. The cursors show that data has been generated 
by the side view camera for the front view markers during 
part of the trajectories. 

Figure 6. 20. Front view data generated simull'aneous ly with the data 
shown above. The subject had markers on the pe lvis, knee 
and onk le . The side view ank le marker has also been 
picked up by the front view camera . 
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6.6 Simultaneous Data Processing and Data Rates 

The abill ty of the system to run a program to acqui re, si mul toneous I y , 

data from other instrumentation while generating co-ordinate data has been 

shown above. The interface has been designed in such a way that the 

computer time required for the generation of co-ordinate 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 related 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 difficul t 

to predict, exactly, data fates because the length of marker trajectories 

during each field are dependent on thetr 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 potnt - vertical and horizontal co-ordinates plus the 

code word). 

The program DYOIS (Dynamic Display) has been used to assess simultaneo\..is 

processing and data rates. The simulator was used to provide known inputs 

and the n",mber of markers generated In each field was increased until display 

fltcker was just notIceable, the data rate was then slightly reduced until there 

was no nIcker. Thls was achteved when 3 markers w.ere generated on each 

of 16 Itnes (5 words/ltne) at the normal field frequency of SO Hz. This gave 

a data rat~ of 4000 words/sec; or I expressed In terms of markers, 2400 

co-ordinate pairs/see. The 'processlng that Is carried out by this program has 

been discussed In sectIon S .'5 .1. 

FOr'Iocomot1on .tvc:ltes It wHl not usually be necessary to process data 

dvrfngo'test run to any'g ... at"extent. Arso when a large number of markers 

Is requtreclthe pos.t~tlhy of ;shftibbneous processIng is precluded because of 

the very . hIgh do_rOtes" lnvofYW.. Even wHhl6K of core storage avatlable, 

very IIttte of ;whlchtl'requlred'for the data acquIsition program, the duration 

of a test \WNld/bese~ty Itmtted. The use of the Interface Address Register 

DoubleauffermodetO'.1Ittencr'thetest duration was dIscussed In section 3.3.4. 



The double buffer consists of two 4K areas In computer memory and 4K of 

data can be written onto one track of the POP 12 1s RKOS magnetic disk. 
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One track of data can be writte~ onto disk in 40 mS so that, allowing time 

for data checking, re-writing, track access time I and possible recalibration 

of the disk address, data 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 

,section. The RKOS 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 

POP 12 (Single Cycle Data Break) for data transfers. Other perIpherals, such 

as the disk, use the same method. The sharing of this facility ts accomplished 

by a multiplexer (OM 12). This device examines data break requests on each 

cycle and allocates the factltty to the peripheral with the highest prtority, 

which can be allocated at tnstallatlon tIme. Highest prIorIty should be gtven 

to the device with the ~rtest latency time, where latency Is defined by the 

maximum time which a devIce can watt for access to the computer memory 

before the data Is IO$t. In the, case of the televIsion tnterface thIs time Is 

the duration of the line blank time (I2)o' S) 01 though it is preferable for the 

request to be granh!d almost Irnmedtately so that all data transfers can be 

completed within theUpe blank tIme. In the ,case of the dIsk there Is a 

maxImum IQ~ncy tIme qf 22.5/"S, because the dIsk has a 4 word data silo 

which can, be emptied before data.1s lost. This silo Is normally kept full 

durIng wrIte operatlona. The television Interface has therefore been given 
, , ' "1.,: ~'-.; ,~~.'" -, . .,' > 

the hIghest priority. This Interface Is limited to transferring a maximum of 7 
., :,' .', .'. ", -. 

words dur~"gar).)f. on., Itne bl,ank period, there will then follow a period of 

at leos!. 4tlI'S bef~~.,~e"')lnkely to, be another data break request from 

the Int.rf~t,Th. tlrne ~qu1redto transfer the seven words would be 11.2)' S 

for a 1.6 J'S.~ycle tl~; ~. ,disk data silo could therefore be half empty 

before a, da~a break ... q\l8lt,~y th~ Interface, and stili data would not be 

lost even If Jhe_lnterface transferred Its maxImum number of words. 
, ,.; _.' ~ , < ,< 
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Most of the PDP 12 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 ~S. Other Instructions which should be avoided because of 

their long execution time are the Linc Tape Instructions (unless the liNo Pause" 

condition is enabled), and the relay buffer to accumulator instruction RTA. 

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

quite satisfactortl y. 

6.8 Recommended Modifications and Additions 

One modiftcation that should be made to the interface concerns the 

Address Regtster • Unless this Is operating tn the Double Buffer mode the 

regIster will address locations from the Initial Data Address (IDA) up to 32K 

(15 bits) ,: and locatto~s from zero upwards will be addressed as the register 

overflows~ This only occurs under extreme or fault conditions (when exc.essively 

high . 'data , rate. occur) when f6ftwdte protection may f~lI. Protection against 
.~ : "';'! , ~ 

this ~vent occ~rrlng can be provided by hardware In one of two ways. Either 
. ~ . . " ' .,' ,,' ,-

the Co-ordinate Generatdr shouJd ~ Inhibited ot-ce the address limit of the 

~omputer ,. reQched (1'61<' lot pre~nt) or It should be arranged to reset the 

Address Regfster'tothecQntentsof ~he lOA register on overflow. 
, ,Y ~ '. .; 

The 'seco,d modiflcation concerns 0 r.-deslgned col ibration control to 
.' ; ; 

ovot4the. limitatioN dtsc~SJed ,,In section 6.4. The logic for this control is 
. ,_~, _.'" ~ "., _.'_ ."'.h.,, ._, .,: 

shown In ~Flgure 6.21 and a ttaittng diagram Is In: Figure 6.22. This logic 
: ~ f.!{JW" ' •• ./- ..... ,.' ,.'" - ") ~.y , 

sImply enbbles the Co-ordinate! Generator for 64 horizontal units at a time 

until the~entlre television f1e~~ has been covered. Only ~tve markers can be 
.'-

reglstere~ during any 64 unIt ,Perfod but only fault condItions ore Itkely to 
" '.~.« 

cause th,. number of markers to occur during such a short period. The existing 

InstructIon set can stIli 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 woul d be positioned at the start 

and end of the walk path (the area monitored by cameras) I and just before 

the force plate to initiate data collection from this device. Switch inputs 

have been provided for this purpose tn the interface and a noise immune 

switch such as that shown in Figure 6.23 could interface the LAS's to these 

tnputs. 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 computer to signal the end of a test. 

If this interface Is to be implemented on other computers, or even on a 

POP 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 has been described here offers a means of automatj call y 

acquirtng dlsplacement~ttme measurements of human locomotion. Repeatable 

measurements can '~. obtaIned and It has been shown that co-ordinates can 

be generated for markers moving with relatively high velocBies and accelerations, 

comporoble wIth those reached during fost wolking. The system is flexible tn 

that up to six cameras con be used sImultaneously tn almost ony position. Thus 

It is possible to obtaIn ,three dimensIonal measurements and cover several 

strIdes of the gatt by approprIate positioning of the cameras. The only limit

atIon In camera positIoning is that the light source of a camera must not be 

tn the fteld of vtew ofony other camera. Thts Is a limitation of the chosen 

marker system; . if active light sources were used os markers then this limitation 

would not exIst. PassIve markers have been used throughout the testing 

procedurel and found to perform adequately, this means that the test subject 

Is not, encumbered by connecting leads, power packs, or "strap on" markers. 

Normal room lightIng can be left an during dota ocquisttlon. Markers can 

be positioned quite close to each other I although care must be taken where 

expected mark.r velocitIes and accelerattons ore hIgh. The interface will 

generate synchronisIng pulses at a program selectable rote to control the 
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Figure 6.23. Logic for noise immune switch. 



acquisition of data from other instrumentation, such as a force pi ate. A 

means of generating the co-ordinates of a calibration gri cl has been buil t 

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 impltcatians of these errors 
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in biomechanical analyses are further discussed in Andrews (1976). The 

computation of other parameters from the displ acement/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 and can be very high. This can be accommodated by double buffering 

the data ont" dIsk storage; the factlity to do this has been provided tn 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 Hte advantage of deftning a consistent sampling ,i "stant I but 

requlies 'the use of more expensive television cameras. The system can operate 

at "ower sampltng frequencies (down to 0.2 Hz), If thIs is acceptable for the 

motlons betng measured, which. will reduce data rates considerably. The 

interface has been' very renabl."tn ~ use ,no faul Is have artsen to date, but 

a buttt'ln mafkerpulseSftmJiotor w1l1 facilitate fault tracing. ThIs sImulator 

0110 ctloWs (3 rapld check' of :systenffonctlon and Is useful In software development. 

It 15 clear that .bfWl6reh'KISt &e deslgned on an Interactive basiS, preferabl y 

wIth e*~sr\iel_'~f'·datd'atsp1dy routines. Pl'ovldtng data rates are not 

too :hI'gh'lt Is ,postlbfEt 'to procesf' InComtn~ datal" real tIme, the program 

D'VDIS dOe~~'tnll '~nd'!prodlie.·6·dtsplay of decOded' data. Basle processtng 

of theior~ dbtcftdft; be':l'aCfI\i~ty~;pefformed on a mtnt -computer such as a 

POP 12. 'The' tdent1flco'tfonof'frlarke'r tra~etbrfes I. made possible by the use 

of a ;st~fe'tt~dr'.~Hftlortl'tbUtlne, manuallnterventton beIng required 

only fd'provtcJi'tW flWt two.ta:>~lnts.; 

" Alf"ijf' ~.ia1tef;,Qfl:v. systiftitJiQve been extensively reviewed in Chapter 

I wher.the'tt'lf1nC1~1 r:'tidfanlCges md; dtsaavantages were examl ned. Methods 

Involvtrtg 'Monual"~ptUn":of;dclfCI,luch as the use of ctne film, are time 



consuming and prone to human error. 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 os 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 ability is often limited. The 

other opto-electronic techniques such as SELSPOT (Selcom (1975)) and CODA 

(Mitchelson (1974 and 1975}) are powerful measurement systems. They can 

sample at higher frequencies than a television based system and, when full y 

developed, may offer higher resolving power. They can provide outputs in 

analogue. form which is easy to store I or can be interfaced to a computer. 

Such interfacing would be similar tn many respects to that required for the 

television system. However I these systems both require active I ight sources 

to indicate the anatomical landmarks and these sources must be switched on 

and off Involving either tralling connecting wires or a telemetry link. Also 

the power ,of,the presently available light sources which must be used (Light 

emitting di~des) Is l"",lted wh!9h puts constraints on the range of operation 

of the system. 

Th. other televls'9~. syst~~ that have been developed are 011 limited 

In theIr perf~rmon~ eopabtUttes In comparison with the system described here. 

At present f\Qne at them 4;~n UM more than ~ne camera sImultaneously and . . ,," '..', . ,~ ~.. 

thel r basJe cLssJgns w.1H."rnoke this, extensIon dtfftc;ul t. None of the systems 
~ , , , . . . . ':" ~"... , '. . " 

have .be~de,l","d iwlfh· ~";Jl')t.ntlon .ofcollecttng data from other measurement 
, , "'". ~'. "' \ I > ~, ': _ ,,' • 'c. 

devlce$qn,cf.c~s~,uel)t\~ ,t~ ,.as~.wtth whIch this can be done Is limited. 
- , . .' ,. - . 

The.ocq"tsttiOi'\ of tbtt Q(t·:o~dlf1Gies of 0 grid of callbratlon points has not been 
'. . ~,' " ~ (~. , " ," .' '. , 

,COl'\stde,~d ~') ;,ony ~ ot,;!hca, ',~!",!(;~gept in. ~~~Dutch system (Ingen Schenau 

. (1973)J~,;~,t :.v.I)_~i'"l>1~rJ'"t,Yf,Of ~or purpose desIgned to take in the grid 
. .... "- . 

:jco~dtnates,., "The; .... ~!:~, of ;~!I !W' ~~ability, and response to moving markers 

b,ove ~I), re-P,Or«tdh,~ .;~yt .",9;;:, strr't~(l~ ,tests. ha;ye been reparted for the other 

s)'lter~1It :~Hh !:wht~i't~t ~~~ ~~r'~. 
,T~:sfS~," ;wt~thQv, <~IJ~Qti()nsb.oth ;~'" the research laboratory and 

tn tllectJnl~k .In ~~ ('~OfFb sItuatIon It will be possible to conduct large 

numbers of tests w1th comparatIve ease. Thts has not been practtcable tn the 



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 
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of flexlbtltty, 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-contactlng nature and also the complete silence of the 

system. Important areas of use In the clinic would be "before and after" 

studies of treatment regimes, Identification of the "key" joint where several 

tolnts may be affected to varying degrees by a partIcular pathology, and In 

observing the different characteristics Induced In the gaft by an appliance. 

6.10 Future Work 

Research Is currently in progress on methods of filtering co"'Ordlnate data 

generated by systems such as the one described here, this research also 

Includes Investigations Into dtgltal differentiation schemes to derive veloc1ties 

and acceleratlons (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 a~alysts requires to be developed from existing work (Paul (1967), 

Morrlson (1967), Poulson (1973) ) to be compatible with suitable marker 

conftguratlons for the televIsIon system. It will be advisable to structure this 

analysis In such a way that useful Intermediate results can be obtained easily -

to produce parallax corrected angle/angle diagrams for example. The 

Incorporation of other measurement devices Is seen as an Important option to 

be buIlt In to the analysIs. These devices should Include load measuring 

devices such as force plates (one or two), and pylon transducers; accelerometers; 

and possIbly electromyograph recorders. 

Present:ation of data Is an area whl~h requires considerable Investigation, 

the most promising directIon would seem to be a graphIcally oriented one to 



make use af 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 a 

way that abnormalities in the gait can be easily and quickly recognised. 

If this is achieved then i.t may be possible to use a very basic model of 

mini -computer (with consequent economy) to coil ect and process data. 
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AI.I 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 after the source has 

disappeared; a modul ated source Is, therefore, averaged by the eye. 

Experiment shows that It Is necessary to project about 50 sti 11 shots of a 

moving scene, every second In order to allow the eye to average the pictures 

and reduce any fltcker, due to changes, to an acceptable amount. It 

follows that a television system must scan the scene to be transmitted at least 

50 ti mes every second if fit cker Is to be acceptabl y low. 

To represent a stfll 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 elemenfs each of which would have to be sampled, and 

atloeated Cl valUe of'~1ectricot signa. corresponding to Its brightness. The 

whole array, for ej' moving tcene, would have to be sampled 50 times every 

second to re~ce o'plctureacceptabte to the eye. As usual a compromise 

11 made andth.' pIcture Is broken up Into a finite number of elements which 

wIlt produce a reasonably sharp 'Picture at a bandwidth suitable for transmission. 

A inocIern, htgh,deflnttion-, "tronsmtsston system dlv1des the picture 1nto 300,000 

to 400,000 pIcture .'efb8nts-andr.cplre. 0 bandwidth of several MegaHertz. 

The -s'gnal 'eVe .. co~lng to each etement have to be transmitted 

.equent'ct1Y.~tcol' -"'ev1ston'.yste,.,. transmit the electrical signals 

correspOnding>to tN.,"ptcfvre .'.lMnfs startIng at the top left ha~d corner of 

the pktut1fi. ',The :.1gi\a1.:~ng to the top line of picture elements 

are ft~ 'ti'dftSfftirr.il,h$,., i~'ctHnprls'ng the next Itne, and so on until 

the whole ptetuN ttt6f -be", ttbnsmtthtd;thlt' proeea of tr.onsmitttng a ptcture 

asa sueeeutOriiofhCJl!lzOfttoJ,:;If. iD knowt1Oslconnlng. In conventional 

televl.ton· .YS~'''r\tn • .mways .torts from the left hand stde of the scene, 

asvfewed by 'th.'CCltfterOi: ., 

"' . ,".:- , 



To convert the light signals into electrical signals a photosensitive 

surface is used. This surface, or target, varies In conductivity according 
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to the intensity of light failing on It. The target is scanned by an electron 

beam which causes a current to flow in a signal plate I 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 appl ies to the 

vidicon and plumbicon pick up tubes is illustrated In Fig. AI.I. Other pick 

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

AI.2 Scanning 

The scanning of the electron beam Is controlled by synchronising pulses. 
",-, "-"-'" 

Deflection of the ,beam is accomplished by vertical and horizontal deflection 

coils which applyamognetic Jield of varying strength across the path of the 
..... ~ .." < , 

electron beam. Al., thetlectron, beam passes through the magnetic Held it is 

deflected at rightang1el:tcilts~direction of travel and to the direction of the 

field. The poth follo~~d by' t~'et'ectron beam i~ scanning the ,charge pattern 

on a camera target Is shown in Ftgure AI.2. Starting at A the elet:tron beam 

Is made 4"0 travel horizontally at constant speed across the target to the right 
,. f '"'/"t; "'. i ' " 

hand side; it therl"retums at a' ",uch greater speed and commences the next 

horizontal or Itne ICon. The return traverse Is known' as the line flyback. 
,~.~. "--'~ •• " - ... -... •. ,.~-..... h ~ _ 

Simultaneous' to the>llM.$con:.4ncLn~ck the etectr~n beam 1s moved 
..... ""'''" ... ,. -"~ ;;~-,., , -'~ -.,.' 

comparatIvely slow"i"'OnClQf":constcinr·Sp~.ddownwarclS, the field scan. When 
'~·'.t""'· ~''I!<'>~ ,.,' .... '. ~., ...,. ........... , ". ' .. <_ •• ,~ __ ~ .... ,,, • .,. -

the required numbe,·.olJ.I_,:has "en, •. ~anned the electron beam is moved 

vertically back bi:~1ri1Jt,'1i~ae~:.,"'P~I8I~ synchroni.i~9 pulses Initiate field 

flyback and line ~;;;h~JiiYf.eil~I'tt'ate'tln.flyback. 
To reduce ttfe~~~~tiTn.quI~(r.;UI··r~~ ~~~tem known as inter-

"'''''r ,,, " 

laced scanntngts~d:'-T;'thls'sys'tem the televIsIon camera transmits 

Information In thttiCllM weay,cqrWore,,, except ,thQt the complete ptcture Is 

only scanned 25 times tn every second. However to maintain the flicker 

below' on obtrusive level each picture Is scanned twice, the second scan 

takIng place between the Itnesof the first scan. This technique ts Illustrated 

In Figure AI.3. Each complete scan is known as a fteld and there ore thus 
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Fi gure ALl. Camera pi ck up tube. (F rom Wharton 
(1967)) • 

A - - -~ - - - - - - - - = - - - - - - -.- ------------= =r------ - --=n------;--------
------== .=------- • _-c- == - =-- -- -.---- - - - - - -= =------------

-~--------. ------;-- - -- = = ==---------------'-- - - - -- = ------;---- A-

Figure A I .2. Scanni n9 path 

Figure AI.3. Interlaced scanning. 
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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 
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of active lines in each field is 292!, after accounting for those blanked during 

field flyback. 

AI.3. Synchronisation 

Fteld and line synchronising pulses are generated by a central sync pulse 

generator. They mntrol the time characteristics of the camera scan, and the 

relationship between field and line syncs determines the interlace of odd and 

even ftelds. During line and field flyback the video signal is suppressed, an 

interval known 0$ 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 sold to be "actlve". 

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 Itne sync pulses and line blanking is shown 

in Figure AI.4. The composite waveform showing details of the field syncs 

and blanking is shown in FIgure AI.S. The equalizing pulses shown in the 

fteld 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 Itne which occurs at ,tM end of alternate fields, just before the fteld 

sync pulse. This half Itne can ImpaIr the tnterlace of the receiver, by 

disturbing the fteld synchronIsation. l\1so in closed circuit systems the field 

sync may be one puis. of about 160}'Sdurotton, Instead of flve broad pulses. 
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A2.1 Introduction 

The PDP 12 is a mini-computer designed for use in a laboratory 

environment. It is a 12 bit word length machine and can therefore basically 

address 4096 (4K) memory locations. An additional three address bits, the 

ex.tended 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},S, although certain instructions will extend 

this time. There is a 10 bit analogue to digital converter to which up to 

32 channels can be multiplexed, and which is controlled by a programmable 

clock; eight of the channels are prewired to prectsion 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 

extemal equipment. Communication with the 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). 

LIS 

Full details of the computer will be found tn the reference and maintenance 

mon..,gls (Digital (1970 and 1971) h however those aspects which directly concern 

the telev.lsion interfoQe will be brlefly described here·. 

A~.2Input/quteut Tror'\$fer, Instru<;tions 

Th. PD~ 1;2,~as two distinct modes of operatton. LINe mode cnd POP-O 

mode, each ofwhtch h~s Its .OWI'\ tnstruction set. The LINC mode tnstruction 

set Inclucte. .Instructions to ~trol sorne peripheral devices such as L1NC tape 

lysteR,lS I the, visual dltpJay unit, and the analogue to digital converter. Most 

peripherals a~d,c~tatpJ)r Q.By Jnte,face ;wHl be controlled by the Input/Output 

Transfer (IOn ~IOSl"of tn$tructions.tn the PDP..s mode Instruction set. A 

speclalLINC mo~ . inJtrU,Cticml 108, aHows this class of instruction to be 

used.ln LINC ~' .. ~ Yitthout changing modes. 

A2.2.1 Prosro,mmecl:, Ogto.Jronsfer 

When an lor cl_of lnst~tlon {6." Is decoded In the Central 



Processor the computer enters a 4.25 JA S expanded cycle, and enables the 

Input/Output Pulse (lOP) generator to produce time sequenced lOP pulses 

as determined by the three least significant bits of the instruction. A 

timing diagram for the lOP pulses is shown in Figure A2.1. These pulses 

are transmitted to all peripheral devices together wi th the contents of the 

Memory Buffer (MB) which holds the instruction. Figure A2.2 shows the 

function of each part of the lOT instruction. Bits 3-8 of the MS contents 

are transmitted to the peripheral devices in both (I) Hand (0) H versions 

to simplify the logic required for decodingo This logic is shown in Figure 

A2.3 and gates the lOP pulses to the device when the appropriate code 

appears on the MS lines. The device code is assigned by wiring the 

appropriate MB lines to the inputs of the AND gate. In the example shown 

the device code is 318 (1I.'11~%2). Any combination of the three lOP pulses 

con be 9.enerated depending
c 

on bits 9-1 I of the instruction, therefore there 

con be up to 7 discrete. instructions for anyone device code. From one 
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to three lOP pulses will be generated in each instruction; any device operation 

which requires 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 I when loading a register with data may cause a flag 

to be .set elsewhe,.tn the interface; a second lOP pulse generated by the 

sqme tnstructioncdri be' ~ed to clear the flag without the need to resort to 

a second Instru.ctlon.~ 

Three other controrli~esoreQvQihlblefor programmed data transfers. 

These are the Clear Accumulator, Skip and Interrupt Request lines (EXT AC 

o.EAR~US, Lj, exr SKIPB\JS L; and eXT .. INT RQST BUS L). The Clear 
:. . '. ": ~.~ ,,: ~, '1, '1 . 

Accumulator Itne Is used when making data transfers from an interface to the 

accumulator. During each lOP data from the Interface Is strobed into the 

accumulator. This la done by making an InclusIve "OR" of data already tn 

the accumulator and data on the accumulator 1nput Unes. If there is no 

data from the Interface or If the tnterface data Is zero then the contents of 

the accumulator wttl remain unchanged. If It is desired to read the contents 

of an interface register then the accumulator must first be cleared. This 
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Figure A2.1. Programmed data transfer timing (from Digital (I 970)) 
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FIgure A2.2. Bit functions for Input/output transfer Instructions. 



8MB03 COIH 

BMB04 III H 

BMB05111H 

BMBOS mH 

8Me01 COl H 

8""08 COl H 

AVAllA8l.E f'OR .{ 
SUB-DEVICE 

ENCOOING 

• lOP 4H---r-....... 

8 lOP 2 H-+-~--"'" 

8 lOP I H-+--Ir-...... 

634XH 
COEVICE SElECT \.INE 

USEO FOR BAC 
INPUT GATING) 

lOT 6344 H 

lOT 6342 H 

n.-4~---- lOT 6342 l 

lOT 6341 H 

b--4~---- lOT 6341 l 

Figure A2.~. Device Selector logic. (From Digital (1971». 

',;' 

221 



can be done by the program, but it can 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 lOP generated by an instruction will ga~e the status of the 
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flag onto the Skip line, causing the next instruction in the program sequence 

to be skipped if the flag is set, (increments Program 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 11 if the processor is in PDP-8 mode or 411 if it is in LI NC 

mode. The program will then jump to location I or 41, where it will be 

directed to an interrupt service routine. This routine will then test the 

status of flags tn the external devices (using the Skip facility) to find out 

which caused the interrupt and wtll then take appropriate action. 

All programmed data transfers between a device and the computer take 

place via the accumulator. Data tn the accumulator is available on the [1001 
BAC /1-11 Itnes; and dato from a device is avatlable to the accumulator on 

the [EXT} 10 BUS 11-11 lines. The tnitialtze lines {lOO} BA and BB INITIALIZE H 

will be asserted whenever the computer power is switched on, the I/O Preset 

console switch is depressed, or when the 1/0 Preset Pulse Is generated 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 Registers 

The methods of hardware Instruction generation described above have 

been used in the televlslonl·nterface (see Chapter 4, Interface Logic -

Instruction Generator I and Ftgure 4.22 for example). Usually each hardware 

operation Is generated by a separate Instruction; a great saving in components 

and the number of Instructions used con be made by utiltstng status and control 

registers. Only two instruct10ns are basically required; one to load the 

register and one to read It.The various status bIts ore set by the interface 

(such as "change buffer t'~ and the control bits are set by data transfer 

from the computer {e.g. "Double Buffer mode'~. FIgure A2.4 shows how 
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buffer! tnterrupt buffer address 
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Figure A2.4. Status and control register for the address register 
ins truc ti ons • 

223 



224 

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 12 on a cycle stealing 

basis by the Data Break Facility. Wh'en a break request is generated from 

an external device the computer completes the current instruction and then 

enters the "Break" 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}l5 to 4.8,,5 for three 

cycle instructions but can be anything up to \8.2 jJ S for some extended cycle 

Instructions. The transfer of data can be either from or to the computer. 

To effect an input data break transfer the interface must specify the appropriate 

address in memory,' provide the data word, indicate that transfer is to the 

computer, indicate whether 3 cycle or I cycle data break is required, and 

request a data break. 

A2.,3.1 Single Cycle Data Breok 

The timing dla9r~ for Input data transfers Is shown tn Figure A2.S. 

Data tronsfen to memory take place via the Memory Buffer to the location 

speclfted by 'the external dbta address lines. This address is provided by a 

IS bit regIster in the In .. rface and must be present on the address Hnas In 
• 

antictpa~ion of the cfota break cycle. When the address has been ~trobed 

tnto a central processor register the address accept pulse is generated and 
" 

transmitted to the Interface. • This pulse Is usually used to Increment the 

Interface address regls_r: In readiness for the next data transfer, and to clear 
, 1 ~ 

the device bredk req~t flag If 011 data transfen will have been completed 
~ ~ 0 , , 

at the end of the .'cur ... n,t b. ... ak cycle,. If the break request flag is cleared , , 

before TP2 time of the cycte' then the computer will return to normal programmed 

operatt9" on completlqn 9fthe dqta trQnsfer. The B-BREAK signal Is generated 

by the 'compUter: ancl' ''1!e~ns 1~for the duratIon of data break transfers. The 

data to be transf.".."d!rnJ.t bf QvoJlabl. on the external data lines by TP2 
.: "~ • 'f ~ 

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 data break cycles. 
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The initial conditions in the interface for single cycle data break 

transfers must be set up under program control. In the television interface 

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 provtdesregisters for the current address and word count 

functions. If theextend.d\ addressing facility is to be used then the interface 

must provIde a 3 bit exten(,t.d addr~. The register used for the word count 

function is, a memory Io<:ot~ speclft,d by the address (usually hard wired) 

placed on the extern~1 address Itnesby the Interface. The next sequential 

memory. location is the cur~t address (CA) register. The word count register 

Is· preset by the program to the negattveof the number of words to be 

transferred. The currentku:ldress registerTs preset to the initial address 
\ "1 
',," . 

mtn\;l$ one (A~l.Upon N4«jvinga three cycle break request the computer 
~- ", : '~ 

enters the ~flrsr"'oftM br~k cycles ~ completion of the current Instruction. 

During this eyel;. the wot!<l icount (WC) register It Incremented and If the 
. , " { , 

regtster becomes ~ro as a result a WC overflow "pulse Is transmi tted to 

the devIce.; Th1.J "gnal stQl:ttfles the end of a block transfer and Is used 
'" ' '- ,'.'_ ". ,,1- ~l ~ 

to 'remove the brHk ~~ 119'\01. " On the next break cycle the computer 
" 

enters the current address"' state and the contents of the CA register are 

'ncremented and usfd as'the:,~dclress for the data transfer. The last break 

cycle stor; the da~ p~"d on the external data lines by the 1 nterface 
, . ,. ~-

"" 
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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 
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from the DMt2 to each device for the data break control signals, the external 

data address, and the external data. Each device Is allocated a priority and 

the break request fines are sampled, on every cycle I by the DMI2 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 regilter In 'the central processor. This allows the 

memory address to be setup prior to tMbreak cycle. The break cycle is 

then entered os before ,(single or three cycle) and all control signals are 

directed to the devIce wlthbus control. 

A2.4 RKOS Oisk and Control 

The dtsk drfvecon~tter (RKaF) can control up to four RK05 moving 

head disk drives.' EGchdtsk' contaIns 1.6 mlllion words of data storage. 

Data Is arranged onthei1dtsk tn tracks and'sectors of 0 track. There ore 

400 data tracks (200 on' to," and '200 on bottom surfaces 'of the disk, each 

top and bottom pa1r being referred to os a cylinder) I 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 controller, In which there Is 

a four word data slto. DurIng write operations the controller endeavours 

to keep the sl10 full in order that disk latency ttme is kept at 0 maximum. 

If at any time ~e silo Is empty when the disk Is ready to accept data thon 

a "write error" will occur and the whole sector will have to be re-written. 

This error Is Indtcated by the "Data Request late lt bit In the status reg1ster 

beIng set, and occurs 1f the processor does not respond to a break request 

from the controller withIn 22.5)AS .. the maxImum latency time of the disk. 

Data break transfers are made via the OMI2 multiplexer and the disk has 

been granted second htghest pr10rity with the televIsIon interface havIng the 

highest prIorIty. 
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The transfer rate to or from disk is 8.32 pS per word, or 40 mS for 

a complete track of data (4096 words). Each sector of the disk contains, 

In addition to the data words, control sections and a header which provides 

a sector and cylinder address. En:ors can artse 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 Jt1) which I. referred to as re-c:altbratton, 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 rates 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 the next track (by the program) and a check 

of cylinder address carrt.dout with re-c:altbratlon If requtred tn readiness 

for the next 4096 word block transfer. Checking of data will be 

limited If the highest possible data rates are required. 

The detail. of the RKOS dIsk and fts controller given above are only 

meant to provide a pointer to combined operatton with the television interface. 

Full detail. will be found for disk operatton In the appropriate DEC manual. 



APPENDIX A.3. COMPUTER PROGRAMS. 

Interface Mnemonics 

Real Ti me Displ ay 

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) 

Set up interface to 
pp~Hate in double 
butfer mode 

Ves ~----------~ 

HALT 
Press continue to exequte' 
next instruction. .' 

set up 6 index registers 
as data pointers for 
each channel . 

SpecIfy start address 
of lncomtn do to 

enable CG 

",-c' 

.. 

Ves 

Yes 

Process new. data 

DPROC 

232 

No 

enable CG 

Display current 

data I)~ 



, 
No 

Channel to be displayed 
set by right switches of 
computer console (9 , 1% 
11) 

Access appropriate data 
buffer and. set up display 
characters to indicate 
channel No. 

First 2 locations of 
display buffer show a 
point at latest HC 
generated 

,O"9lay character buffer 

Olspfoy data buffer 
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initialize routine 

No 

Increment HC counter 

get next co-ordinilfe . 

No 

Yes 

set error flag 

Yes 

Prepare code word 

VC scaled 

Process HC 

Return to NDATA to test 
for new data and update 
current address 
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extract camera code for 
current co-ordinate 

store HC in data buffer 
defined by code 

store HC in refresh 
poInter 

store VC tn data buffer 
defined by code 
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No 

No 

No 

· -flowChart for -data process program (DP). 

Set up initial parameters 
Field count = SFCT 
Line count = SLCT 
Com ite Address = CAD 

Enable address Itnes. 

Set address Ii mit, EMA 

Yes 
., 

" 
A 

A 

Set up KW 12 clock to 
synchronise on incoming 
clock pulses 

Sample analogue channel 
and increment channel 
counter 

Test for end of data 
c:acqulsttton·. (OA4) 

No 

T est for end of 

240 



save address of call i ng 
rogram 

Ves 

read current address 
and save then HAL T 

Press continue - INt!' 

Ves 

Initialise data processing 
program for fi nt pass 

INITI 

Ves 

ReorgonJJ~ oflologue 
to 
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Reset counters and data 

pointers 
INIT 2 

Start processing for each 
TV line 

START 

Find next VC 
VCTEST 

Process He's 
PHC 

Get camera code 
CODE 

Count number of HC's 
for each channel 

CNTHC 

Reset counters and 
data pointers 

INIT 2 

Initialise for PASS 2 
INIT ~ 

Start processing for eac 
line STA~T 

VC TEST 

PHC 

CODE Y" ''' ...... _____ ,...-___ ......1 

( 
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No .>---'! .... 

Yes 

Store Co-ordinates 
. STORE 

Process rest of He's on 
current line 

Process rest of 
Hes on current 
TV line 



Count number of HC's 
and check for errors 

CNTHC 

save return address 

Yes 

Check for errors and 
save VC 

save address of VC 

Yes 

Fill remainder of tape 
store wIth 7777 

save return address 

evolupte camera code 

~ '. ' 
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Save return address 

Set up code word (SR) 
and test force pI ate 
bit 

Yes 

No 
Set bit ~ of fiel d 

count 

Yes 

No tgnore firsidHC" 
of TV line 

Save return address 

Store co-ordinates in 
tape doubt e buffer 

~eturn 

Fetch next He and 

return to BIGtNl if In 
PASSI, BEGlN 2" ·tf tn 
PASS2. 

244 



save return address 

Ves 

No 

Transfer upper ! of 
buffer on to tape 

Transfer lower! of 
buffer on to tape 

Increment camera 
channel 
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Ves 

Set camera m:mber in 
field count word 

Return to process dota 
for this ehannel 

Ves 
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J3E~ 

036: 
1";j36~ 

~J:l63 
1'131'>4 
Cl36!:o 
Tl66 
.;3(.7 
31",1 
0371 
i:J372 

0336 
0337 
03'la 
0341 
03112 
0343 
03/14 
031.a5 
0346 

0347 
0350 
0351 

0352 
0353 
0354 
0355 
"356 
03S·' 
33(·0 
13361 
0362 
0363 
~364 

0365 
0366 
(1:i67 
037:J 
~371 

0372 
0373 
"'31L; 
0375 
03'/6 
:1377 
;",1·') 

0l;(1l 
0402 
('Ilj:13 

0Ml4 
3/135 
3L:J6 

Z~07 

~41~ 

0411 
0~12 

0413 
('1414 
0415 

:14115 
JL;17 
J'~2Q 
C?.1;21 
0~22 

~5!}e 

(;335 
41J7 
1 (l20 
0023 
0:J04 
0000 
6352 
60~0 

7772 
0060 
1772 

111062 
00~0 

1020 
3543 
41111 
Hl?.J 
0()52 
1040 
1615 
10110 
1620 
1 :~/j0 
1631 
1 (}113 

1674 
1'2120 
0053 
10 /,3 
16:J6 
1043 
1613 
IG2:'J 
00Jl 
41/10 
1 ~~\:l 

" 1 ~~3 
1 56,~ 
7'170 
0~'J2 

7,,1! 1 
11il6 
3?13 
5;-,14 
DJ~'~~ 

7006 
61 I, 1 

4110 
1')):1 
01;;7 
112;) 
63:;)0 

D1\5, 
/ 

K.'~6, 

K0660, 
SCTRI 
/ 
/ 
/ 
/ 

/FIRST 
H01Tt. 

lOP 
HCIl 
src CA 
l.DA I 
0020 
l;SI' 
HLT 
J~'jP I~I Tl 

JMP " 

P;1uOE 
-6 
0063 
-6 

L:-jOOE 
1.'JI TI ALl SATI O~ 

SET I 2. 
o 
LDA I 
m.GI\ll 
S TC ne.GI.>l 
LDA I 
CCI 
STA 
13 
STA 
III 
STA 
15 
srA 
16 
LnA 

'CC2 
:STA 

I 1 
STA 
I? 
L.I.; .. ~ 

1 
src cc 
l.LA 
CAD 
PCL. I 
1'170 
PI.;? 
?·jJU'; 
Cl:' 
T"lL CrI'. 
LC"\ .+2 
J~~tJ ·+2 
·3:~:J~ 

L'I. 
LI~C 

L~0L~ 

SIC ~Lf 
LL~ 

ell 

!\!.l.\ I 
-ln7 

/ SI\Vf. CUhl:I-..IlT l'il, .• '; I\D 

'HLTUR~ 

/CJ~P ALD~ Tu AC 

/TlOJS C~M?Ll:.:"~_.'H 

'X4 
t-. 
~ 
'-J 

'liIV I'll 1777 



1373 (31:23 0.051 AN /TU.MAII1Df.R +V!.? "'472 elSI3 (3077 !:'1-T I 17 
0374 0/;24 6/;27 .. MP ·+3 /:>J'J <)/J73 0!>!4 3777 3'177 
0375 0/1:'=!~ "~!.~2 XSK I .2 /tES, I;\lC QUOTI ~\lT '!ill 7 1I ~!j15 661'1 J:1P I\Dl 
:l37~ 0426 6421 J<-1P .-~ /REPEAT <Jb75 05'16 1020 ~DI\ I 
3377 31:27 1120 AIJA I :JL!75 C:I!)17 20~}3 20;')3 
04J·;) ~l~3(} 1'177 1777 0/>77 ~52~ 1)623 SlG AD3 
O.t;Jl 0431 III 11 STC fIE:"! /SAV~ REMAUDER ~5"10 ('521 661lt J:-iP ADI 
£M92 Olt32 2032 AnD 2 05 iB 0b~?' 66113 J:1P TAl /.\lEXT 2 Bl..t<S 
911:>.13 ",,33 21113 AD£., "LP' !'!502 0523 1~?'(:l ~IJ~ I 
~3~ ~1I311 11110 STC ~LF /STORE ~o OF LI~C ;;)503 "5~4 2"~~4 20:14 
!lJlO5 3435 ?1:l3 Am:. CAD .IBaDS O!>"", <1525 11623 s're AD3 
~4;'6 011)6 1563 net. 1 :)5"5 0526 00"7 SJ,.T I 17 
Gb31 .M3? 117" 7713 !'If:o:1)6 0527 377'1 3"77 

.... ~lil:) ti)ltlllJ 41442 src -+2 0S r'7 953~ 6614 ·J,';P ADl 
.~j"<J4ti a4"'1 6lfL!3 Jjfp .+a .,513 0531 1 J2~ 1..01\ 1 

;'L:::~~· 3i14t 8U!J 8B(J~ .I1~ITIAL FIELD ADDR . BSIl 0532 ?'3~~5 20:~5 

f)1I43 0~lIe IW!.. 2 /6.4 051? 0!:>33 1I623 SIC AlJ3 
011111 fl444 tU!0 AM I !)513 0~34 6614 J.·ll' ADI 
MI5 0445 06~Q 064' /LIIP' if ~f;14 0535 6643 J:>I~ TAl /I..I\~ 1 ? rt.KS 
3416 0.11116 "ll.~ STC DlDl ,"SAVE UflT 1.1~C '1I:1.D ~515 ~!;>36 0J02 I'JAI ~2. PJ..;f> 
tf.1i17 344'1 i}311 CLU ~J516 P:'dLl-
~~j 041.>0 40:''1 nc .. Jlf :!1st 7 0537 4511l J;'lS I 1.'4112 
~}4P'-' '''''51 ttlJ51 S'le Get OS?:} 354~ 4535 In,Gl.\ll. J/lS I STAllT 
3~~2 ~4!>}1 4JS2 src sa "'521 o !llIl 4~M J.1S I vC'l F.l>T 

'~M~3 Ol!53 1I",!;-3, STt U 0522 35/l? 1l!l21 J.'lS I PHC 
31124 04b4 4054 ,te 54 0S~3 05 /,3 4522 J1'IS I C')lJl! 

,.,. (JIf25 01!55 .4855 src bS • 05:>'1{ "544 720" et. A 
'~0426 01156 1&056 STC 56. 05~lS 05/.5 11 ?3 'fArl CI\:>\C<.l /CI\.-:EI-;/\ GJDr, 
~?7 ~45'1 14~57 STC 51 (1l5?6 .,546 7HHi' Cl.1.. 
3tl3~ Jlt~.' 1:<'163 STC G~ 05?7 (~·5/17 7CHM hl\t. /.<IJ (PIU',,:() 
~~1~1 'M61 IIG" 1 SlC 61 vl!:;31 3~!J1 1124 r,~1.J t<2J50 /I:;:1. ~ Jj.,'.~ j) 

J43~ )4t:2 lj()t; 2 src 62 !}~31 0~t11 3355 D(,"l .+4 
':)/133 ~4(i3 ~dt3 SlC 63 J!l3~ 3~5<~ D~5 Tl\D • +3 
r"A34 e4f.l: 11064 STC 611 ;)533 1'1553 11 ?5 11\1 :<1 /2.~u 1:;'r. 
3h35 0465 11365 src 65 ;)!'>~4 0554 3357 VCl\ .+3 
:1436 3466 M66 src 66 0535 ~555 (B''l;3 3J;H /1$".. t:.J;j~Tb :-it: FJ" 
~-:/.S7 0"67 lj<)67 STC 67 :):.3(, / kt.e,l t:1'. ... ~.jA 

'J!i/. " 047,1 e002 ?DP "1537 0~:'6 5~61 J.';P .+3 
~::~~1 P.·'Olil!, .;5,,0 e!l~1 Ij.J::lJ 0b~3 , /O\il:hH.Jv. 

:'J""~ t:!4'/I 5513 J:-1P I MAU 35111 056,) '/:>0 .~ Cf.t:\ 
,Jb1l3 / ~~!,>/1::! i'l561 1123 T·'\!J CA:'lCu 
0./;44 / (}S/13 ,J5(~ '/Ij/l'-' S?f.I /Cf~.ij .11 

13411S / .15/1/ 1 :3563 53(,:' .. J.·11' • +2 /:~J 

'J"t:6 / ·15" 5 :>.1564 4587 J.-:S I !iTJi';!" /0<,. ~IJ~il:. (;,nhD.'o 

'J/147 .Ii"lAI IJ PR\)GRM :,5'16 0565 61 L.l I..HC 
JL;~J 0472 6141 NAI ,~1, I..HC 'i5 /J7 1..:10 J)}o, 

Cj'~.5 ! L·~,) IJE. i~55;' 0566 7~"7 JI,? :1C?1 
."1" ~? 6/;73 0443 S~S 3 ;';551 7.5(-1 ;),)·lJ ;1' .. 1 
:J'1~3 v47~ 6536 J,'lP .1Al,'l2 .I~O FP DATA TO STORE o~:,? 1J5H 0:~'~2 PI\SS2, ?lJP 
ill. 54 0'175 Hl213 I..JiA 1 ~55C1 P.-1JVE 

"'''55 3LJ76 2:,):JJ 2Jdll :~5S/. ;1~11 il~14 J,';:; I I III T2 
at; 56 0471 L:('~3 STC AD3 ':1555 0S7;? 4537 .J ~s I UIT3 
Jil57 @53:' 0J77 Sr.l I 17 155(. :'!:'B il5:l5 nEGI.112. J,',!:, I :iTr,jrr 
Cl/:G 1 !'I50! 3777 3777 '155" ;}57/, '1:,2:1 .):-:s VeIl-51 
·Vie: 1 051::! 6(,14 J,"'P flDl :l~Jr:. :j ;E,15 45r~ 1 J'~S ?1G 
at:!;? J5;~3 1 'j2:' I..DA I ;5f:.l J5'l6 'j~22 J,~::; GuD~ 

:,L;f 3 :)5:;1; 2:,·; 1 ?·~.H 'is,..,? ;is?'' 6U'1 Ll vC t, 
01:64 (1515 4623 STC AD3 '156:' I.. .;.)1,;- .j::.... 

co 
1lif;S 05,~6 6614 J.'l? AD1 ',51';4 :;;f;n 1 '1 ;),' LI,,\ 
"/i(,6 ~5,J7 €.643 J:-'l? TAl /XFER 2 B1..KS ,)!-.6!) 06,11 :H23 C~/jCJ 

JL!67 0510 1 :~~,~ I..lil\ I .')5('6 06'~2 1 [;,4'1 SL\~ 

/~/17 ~ 9511 PJ.'I2 2~a2 ,IS(,' ~6:J3 ;.: 1 L..3 GC 
J47\ ;}512 4523 :;lC I\D3 ,1;,'I?J 06 "l; (;(- L~ J.;t> .... 4 
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" 111 __ ;; 1II"al'iilf' ___ t £LJ ; .• __ nll!. • 11:1.11111E ilL lib U .1 L , 

:~ 

('1767 0751 (M71 APO I 1"166 1 ,VI 7 71356 J:viP F..JD 
0771 ':n~2 !>417 src 111 1:%7 1~53 0011 CI~I' 
'1771 ('J753 1:J~J l.1;1\ 1170 1051 30('5 ADD DHI 
,~772 0754 77~7 -2J J.J71 10~2 1120 t-\D4 I 
3113 C755 01l1l3 STC :-12 to7? 1:~!l3 3iMl 1 
0114 a756 1300 l.D" lIH3 1Q54 5005 src DFD 
3775 0757 2930 2030 1~7" 1055 7005 J,'lP LFD 
",.176 3763 4116 STC TVC IUUTIAL vc 1'75 10!l6 0(}16 F"~D, .\lOP 
0771 0761 02"'2 .,n., 1176 1057 e011 Cl.R 
l::H):J ~JDE 1~77 1060 2111 ADD 11E.."l 
1031 0768 5675 J,"lP I SUIT2 1100 1"61 3017 C0,oIj 
13:7:" I 1101 1062 4005 STC. Cilun 
IOJ3 I 11.02 1063 1020 I.Dt\ I 
UJ,JI.! I 1103 U64 7776 -I 
1335 I 1104 11165 4006 S TC Fcou.n 
19')6 I 1105 1066 30135 AD!) DFD 
t0l1 U 000 . 11 nil i!-J67 liP,} I\D~ I 
1;)10 .fSU1' .. P.l,)UTl.U. Tv TUT FOn-vJ:.HTICAI.. COORDINATE 1Hl7 107:' 00:;)1 1 
1GB 1938 OB!l7rl CUTiST, <10"0 IUI:.'t.IH,~ ')MP Ill\} 1071 5~35 STC DFD 
131l? 1031 6141' LI.'iC 1111 1072 1023 l.DA I 
j~13 L,'I\)D1 1112 1373 7076 J~lP .+3 
1014 19J'~2 0225 }(SK I COU~T 1113 1 (}7 l1 5f156 STC IdD 
1,15 la03 7835 J~P -+2 111~ 1~75 7005 JAP D.D 
1316 HJi:'J./l 1]45 ~:"PFc,n IE~DOFt.UCFnl.D 1115 1;)761023 LD.'\I 
1011 1035 0t~4 Ofol), 0644 ILDF' CUBRUT DATA I1I (; 1017 71 iH E.~Dl, J:t,p. +2 
H)?J I HLLD 1117 11"J~ 0956 STC J._~D 
la?! 1!J!~6 11"21 LIlA I rTAD .f!.Ju'r • .JRD IIf!<J 1181 9066 SH I FCOU.IIT 

10917 1 5,<" neL I 112 1 1 1 ;J? 7 7 "6 - 1 J1)~~ 

1;"1!'3 
1024 
l'}gs 
1"26 
11327 
l!"3~ 
1-)31 
t J3::! 
1~:;3 

1~34 

1:135 
1336 
1 ~37 
1 "ha 
Uil 1 
11J::~ 

1 ;1·3 
II'JL'Lt 
H~1l5 
1 ')1;6 
Inl,'/ 
1,~5"J 

IJ51 
115" 
1353 
1!~!:..4 

1:-'5 !1 
11~6 

1057 
1~~€1 

I~(,I 

ne> 
iJl'.3 
1 :}'".4 

Hll, 1777 l"I'i1 1122 1103 0:'65 SH I cou.n 
1311 1/16:l SA)- I IVC 1 1123 11~4 7776 -1 
1312 6!3JJ M;!{1 1124 1105 102~ LeA I 
1013 71S3 J·'lP C,IITHC I:~O 1125 11D6 7111 J~P .+3 
hilA 1 0 J~ L L'I\ 1'1' 1:;5 1 1 ?f> 1 L~7 5:J ~6 S re 1-; -J D 
1315 .,I.J:31 STAD 1127 1110 7024 .M? IrIDDt;+1 
1316 I un ADI\ I 1130 1111 1020 Lt'A I 
101'1 7776 -1 1131 1112 7"177 1777 
1:Jf!:J I 6~:' rSl- I 1132 1113 4,')04 src TVFC.\IT 
IJ;~1 203" 2J0:: 1133 111l.1 0317 CIJ.-; 
10:l? Il!£-3 SAl". I 'eRROR 113/1 1115 4111 SlC VC 
l!'~3 ;3:1:)0 I A IiIlR, O;1'H' 1135 1116 CDl7 
H'~I! 70~6 Jl'lP .+2 "IQ 1136 1117 4133 
1~?5 'I,n~ J:1? ·+13 I(ES 1137 112[} ~13/, 
1 "''!t- 1':'1111 !.DI\ STt\D 11"" 1121 11 p.J 
10P7 4116 STC TUC 11~1 1122 0~3~ 
1;)3,) 101:1" I.LtA 11l1f' 1123 5132 
1~31 0031 STAD 1143 1124 0032 
1 ;'32 5323 src I ADD~ 11/,11 
1033 "302 PL1P 111!5 

1~34 !l6<Hil 

1 ,13 !l 3302 

1 :'36 213a 
1337 5241 
134:3 74"12 
1 ~/ll 7?ll() 

13/,2 3132 
1043 ~141 

liCl.tVI 7150 
1 :'45 Cl2?6 FC~T" 

P"lJ DE 
J'IP I cvnST 
L.v:uLJI=. 
PI:'? 
P.1vDI=. 
I SZ VCl:BR 
J:-lP .+2 
HLT 
STA 
DC/\ Hl .. AGl 
Ll.\1C 
L;VJJDL 

IlU:TUH.1J 

I!:VC vc F.RilOR COU.IlT 

ITIlIl MA~'r' ERRJHS 
ISH AC=7777 
ISH ~HnOR FLAG 

11?5 4~27 

1126 7:::011 
11~7 113l, 
113J 61111 

1131 ll:6:' 
1132 0tH'0 
1133 7124 
1134 6570 

/ 

/ 
/ 

/ 

co ~ 
SIC HC 
:).uD n?Li{ 
4VA I 
? 
src .+7 
PLi' 
P~JDE 

J~S I ST0HE 
CLA 
lAD TI'Li{ 
LI"C 
L.·:Jt~ 

SA}. I 
33;JG 
J:';P .-7 
v.1? PASS2 

*11!l0 

IINC DATA FI aD c.n 

IRE.."'lAI.'JDJ..R 

IlU.TUWJ 1 J PliJCE.SS 
IHI::'1I1l.'.IDHl 

IP~JCJ..SS LAST 
/l.I~E o~ LArA 

/1APE-. s,'Ji;l:; 
/"ifLi{+2 
/.~J 

liES 

FUi...:'" 

1365 10/16 7(j5J 

JJ;P CHfiC 
l{S!< I JiCJU~T 

J,':? .+2 

11116 
IlL,., 
11:,J' 
11 ~l 
11 ~.~' 
1153 
11 ~JI 
113:' 
11 ~6 
11 ~j7 
11';;) 
1161 
1Ir.,? 
1163 
11(;4 /COtr~T H()rlIZ0IlTIIL C0ui:lJ1 i/t,rLS e. Si, ...... 

•• J".!: 

"<.n 
c 



Il'ii'iR" .4 ~.,..~--~~~~--

lit'S (,,"1c1DE.: 19.64 19./~L, 5256 S-rC '~f!C /t.I\Sl He 
I1f.6 115:) 30"'2 C.~TliC, PDP 19.1':0 lP-lIS 0011 C!..i~ 
11(;7 P.'1IJDE 1266 1?46 [1132 SIC EF!..AGl 
117:1 1151 2115 ISZ HC."T /EHJlOH1 1~6'1 1?.I17 0Jlt HC?I, C!..H 
1171 1152 5357 J'IP .+5 /:~() 127" 1250 3217 ADiJ AD 
1172 1153 2131 ISZ HClRH /n.s,COU:'lT ERRORS 1~71 12!>1 112(3 AlA I 
1173 1154 :'356 J;'l? .+2 1272 1252 7776 -1 
1174 liS!) 71)32 Ht..T rrtJiJMA~fERHORS 1?73 12531"",:1 511\ 
1175 1106 5541 J~,P 1 nl:.GI.~ /RETUR~ Tu STAAT IP71l 1?-5/, 1217 l\D 
1116 1151 61111 Lt:~C 1275 1::!55 1460 SA} 
1111 LiiuVE , 1 ~76 12!)6 (~0J" L!iC, 00") 
123" 1160 13(H LDA STAD ISTORE CURHE.IJT HC 1271 1257 7262 J:vji' .+3 
1231 , HI APROPnIATE LOC 1:lIHl 1260 :)002 ?lJP 
UHU! 116. 11038 rbfSN, 4030 /src 30 .. 31 .. 32 ETC 13GI ?"JDr. 
1233 1162 3161 ADD TMS1'iJ 13.12 lr!61 55/11 J.>lP I BEGI." 
12;,)11 1163 1120 I\DA I 1333 L.;-:iJ vr. 
11!~5 1164 DJ01 1 1 :Hl" 1 ?6? 5263 src • + 1 
It::.; 1165 5161 src TE. ... STO 13:;1~ 1263 (!liHI:1' «h.ll:l~ 
1~J1 1166 '''02 JMP CVTJ:.sr+2 ,.-/ 13U6 1264 4133 ~1C He 
121'" / 13:iJ7 126::; vllJlc)2 PlJP 
UU 1 I 1310 ?'hWr. 
1212 / 1311 1266 ~6::l0 J;t,? I 5PiiC 

,:lrl3 / 1~sl2 / 
l~ili1 *1200 l~!I~ 1267 O:!H'l',' P'i2, " 1215 /SUUROOTI'H-. TO PROCESS KOR1~O.IJTAL COORDI,IlATE 13j.1) / 
1?16 P;>lOlJE 131:; / 
I1H '/ 12~'li "CH" SPHC, ~;)t)0 / ItE:TUR.~ .IMP 1316 / 

/Cl.EI\:, Fl.aG 

/L.!\ST HC 
/2",27 01. 213e 
/~J 

.It},,!> 

/I\VL, LAir", 1 tiC 

t22B 12lH 6141 LUC 131'1 /sunROUTI H. Tu EIiAL.UATE CA:H;il\ C)Dr. 
1221 LMJDI:; 13::>:1 1 21~ 3:.\J3 SC()DE. ~,'ll" /1ir.1'l!1\~ J."P 
1222 I?02 1,~3" L.DA 1:1:."1 1?7161/11 1..UC 
1223 1233 aIlS UC"T 132? !..':JU, 
1224 1?:l11 1120 AlA I l:W;l U:72 0i111 cr~l' 
I~;:>: 1~:~~) ;DJ5 5 \:l?LJ 1:'73 2136 1)1;1; SH 
1:>~6 12G6 liP:; ALA I 13:"5 l~·,/: :H~61 F,cI'. I 1 
1?~·; 12,)7 ?J3!~ 2:13,) /ADD 1-7 1:1?6 un!> LI136 STC Sil /H!:PL.·~t,;1-.. !,;,IIi-ii'L :";L 
U?33 1210 SH17 STC AD 13~7 1276 2133 AI,1: ',C 
1231 1211 2115 ,"\L:D IiC.IlT /FOlt"1 nJL N TO 133(l 1~77 331f: .BJil I? 
IP32 1?12 1663 nCJ I /COHRf-CTl.Y ORIUTATE: 1331 131e ",2f! ;l0'. I 1 
1~33 1?13 00'17 ;}J07 .ISH ~orm. 113:' 13:11 I=-G~ PCT. I 
ll'~!j ! 211: 11 f!'3 AD') I 13:la 13J2 'rn.l 77'/ ,j 
1:'-':35 1215 0~~:,3 0<'53 /iiO!.. .Il, 1'i>P.lH,D U3/1 13;-;3 t;l~,:j SIC C'\.1C0 /CI\.,;r.:i,'\ CJi;} 
:?~6 1216 5231 src P,U 1:;35 . I:WI, ,U;j~' PuP 
1£37 1217 2JJ.J.~ An, O,i;.JJ /ADD liC.\! IJ:i6 P.1J!J1:: 
1 P.40 12~J "::'63 H'J!.. I 3 133'( 130S 5670 J.W 1 SCuD!:. /iir.1Ctd 
12LJl 1221 0 /172 t.ZI:. I .IF 1"1 IVI~ / 
1? .... 2 !2:'~ 7231 J:,lP PiU /.vi) l:if.1 / 
12/13 1223 526'/ src i'H2 /YES !:ll.J::> I 
l~l:'j 1??4 2J:')4 AL,D rVfC:ilT 1:1'13 / 
H:;;;;, 12:>~ 11',:':-:; "5i:, [ 1:14/1 ISliPHOLJTLH, TJ STJIU. CJJ.!LI'Il:\H';; 
12/:6 
1 :'1i7 
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Flow chart for calibration grid data acquisition (CALMTX) 

Set up interface to 
acquire col grid 
co-ordinates 
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Disable CG 

Read ond save current 

address tn CA 

Read and sove current 
field address In CfA 

Read decoded dato 
back into core 
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Display grid points 

DISP 

Yes 

Build calibration 

Matrix MTX 
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and store In display 
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Display grid points 
DISP 

S'tore calibration matrix 
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0a23 
02211 
Be25 
0226 
0?~1 

023,-' 
"231 
!~23 Po 
:~~33 

('234 
;'235 
3236 
;'237 
0:>1::, 
(',V;l 
,,,! ~~ .~I;: 
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/}, .. \l Ft HoD ADDll 
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1'1327 
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0~7fj 

0?71 
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0346 
03i17 
03:,0 
0351 
0352 
0353 

2354 

0355 
~3'!:)6 

;'351 
0360 
0361 

21~~ 

2101 

0102 
,~1 ,13 
01.14 
~1~5 

~ 1 ;'6 
Gl:n 
911 ii 
:) 111 
,";1 i ~ 
;1113 
'j! 1" 
'illS 
J 1 1 i~ 
)1 1,{ 
.H ?\~ 

2:;)!>:) 

HJ/,<J 
2051 
1 ~i40 
21)52 
10 /10 
2053 
H111J 
2~54 

1(1)Il3 
2'::155 
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.15'11': ;H26 il6!:>6 :;IC till.) 0675 (JLJ21 0224 XS;{ I TVFC.IIT IDlC TV FI i:.LL CJU . .JIb-; 
,}577 !n;'7 aoJ6<"! :;~1 I iC-1T 12 BLOCKS OF DATA 0676 04P.P. ~'r1l1 Cl. it 
i'~'J:) "13'<" 6777 -11t3!J C'J6H 0LI?'3 IIP.3 flu4 
:)611 0131 0063 SF.! I Tf.lUJi' ITAPE BUn'l.n SU @73(~ C,L,?lt 7757 10121 -?~ 
3612 J132 3777 37'/7 07~'1 ~'125 2417 A['D .-6 IADD APO I'J5T 
.M·J3 3133 ,N6l SET I 51'AD ISTAHT ADLlR FUR ~'HJ2 OM~6 L,417 STC .-7 I Hl:.Pl..A.Cl:. .• • .JDI .. ! Ui I.\lS 
%.~'" 1t134 p.ln.:.l 2.I\Ja I DATA 07~3 0427 2/12/1 ADI; .-3 
06~S 0135 '3M,A Slc'f I TVrC.IIT ITV Hll.D COU-IIT "l7.44 ;:1430 (HH7 CIl:>:; 
O~'E (H3ti 0~~;,J ~!W:J 070S 6431 4424 src .-5 IAPO I US C'{A:JG!::D 
:}(.1'/ 0131 l\~(U L1J4 ?J706 0432 0002 PDP 
1(,1:) 014':,) 0357 DHil 070'{ P:1JDE 
::1611 "141 HIli) STA 0710 2433 5600 .):11-> I STAnTl InI:;TUH,~ 

'!le; 1 ~ A 11l1! ~H 4A .. + ~ 07 11 / 
3tl3 31"'3 4(.(,)5 STC DFD 071? I 
n-$IA ~t44 UilJ:1 W'",0 Il..lJf .~ ~·/13 I 
11315 Jilt!) 10~~ Lti" I 07111 I 
';(,11$ 01(16 ?:U:' 2H" 0715 ISUTlROUTIH, TIl PRu(;~S HOHIZ:J.JlI\!. CJJ;;I:I..J,nl:. 
1(:1'1 JII;'} It6,~3 S'iC I~'D1m Il~ITII\1. ADDP. 0716 2/:3/1 PJaJ0 SPI-iC, 030.., 
:iH' 01:'~j 11711 STC VCH.R IVCt..Hl-i Sl:.T 'CV 0 0717 21135 6141 Ll.ilC 
J!~l ,H51 In,} ~TC HCE!lR IriCEBH Sl:.'f 1'0 0 0720 IAJlil'. 
:~i50P~ 01!>2 4'/72 SlC l:,H.AGl IlH.AGl SI:.T 1,\) " 07(,!1 0436 1000 I..DA 
!'l~~3 0153 1023 LDA I "7:'-'2 a/l37 0173 HC:H 
1)(,2/, 0154 0/171 APJ I ITV FU,1.0 COU~T 0723 0l:11'1 1120 ADr. I 
;)5:'5 ,H55 11417 SIC :'ll /Houn"H, SI-,T 1",) 0'(';'/1 ~/;/11 OC105 5 
~f2!> ;H!:>G l!.J?,) I.U>, I II~I7IAI.. COilDITlO:'lS ('}'n::5 O/J/I~ 1I?(J r..DA I 
'~f27 110" 775'1 -;H ~7~6 OL,l;3 2:)30 2:J30 
n"! 3:3 ,~H;:J 4Ji:.~4 .s n; ",2 ?J'I Po7 0l;/14 Ill! 53 5 lC AI) 
:x::n (:\1(,1 1'103 1.V'\ ~7~H' :JlJL15 ~1173 (Ii'll HC . .Jr 
ilt<32 t'llt? 2'~OO 2."h' 0731 ;,)/J 11 6 16En F.lCO I 
}!-33 ;'1£3 147711 src TVC 1I.>JITlI\L vc "'132 C)tll-!7 .B:n 0,),j7 
,'':·31: 0164 !<HI02 f'Lt' :3'/33 (H'~,r, 112~ M)r! I 
;1{'3~ ?,·juDr. 0714 0/151 fl:::S6 ,1251'. 
JCI6 211't. 57;;,) ,1.';1" I SI'JI1'2 0735 O/l!>~ I: Il:' I1 S-[C .+2 
:;I-:l1 / 073(- (1/153 :"'100;' ADI (1;;T1 
·~r-L!.1 / ~j737 t;"::',/~ 0{~:H~ J:J00 
;3';,1:1 / ::J14:1 0 /;:'5 /)5'10 src SF. 
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'J767 P~lUDE IPROCr.sS .'3£;"T 1~66 0561 . """2 pr!"' 
177.~ ?s;,.q 5520 J'l? I TlFGI.>J ITV Lr.1l f.; OF DATA Hl"7 P:"lJDJ,. 
.1771 LI'1IJDE 1!?J7 (3 2562 5742 J:-lP I ssrum. 
:;772 3505 11506 STC .+1 1071 I 
0773 05~6 003~ ",:1 t) 13 IADD LAT};.5T He 11:172 / 

37"14 "537 4536 src liC 1~73 / 

1715 <:510 33:.'12 PDP 1074 LMODF. 
:nn P,'lODE 1075 IStllmOUTl.H. TO TE.ST FOP. VE.RHCl~L COvEDI.Il!HF. 
'~777 2511 5634 .JI'lP 1 SPHC 1076 *6~0 
1300 I 1377 P.'10DE 
.113,11 I 1130 2600 a000 cvn.ST .. .,0011 InErUH.1l J:'1i> 
1,),1P. I I t!'ll ?601 6141 LI·lC 
1'033 I 11"'2 L.~;;DE 

U"l4 ISunlli)UTl ~E. Ti> RVALUATl; CMEAA CODE 11"3 0602 ~225 X!.iK 1 CIlU'lT 
lIn5 2512 . "0J~. SCilDE. U,," i RETUiI:J .JltP 1104 0633 6605 J.~? .+2 
1;"6 2513 6141 1. I :~c 11:.J5 0604 6645 J.·'P Fc.'n /E.-lD \.IF LI.'lC I'I ELD 
1337 L:-:Olih lHI6 061'i!> 0644 DrD .. 3644 /LDF CUiilu: .. r DA'fA 
U1.f 0$111 0." 11 CLR 1107 "6~~6 1021 LlJA I srAD /1'IH-lJ 
I'Ht '}1)15 25110 AIID S8 1110 06'37 1560 RCL I /,\1 r.,<T .... 0 I~D 
1012 a!> 1 6 0261 ROL I I 1111 "Eol" 1777 1777 
.1013 3:;.11 4!14tl STC sn IR~PLACi SHIFTED sa 111:? (1611 U!6rJ SIH. I IVC ? 
1~H4 "S2" 25~~6 ALl,) tiC 1113 0612 6009 6(HJ3 
1,1115 .~5~1 .;;.312 1,')H 12 1114 0613 0"/51 Ji1? CIJTHC / ... 0,) 

J!H6 :)!)<o'? Il.?{' I fiJI. 1 1 1115 0614 10.,,, LD~ I,(E5 
liB 7 "5?3 1 ~f" pC[. 1 1116 0615 00lU STAf; 
1;)23 35211 1770 .7770 1117 0616 112!,:) Af..'A I 
la21 i~5::!5 115/11 STC CA:1CO 'CAM!RA CODE 1120 0617 7776 -1 
!.lP-=>' 3526 2536 ALD HC 1121 06?0 16~:) PS}-. 
IJ~3 05?7 1560 [<Cl.. I 1l~2 i%21 2~3~~J 2:]:~~J 

1~~l; (}53 :1 6.~U~ 6::1.1:~ 11~3 0[,22 1460 sr,~. I /HmJi-: 
IX~5 0531 4536 STC HC 1l?4 (,)6?3 <1:)C'i" I ADDfU C:'r:.E~ 
1 :~:~6 'J~32 ;jf.!j:1P. pp;> 11 :>5 "G2LI 6626 J.-:? .+2 ,I.'iIJ 
I :'~ r~'l !>c1vLI:. l1?G "625 ('.(,35 J· .. iP .+ la Ins 
I H:1:1 2533 1341 TAl) CA,';CO 1127 06~6 IG01 LVA STAD IVC F.)i~ ."~ .. H 1V 
IJ31 2534 3111 DCA CI\.'!CJ 1 1132) 0627 4774 src TVC /['I.'i~ STJd:.u 
1:"3? 2535 5112 JM? I SC.)Dl-. IRETtm.~ 1131 0630 Ii<l0~ LDA 
1033 I 113? 0631 00"'1 . 5'1':'11) / I.'v IT I I'lL (ll:lJ:i 
1;;34 1..;1,,) t;~ 1133 0632 i1CP.3 src IAIJDH /ill'S),! 
lZ35 / 1134 0633 0002 Pi.:l-1 
1:::1(, '3S3( JO'JO 'ic. e 1135 p:.1-) Di:. 
1')37 3537 ~.J~H! vc .. e 1136 2634 560~ JM' I cvn.sr 1:~r:!lij,:J 

10/j''} 0540 ;J,)'}IJ SE. El 1137 L1JIi!:. 
13bl a541 3 "fh} CA.~Cv. 0 114?! 0635 00"'2 PDP 
1·11;~ I 1141 P.-::JDr~ 

1 C/'3 PI'10D~ I1M~ ?636 2371 I Si': VCl:liR /I.~C vC i:.E.~j::~ C·JtJ.~T 
13/;1. / 11113 2637 52/; 1 J'l? .+2 
11!'5 ISUJ:lfWtilI Ilr T:l STOIlE C:lI.lRDI ~.!\TF.s 11 "'I ?f 110 7'1~~ l{j~T 1'[0-) .~A ~ ( •.• ,;:J:,5 
1i)Lii. ?5/;2 ,,"';'3 SS1·Okl-... ~, :JJ0 I RETUH.IJ JMP 11" ~ 2641 7?Ll:) Sl'!\ IS}£' AC='1777 
I.J/'7 25Ll3 6141 1..111(; l1 l .6 ?('M~ ~j372 DCI\ "-fLAGl /sl-.r r.i<i!Ji~ FL4G 
1::;51 L!>'i-JDe. 11/17 2643 61111 LI~C 

1051 05l:L: %50 I..DI- 10 115(1 L:.r,JL·!-. 
I :l52 ;:)5 /15 13';d I..DA 1151 0€J14 6751 J.'1P c.n:iC 
lJ53 '~5lJ6 fl537 ~C IVER7ICAI.. COORD!N~TE liS::> 0fiLlS 02;!6 FeNT. .<S;{ I FCJUNT IHG Ll\jC Fli'LI.; 
1;)54 t;)~47 1053 5TI\ I TP{JF 1153 (16/;6 66~J JoY .+2 IC·JU'·l 
1':'~5 J!:5:l !'I2?2 KSK I TC.~T I,"IP;:: nUH'EH FUt.L? 1154 rj(,/17 66% J.';P I:.~D /i:.~D Jr L fI rr~i):; 
1"'~6 "5!:-1 6553 J~"'1P .+2 I ~iJ 1155 v653 0illl CLH 
1::;57 :l!>52 7 .. n·l J"i' .·n"i'~ Ir~~.STIl~~ ~A TAPE 1156 :)(; 51 ~E;)5 I\Ll; DFD /1 ~C;:!-~:i' ,'1 CU:':if·.J', 
1 ;)E.:3 0553 lOJ" I..VA 11,,7 06::'2 lI:OM I\lJA I ILbC H r.Ll,) /'-
1~';1 0554 0536 He 11IOHIZJ:II'CAL COtJHD 116£1 0!'53 03:';)1 1 0-
1:)10:> ()~55 1063 STI\ [ 1DUF 1161 0£3 !)J~ 116 .j~ STC DFD 
1 c}('3 :3556 C?22 XSi{ I TC.IJT 11(;2 'H:·55 66',5 J .. ;I' Di'L 
l.~UI (1557 6561 J:olP .+2 1163 0656 0016 c.\iD, -JO? 
1:)( 5 ;J:'6 l 7JJ\.I ,'."P ."l T·'\PF. 116/1 :3657 '''011 CL 11 



11 (-5 ;)l'6:} 2356 ADD nE.VI /SF:T UP C()U.~TER 1:'64 / 

11"6 :)661 0017 C,M I'FOR REl'IAI .. mER 1 ;.~(i 5 I'C\JU~T HOH.~IJ.ni\L CuJHDI~l\n.!j e. SE i,J::l! 

I! 1'7 ~'662 4:l.J5 5 l' C CO un 1 :'(-.6 L,1JVr 

1173 0663 10?J L.DA I 1?67 07 ~1 e0~?' C.\lTHC6 PIa> 

1171 a664 7776 -1 1270 ?'1JL·I:; 

1172 0665 4.,136 STC FCOU.~T 1?71 2752 23'13 ISZ riC\lT I H!i10rl1 

1173 0666 26~S ADD DFD .fI~C LI,IIC FI aD 1272 2753 5360 Jc1l> .+5 I.'~J 

117i1 Z667 1120 AUA I 1273 2754 2370 IS?: riCrrUl /'(E!;, t;JUn rHhJHS 

117S 0670 ~:31 1 127/1 2755 5357 J·lP .+2 

111(, ;;671 4615 STC VFlI 1275 2"' S6 "IIH;)2 HL1' /1;)J 'ojt:l.'~,{ F_;:I,J,,5 

1177 0672 1120 L.DA'. 1276 2757 55210 JM' I JJE.GU IHl:.nji~. TJ S'jr:i,r 

l~"~' 067{3 6676 .J.";P .+3 1277 276" 61111 t.liC 

12..,.'" 067~ '1I6~6 STC UD 13';)() 1..,'1u DJ: 

Ht;,e'" "675 661:15 "!"JP IJIoIT "IlETtR:,! fO PROCESS 1301 0Ul 1~01 t.lJA SlAD IS1'Jiil'; CUl.,:l' .. 'il HG 

12~3; a676 U20 L['j:\. I I'ln.HA! !fDEf; 1302 I 1.11 APriJr>hIATl- LJC 

1201f SE?? 67::>1 ~~Dl# "!"JP •• 2 13~3 0762 MJ30 H;<JSTO, 1103k) Isrc 3~,31632 ElG 

l~!~6 07J1J ~656 !aCE~O 131)4 0763 2762 ALl; T L"lS'l'i) 

1~Z16 07 Jl !lOO6 S~,T I .-CUUfT "PROCESS 1.AST 13:15 (1764 11?0 AO~ I 

1P!}V' 070P. 1176 -I "TV LINt; OF 131,)(- P.l76~ 3001 1 

lP-le 0713 "")65 Sk.Y I CIlU,'IT "DATA 13'}1 0766 47('2 STC Ti:..'ISN 

1211 67211 ?Tl6 -1 1310 07(,7 660? .MP CVH">T+2 

Hue eH!> 102~ LOO t 1311 I 

. HHt;. . 0716 6711 .J.'1P· .+3 1312 I 

12111 07J7 1I656 STeM"1> IRESU t;~D 1313 I 

t?15 aH'} 6624 .1.1" lADDR+ 1 1311l :1l771 Oi');311 I-{CI-.l!H6 it} 

1~16 C711 1 :)~~o 1..1:41· I'FILL Rf!'1AUl!JG 1:11 ~ ,?;7 7 1 ~"0>l IiCI'HR6 0 

1:'17 'nl!.! 7777 7771 11'APE. L.OCATIIlNS 131" W17~ ?),1::J:,) E:i'LAG 16 :) 

I :!?iJ ,H13 11531 S,'C VC 'WITIi n77 1:117 0773 'rI71 ,IC~T. -6 

1!~21 3714 ;;a17 C-J.>l 13?t' 147'//1 ilYJ30· TUC. J 

12?2 Y/15 4536 S'IC He Li?1 I 

1::>23 0716 0017 CO . ., 13~P' I' 

JP~II 0"/11 4:}Ji! STC I'VI' C.IIT I ~?~i / 

1:??5 W/2\] 2033 I\DD 1'~UF 13rtl I 

1 ~;:)(; j"'i? 1 11 ~'J ALA I 13~5 / 

1 ~':7 .17:"2 1,7'/7 - 3oJu·, 13'<6 ISUBRJUTI~. TO STORE DATA O~ TAPE 

1 :'')3D ~:I"i 23 d',"l AI'J 1 132"; l' 1 ."-1 'J 

1~31 :YI?/I 679.7 J'1? .+3 1331~ l!HH tr:H~0 MTAPb Lj.iA 

1~32 en~ l1P.~ MA 1 1331 If1'H JJ!1J ,.,. 
1?33 117'>.6 10a,) 1333 13~H! I'H2 5166 sic HUUH~ I!iAVk. i rTUl~\l !\l,lh.rS!J 

1834 11127 064;' I..lJ," ". 1333 1:1:)3 lCJ?0 L UI\ I 

1?35 ;'/3;; l.:lll~ sr·'\ 1334 1.}J/I 6777 - 1 ;j~VJ 

1 "3(- :1731 2181 .~~:LS!2irJ00 1335 I 'us ll'r,:jP SIt; TC')T Il!l:.SI::r 1 C ,n 

1 '37 ,H3? J'Jl1 CI..H 13:16 1)16 1;):J ) 1.. IJ,'\ 

1 "~/:., :H33 236~ (:ILL TBt.K 1337 1 ~ )" :';36') T1'Li{ 

! r!1) 1 :n34 1123 AI.IA I 13/',) h?13 1121 '/\Dl, 

1242 3735 O,102 2 1341 10111 ~UJ1 1 

1~J'13 .1736 1:7 /15 S'fC .+7 13'19. HI? 1·111f) SI:\. 

1244 ';n3'1 0O,)2 PLP 13/13 1.113 ",36J TF'Li{ 

1 f.:l!5 1',';';D1:: 1:!.tl4 1" 1 11 11 :::J l\ lA I 

1 :-'l:1': ?71J!) 1;0!/. •. 1.·:5 t SrvRE 13/':' 1.) 1 ;, 3,H0 3;j'·H1 

!-:'£<1 P7Ll G141 1..1 :.c 13/:(, 1';1 r, ')/1 ~>l ".PJ /14,>"- )\il:.;-,rLh. ( 

l-:::'~ 1..."J t;!: 1310 !.H'1 103J 'Ic.T / it.:; 

1 ~~ 51 W/42 1<>3(' LL:'i 1353 D?} I').}.; Lv:\ / ~'J 

125? ~n1<3 t:.i36a l'PLK 1351 1 J:'l '1 j. J:i .! "Ur 

12~3 '!l7t4 145j S.'U 1 IrAP~ STOHE HJL.L 13!)2 l>j?p' 112\·) 4l.i'\ I 

12:::4 07/15 0JJ0 0;1'3~ I 1T,LK+ 2 I~~:> 1 ;);::3 ISiH 1.) ):; 

1>'!55 .,746 6737 ... l.'1P .-7 /.>.J 1 ~ ~.lJ 1 ~,) ~~/l .1/171 4P"J I IL)\,E" ,.,';1.,: ru:.r~? 

1'056 '/.747 J6J,,) 1..1F 0 1355 1 ;;:~5 7 "·33 J':l' ·+6 / {'t.::' !'-) 

1 ",57 {'753 6263 J.'l? PASS2 /(LS 13~6 1.1~6 !~SJ :"fn I.~J, t;1')?i: •. :-! ... ~~:- ::; ;';~f .... 0-r-..) 
19,:'~ I' 13 '." 1 ;:;21 ;'3G~j rr·~14K 

!"{:l 
, 1 :11;:' l-'i:l J 112(, Ai!\ I 

l~(~ 
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,16(:} 2'IJ3 73"3 C1. I \ C1.!.. VI" ~'I lJTf'J J,30.1 'lC 16, e 
;lC I: 1 ~731 135!~ TAD C,IC ~7f!.1 ,),171 U:J0fJ .J.{C 1 7, ~ 

eJH-? P.7::J2 3353 C03~ DCA riCl 1:>j1f,] an2 00013 '1r;?~, " ... " 
:'l"'63 2733 23\J2 IS?: CiJ3 0'/62 / ~ 
·~r,E.lI 2741. 1:) I 1 Tl\l' l'D »71'3 / 

"~'O65 271~ 1.J!:'1 T4D i{>H '/)764 I 

:;(,6'> 2'1 }(. 3;) 11 VGA "D (}765 /sun~JUTI~f T0 e~DUCE LATn T0 J~E 

',;U7 27 ·j7 311 11 J.,C.i I HI /Hr¥l.fl.C}" riC ltoIH 3 J7f:6 /C.JJrU:I'i'lH; ?AI,l ?tH GB:I.: .'JI,,,'j 



·C'~-""''''''ij;' ... -. ... r--"='W"-·j';rsqte ft t ~"""~"';', ...... " """~."---. ,~".' ~ .. " -"s • '11-" i T"~' r--' - ,. 

·'J7f7 *':)@C1! I;)M 1·"7/.j ;3>Jel 1 
')77;) P!iJDI:. 1~6-/ 107 !) 7102 J:vlP ·+5 

,n71 3S3" 000S SRI-.D. 0(MI!l I,HO 1.,./6 0115~ LZr_ /h()U~D l;J\d? 

i)77'? 3'J31 61"1 1.1llC 1071 un 71~a J:1P .+3 /:~() 

0773 I.MuD!O. 1~'l2 1109 1120 ' AIJI\ I 

13774 U9? 'H111 CLR 1373 1101 7776 -1 

"775 10"3 S121 STC ARC ~ ARC st., TO 8 107iJ 1102 lU0 AlA 

':J776 IJo34 l';';J0 LDA 1:J7S 11 ';;3 117/15 l<nC 

-3771 1.)05 (17115 mic 1076 1104 iJ71<S sn: HHC /AVl:.!!I:\GEU ,it 

hD0 1006 3:;)17 CtJlf 1(377 11,}5 27L1/.j ADD lIVC 

I"~ 1 ' 11)·07 5120, src .'fliC 11 \'0 IIM G1}17 Cv,,] 

1"'"t'.JP. n13· ~52 ADD!lIiC lHU 1107 2746 ADD evc /CVC-IlVC 

,1J}:?J3 13'11 'tilES SAl. 1 IO.'fL Y' 1 PAl R OF 11.02 1110 124" MlJ1. / Dl V Bt 2 ,,_4 ,1lJ12 8!JaI I ICOllRDU4TES1 1l~3 1111 5113 .+4092 

':t~s 1413 fM!16 SKP 1','41.). REDUC E 1101) 1112 0456 SKP 

;'1006 1 itl4 :'1116 JNPR3 I'Y ES. S1'ORE U()5 1113 2300 2~,MG 

l'3~n U15 1120 ALA 1 11 "'6 111 I1 2744 ADll lIVC 

'l:Jl3 1'l16 17':>7 -2~ 11 "'7 1115 '174/1 sn: I1VC 

1311 1:1l'1 ~~l APJ ,. SIIHe C.)~1)S lllG 1116 0t1ile R3. POP 

.112 U21J ,1iJ26 .JMP .+6 /~~ 1111 M<Jl,)r, 

.1.113 13?1 1320 LDA 1 'i~MAKE ~KC.2" 1112 3117 5600 ,J)IlP I SReD 

, 'tltl JI l()'P.2 0~aO a~ 1113 I' 

·Ui.5 liJ~3 10"" STA 11111 I' .. ·n16 10211 '315~ iHC 111 S LM\JOI:. 

l(tn lO~5 1~321 ,.}:<JP .+3 1116 11 ~., 930(3 '-1HC. 0 

tl1~3 11l~6 112,) AnA 1 1117 1121 0:'''':1 AHC, '" Dgl 1;'27 ·0::2::1 2-' 112~ / 

U'?'> 1 ;}3'} 11 ?OS AVA I 1121 1122 20(ji' HTARl, 2000 / Hr.CI PHOCA'.. 0~ 2 

11f'3 1 :J31 31~:iI 2..,~"'+nTAnl-2 /!o-vR~ ADD 1.115'1' 1122 1123 1252 1252 /3 

U24 1332 51)33 STC .+1 IT~ GF.T APPRuPRIATE 1123 1124 10~0 1000 1'4 

ta25 1333 \}316 ,4JP I'lUiCl PRuCAL 1124 1125 3631 0631 /5 

JJ26 1 ')34 5!lt5 STC nDIV 1125 1126 e526 0526 16 

1·it27 1-.:13!J 2752 Al,D .'4HC 11 f.>6 1127 011L)11 0/)'14 /7 

1133 1 :136 i1J17 C0:"I 112"1 11:;~ nll:~21 0/1·;)(J /lU 

1 :131 1:137 b$j:) :; S'fC HeTf; 1'51:.1 He CJUnER 113 '~ 1131 ~J/13 03113 /11 

1 :::l? 1;1':; ." .':::25 AVb /CSI'( I KCTR 1131 1132 031il n314 /12 

1;)33 1 :Jtl 1 111156 S;{P 113? 1133 0272 ®272 /13 

1:"34 1,142 71)55 "/ll> R2 I'DI n' SU:'lMf;D 1133 1134 0252 0252 / ILl 

M35 1-'}"3 1 .):JJ LDA ICALCUt.ATl SUM 1134 1135 0235 3235 /15 

1")3~ 1344 ~7S3 Rh liGl /.:JF 111 FfE:HI:.,~CE:S 1135 1136 0222 ~222 /16 

1,137') 1 :J"!> 312>3 ADD !"lflC 113C, 1137 021Z ;il?I:1 /17 

1."!I.-.J 1:1"6 1141 I\D~ 1137 1143 020v 02;)0 /20 

1 '}/: 1 1 ,'LJ7 1 1 ~~ 1 A"!C 11 L'21 / 

J }L~ 1,);;;) I ')f):] LDA 1 11 L: 1 / 

1 ')43 1051 0(J:J 1 1 I1M>' /SlJiJROUII.I1r, TU SNHt:. HEWC1=-D DATA 

11144 1952 114;i} AM 11 /'3 P:-lJDE 

1~45 1 ~!'>3 1044 HI /I .~c RI 11/14 31111 0000 SSlW, 3~(jO 

1046 1(}54 7;}43 J:"P AVE 11115 3142 61111 1..1 '~C 

11"-' IJ55 1::130 R2. LIJI\ 11/16 I..,~JD}" 

Ll~~ l'1!:'6 1121 A'iC 11/17 1143 0651 i.)jjo 11 

ll~,l 1 J:,'/ d2.t,1 IlJt. 1 IX10 (RI~Anf) 11 ~'.3 I 111111 I ;}·1., i. I ,A 

1 j:'~ 1 ,;)1; ') ! :,(;:" ne!.. I 1151 1111 5 0711/1 Eve 
U53 I :JE 1 3;}:H 1 115? 11116 106/1 5T!'. HO 

1.1S4 1062 12'1'~ :iUI. /F'HACTt Il.-JAL Y 1153 1147 1 ~;hl LDA 

1355 le63 5,1(, 5 .+4002 /MU'4TI PLt 115/1 liS':} 07 l /:, EdC 

1.1~6 BE4 0.t;56 Sit!' 11~5 1151 1 :36/; STA I 110 

HlS7 1365 3;'m,) RDI \i. 3:J30 / ~l t..'L 11 ,'l. r I:.R 11 ~6 1 I :,? IM!0 LDII I 

!;U.~ 1:l66 A321 H:JH I 1 /1)111 r:( 10 11 ~,7 1153 f;;.J~H /'.' 

1 :l (;1 1067 01l'.)1 !\?J /-Vf; tlH +UE1 116] 1154 1·7 5~ SIC ,~;lC '.J 

lJI\2 ]:n:, 7";'/6 J,,;> .+6 I-vb !-(.JU.~j; lJJ;,.-Jl 1161 11:'5 1 :~.::;:3 LI/'. I " 
1-"63 1 :~'i 1 ::l.t(,p' LZr. I I+Vu !hIU.ilIJ UP?, IlG~ 11 :'6 :n:,3 HCI 

! :)~tl 117~ 71;:)2 J • .;P .+113 111'3 1 1 ';:,., 5.3/1/; SIC iil 

l:!!):, 1 ;'°/3 112" ADA I 11611 1160 0f.M2 PDI' 
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1165 P.-I:JDF; 1~154 3456 1,163 'fAD AlJD1~ 

11 ~6 3161 5741 J.~P I SSf(D 1?65 3 /157 1057 T4li !'{ 1"0 
1167 / 1 ~~66 31:60 3'363 !JCI\ !\DIJH 
11'/13 / l?f7 3461 5234 JMP S,1AVG+ 1 IRI!.P},AT 

1171 / 1 ?,'/A I 
1172 I.MODE 1 ~'/I I 
1173 IstroBIlU'a.H. TO MJDl Ft AVDn ACCORDl:I1G TO 12'/?' LMJOE. 

i 117l! I'VALUE. 0': DA1A HC· 1~"3 *2 
1175 *14~ti H'74 01302 o '.:t 00 CTR~ Ql I 

.1 
1176 Pi'lIlI.tJo. IP75 eI~33 00,'" F e1'lt. 0 
J 11:1 343f1 90JJ0. SNAliC. lII~e0 1:?76 0~~4 0000 rw. 0 
1~·;"3 311>H 629.1 cm·- 29 1~77 ~0<1S 033,) Kcru. ;3 

I?;",. 3~'H'a 73;)0 et.A Ct.t. 1:lW} I 
l!!,~ 34:33 HJ63 lADAIiDR 1:01 I' 
la;3:3 , 3lj~}4 l.}p~ fAJi. j(ltB " 13tl? SfG."!H 2 
t?;',..· 34,()~ ~2;1a l>Ct\ ."l",",CI , 1~:13 I 
1?~1lS '3"" 1,*2 lAD He J:t 1j11 I.,-;"D}:' 

l":~ 311:'l"l lOJ/.", CIA 13:'5 IS Ul:'IliJOl'I .H TiJ CALCUlATE. COiWU;TI JoJ ".',~:';v,~ 

1 f!·YI 341$ 1(,32 ',A.., I MAliC! I'KCCCAL)-liC(DATA) 13,,)6 nllfl VUHICAt. Cl.liJl-!lJI. .. ,nE 
12,1~ 34~1 1519 Sj~ 1+\1.1-;1 13.,7 .~"a 
l?J~ .' 31t • .2, !;)~ .. mp MMea I':JU 1310 P'o\JlJ~ 

UUt! 31113 1055 TAn K ... 30' I'US 1~1I 420" (110210 svcc. ,,033 
t~13. 34111 771~ SP~ CLA I'Dl H>301 1~la M~.'I 62:>'1 CVI' 2" 
121:4; 3.1·1 S ~6()!<I J.1i>, 1 £'1,'\!iC I.'OJ")~ AODn 0;( 1313 1!2:l? 73:10 CLi\ CLL 
!!>H;, 31l1.6 17tf..3 1'\t A Ll"h, 1'~S.~lllJIFY ADDH I:UIJ 4?:J3 1 ,'61 l':U; VC 
11=>,14 341', 1 :)~1 H\lI ,c<oJl l:~ 1 S lj:M4 7~tll CiA 
1 f>.J . .,. 3/:~.1· 3,'':;3 lJCA A DUH, 1316 M!(15 11163 TA]) 1 I\DDH IVCCCAI.)-VG( 1>1\11\) 

1~':-:3 3/,21 :'2"'1 .. 1." P :', .. AtJC+ 1 I'IU,PEAT 1au M!36 3~74 rGI\ ])1 F 
121'1 3l.:'~ IJ54 ltAHC2. lAD 1(30 1~?1} 42(l7 1074 TAll Dl F 
1!'~2 3L~3 7719 SP:\ CI..A I DJi' !"<- 301 13?1 iIf!10 771$) Si'''' CI.A IUG(DATA)<UC(C4~)? 

1?n3 31J24 7l1HJ Sj{~ 'I'F;S ]3?'~~ 4211 5f137 J.j~ vcca /.~J 

1 ~:'ll :l/:~!> ~i-~1:,} • H? I S!.A!tC /:~ J. AIJDH ut< . 13~3 1:21 ? 1663 TAD ABJ.j1! It 1:.:5 
1 ~ 0:' 31:26 13(;3 1'!,\Jj L)J.;L!: '~u!;I /or AlIIJR l:l~Ll 4?13 C,141 LI'JC 
1~;'>6 ':lM,:1 11!:>J 1!'.1· :<1 I:<~S 1..1JDr" 
1 ~'P.7 :lIl:lJ 3363 DC" I\LLn 13:'6 0214 15"'" ncL. I 
!?3 , 31:31 SfMl J"lP S.'"A!iC+ 1 InE.j>r.J~T 13?7 0215 0'377 ,H77 
1!."31 I t:i~::I :j216 14 (':J srl'~ I 
t?:\'? , 1 :J:< 11) ,~~ t 7 UYH' ~tJ : 

1 :~33 I l~:i? ~~!P:J (ill !'l6 S";P 
1~':14 3L!3?' ,,~a0 ·!AnCl. 0 l:l3:l dr~~) 1 E261 J~I) VCC3 /TqKE l'G~l-fG~"; 
l-"::t!:'i I 13~/1 O?~? 1 I:lIa 5'H 
1 ~.)~ 6 I l:nS (~~~;.~3 03.11 C l\I.. 1.'12 
1,'37 ISUJ:lf\.lUTIH. 1,,) 1'4"'1>1 H ADDn I\CC\)RDI ~G Tt) l~n6 02<:!ll "1;56 SnP 
l~l, 3 IVALU£ Jjo' IIAr/\ VC. 1337 ,)225' 6261 .HP VCC3 ITAK~ rGiI4-tG~13 

1 "Ill :3433 ;""';)0 S."1AVC. ,~~H t:1"'" 0?'~6 0,];12 VCCl~ PHI' 
I <"j!! 3434 6221 CDi" 2,~ 13/11 P,"J D} 
1~Y3 3/,35 73;):) CL.A CL.1. 1342 '1?~?7 "3Q~ CLI.\ Cl..r~ 

1':>."1; :>/136 1'''61 T"<I) VC I :<l!:< L'~<~0 1'163 T,\L AL>!,t~ 

1 ..... ': :. 3/:37 7 j/ll Cl" 111/1 1;~::i 1 10163 T,'L ,.:\i I.m 
1" •• .... ; .. t.:,' 3""') !l:63 Ti\Jj 1 ACIJR IUCC CAL.l-VC( DIHA) 13(;5 J~~:{2 3277 LC!) 4DLEP. 
1'~/'7 3J;!: 1 751 ~, !)1-'~ 1+\Ilo.! 13 /:6 1:'::<3 1677 .:\1) I AlJDi<2 

1::-5J 3/-.;lJ~ 5252 J.o\~ ~jI\VC 1 hI" 1 :ll!'/ "W1/1 70'11 CI(\ 

P~I 3L:lt3 U53 1'''[; i{1/24 I\'ES 1351 1;~~3 5, 1/'63 Tl\u l\uDR h'GD'J-l'C,DC 'J-1> 

lP52 3/,1,/1 771 J Sl~1\ Ct.A lull- 1'<24 13"11 II~36 56'.10 J:1P SvCC 
1~!;>3 3/1b5 5(:~3 J.;p I S:1AVC It lo,S, ADlm vI( 13~? 4-:>':31 Ll63 VCC2. 'ii;L fll)[;l\ 

1 ~!~L; :ll: 1~6 Ij63 TAl,' AlJl)B I,v"), ,40 I)[fo t ADl:JH 13~:1 ! ~Li:J 61 'd Lt .~C 
1 ~~)5 3 /1 :, .. , D(,' 1 '\D K') 1 (10 13:,1, I.. .;J L:E 
1 ~ ::(~ :V'::;3 :L1E3 L,Ct). 4DD;, 13S~ nf-!lll 1560 PCL I '" I' 5'/ 3 1::>1 5-P34 J .. :,> S'j'\\iC+ 1 /i;J,ygT i:' :,(' .--,!?l.t2 ::';)77 :!J~"77 'I 

CO 
1 " 0:' .\ ~\!; ::? Il!:>? ~.t\\ICh ·i'A.U r<~!lj 13~'7 ():~Li3 I / j/,J Setr ... 
1 ~( 1 31;~3 nu Sr>A Cl.i\ /LrII'-F>-211 136] !1?ll/; Cl3(j0 C'~!..Pll 

I r'f:? ~.l~ ~/: 741D 5KP 1 ... \), .10 lil!' 'i ADDH 1361 0~l:!> 0/,!)6 S,{p 

1~:63 3lt55 5633 J(J!;> 1 5.'1AVC IO..s .. I\Ll.lH lM 136~ 0~iJ6 62',1 J,'lP UCC4 'Tl\K~ rG~12-{G~11 



~·"""~"""""",""",,,,,,,"_·"'·~'~ .... n " 
MP 

1363 3247 1440 S"IF. 1462 ,3327 77MJ 77;J/iJ 

136/' 0~~J 93132 CAt.IM3 1463 ~330 1/160 SAl:. 1 

1365 0251 0456 SK? 14l'-4 "'331 "M00 \} 

1366 02!l2 6211 JM? IJCCII ITAKE rG.~2S-,(G.'~24 1/165 0332 0456 5i<P 

1:161 1~53 001? PDP 1466 0333 6360 J,'1P HCC3 ITAKI-. ICG.'U-XG~0 

1373 P:-;,)Df: 1(167 0334 0"'32 Kec ., ?DP 

1311 .11:>511 733:3 Cl.A Cl.l. 147~ P.1'JDI:. 

1372 112~S 10711 TA)) D11i' 1471 4335 73<13 Cl.,\ CLl. 

1313 11256 105l TAD K."I IMAKE O~H:S COHP 147? 4336 1372 To\D HADDR 

13711 IIlilfl1 3374 1'JCA DI F 1473 11337 1 ~5J TAl.) K."l 

1315 4::!l;'~ 1413 SKP 147. "34f) 3371 DCI\ I'lADDH2 

1376 f..14~D£ 1475 4341 1771 11\1.) 1 tJAlillH2 

1371' ?261 ~~j2 \lCC3_ PPP 1476 1131;2 7041 CIA 

l4'''~ P:.silot 14'17 A343 1772 TIU, I HADDH IXGD.'J->tGD( .~-1) 

iAJl I:au i~63 tAll Al.Jt'lt 1300 4344 51 (}iI JM' I SiiCC 

Uti At63 ht51 11\1>1<100 1591 of 113115 1074 HCC2 .. 1'I\D 01 fo 

l~;):' 1426:- 3211 DCA A1>DRa 1S32 113116 7.,,,,1 CIA 

J.'4 .26$ 11163 TAD t ADIJR 1 S(~3 43141 30711 I;CA Dl F 

t";J~ 1.1266 'tall! etA U:;1Lt 11350 1363 TAl) ADDH 

lA.U IIP.67 &671 ,TAD ~ !U)DRS! I'~GDOI+ 1> -'tGD~ 151'15 4351 6141 1.1.~C 

14~J7 1IP.1 ~ $6')~ .;~P 1 SVCC 15:46 Lt'lul.JE. 

till;' t,.!"l;)t;l:;, . 15;)7 \')352 1 !>6;' re!.. ( 
-111J.J ~27.1 003P. \I CC I" PlJ? 1510 0353 71·:10 77!'~ 

'till p. P:"tJl.Jf; 1511 0354 li140 SIH 

lA13 .4212 13'" Cf..A CLL 1St!? 3355 0333 CALI:>!4 

I11t4 4213 l014 tAD DI F 1513 ~3!>6 Zi l56 S;{P 

'1,0 t5 42711 1051 TAO jUt 151i1 ::l3!>1 6334 J!'I;> HCCl ITAKE XG~31-XG~33 

I.A16 14215 337.l1 t;C~ 1)11 1515 0363 00;;)2 HCC3 .. pr·p 

.141'1 M!'/6 S23\) J.,\i' VCCl+2 1516 P."'JI:J, 

IM'J I' 1517 '1361 73"''' Cl'" Ct.L 

l/1Hl ;' IS?') 4362 131? TAu tllWDIl 

11,~2 t.:J,;()D~ 1!J~1 l::.l63 1"~0 TAl! K 1 

l LI?3 I' 152? 4364 3371 DCA tMDDil2 

141M 02')'1 00A0 ADDRa .. 0 IS?:! 4365 1772 T 1\ 1: I tlAllLH 

IM!5 030;,) 12~G CAt.Hl .. 120~ 1524 43M 7 ;'lLll CI4 

142~ ;13.,1 1:S"~ Cl\l..l;~2 .. 1300 15:>5 L!:~67 1171 Tf.\D rtADDP.2 ;'XGD( H!) -,<(;i;~ 

11j!'7 G3.~?' 2!:103iJ CAl..r>l3. 25''''' 15r!6 43'/0 5',0Ll J:1P SI'lCC 

11;3 " '-'3:;3 a031 CA1.Lojlb 31 15?'/ / 

1 1;31 / 153" 1 

1"::12 / 1531 1..110D1-: 

l.l1:t3 ISU!3RJUTI,~E N CALCULATE CORR1CTI()).J FACTOR 1532 0371 0000 iiADl:R2 .. 0 

11434 Ii'JR HORIl.·HTAf.. CJORDI'IATE. 1533 0372 0000 fiADDR. 0 

1435 P."!!.lDl 1534 / 

11) 3" 43J4 0JJJ st{CC. tl\)f)0 15:1 !-> / 

1l!37 Il3.'5 ~2:~1 CDI' 23 . 1536 ISUi3il;JliTI.H TO CJ!1?UTE. A.'Jl.J SCALJ,. CJ;d:rCll J.~ 

I LoI;.., 1,336 731)03 Cl. 4 CLl. 153'/ /1' ACTJ?S. 

14ld 1:3.n 1 ::0 lAD I'.D1:11 15lli~ *4U0 
14/'2 /131 i' 1056 TAl) K43 15/11 p . .r;ua: 

11:./;3 A311 3372 VC.'\ HADIJR 1542 1;/1313 0~a" SDI Ii. (,j/HU 

14114 11312 n'62 Tl\D HO 151;3 4431 6141 LI 'lC 

141;5 1.;313 7\Jlll CIA I 5/!11 .' L ~j !.Jr. 

1,,/'5 11314 177? TAD I tiADDli IrtC(CAl.)-rlCCDATA) 151'5 94'~2 112eJ I\['~ I 

1447 1:31 ~ 3:>7/1 CGI\ Lll-' 15['6 ~/~~3 2l!25 2~,~.J+HTAR- 2S 

! I!:' 1 I,:; 1 'i 1 :)'11, 11\D [t l- 15f,'( -,)1;:')4 L:Il:~5 SIC .+1 

1 1,:' 1 4317 771Z 51''\ CLf! I!tC(VATA)<;{C(CAt.) 15S·' :}''.J5 [1.]:J(3 JtJ:;J /!\DJ:; H.C! P;\JCAL. 

1 I;~.2 L3?'J :'311!:i ,):-11) rleC2 /,oJu 1 ~51 \:jIJJ6 ':/:35 STC DI \i3 

1453 Ll321 1~74 TAr, 111f Ins 1552 (31/07 O~Jll CL." 

145/! 1,32P. 7(}4~ C."ll\ 1553 ,~/ll (1 064'" l..Dr \) 

145~ !:3:.~3 3:~74 LeA DIfo' 10,'11::5 Cu~p 1554 '3" 1 1 10~6 LJj!'\ ,," . 
It: ::'6 l;3?I, 1J63 ~ TAD ADDH 1555 ~'i I::! 2:;76 VIl-!23:JJ 'J 

1/:57 "'3~5 61L!1 l.I.~C 1556 13413 0451 i'I,~J /+\i}. LIJ. F? -.0 

146 ;) L,.;Jr,l:, 15;;7 ~1/.1LI 6/~23 J:';~ Dr \il /.vJ 

1£:61 ;'326 1 ~61.1 nCL 1 1560 l)/-a 15 182:;) l. I.;,~ I /fl:,S 



» ititiiiiit 7 N j rs : r-~-~-"~~''''" ~,.~ .. "~"",~,,, ,ew,·,,· _ .. '"', "?1Ylllin'"7S;F$i'xrilill~'-'-_iir ""'~'ini:C.'·'·Ji . ,. '''iii'l'ii'''-''.lillTli-j''·., •. • 'Ill 

! 1561 I'lLI 16 9:JJ6 \lQP 1(-6.3 /sunrUUTI H TO CALl flHI\TE vr.HTI CATJ CDJiiLI ~!)H. 15102 ('1417 44/17 STC DIV4 1661 *f;'2l:' 1 G53 !1/;2~1 IGJJ L1).'\ 
1662 P':JL~. 1564 0/:P.l 21314 DIF!2~0~ 1663 1I6ail 0000 SCAve. :'3J3 1565 01:::!2 6"31 .1'~P D1 V2 1(.64 46~1 73'~0' CLA CLL 

15~6 ;"1:?3 102;) DIVl. LlJl\ I 166!:> 4602 1063 TAIJ ADDR 15~7 aM!/, 13317 CO)1'l 
1666 4603 6141 LLvC 1 $7'3 ~J425 44t:1 src DI VII 1667 L:·l:JLE 

1~1l 01:26 l'iJ" L1)4 
161" 0634 \)346 sca 6 1572, 0'127 , 237 It. DIff2000 1671 13605 1120 ADA I 151.3. 91130 0()1? CIl .. 1612 06{)6 7165 -12 1~1,4 0431 0246 DIV2Jo RI,)I.. , 
1673 e631 0471 APJ /UDL QR ~~~~ TU 'I~LV 1$15 13432 lM0 MUl. 1674 B610 6615 .1;1P .+5 1516 8113.3 111135 .+".a~a 16"/5 ~611 112.0 ADA I /i-:A:<~ uilt GI .. J Af\J;,;T 15U r3~34 0456 S!(P 
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113"3 

1131 
1132 
1133 
113J; 

1:)23 
'.'J'n7 
5113 
0463 

"'30.1 
31345 

H152 
~Jlil 

0itlJS 
1R7rd 
1iJ74 

13'~ usa 
1560 
51-03' 

3111.$1 
7HU 
13P.3 
1;)2:;.1 
162iJ 
SHJ3 

3!:t3 
!>2/'5 
Xl?4 
1(.£@ 

0?aJ 
o (h,1I 

;~.'61 
310(3 
!.I:M 
1'137 
116.' 
(}'~H 

1323 
7 ?3P. 
73:}! 

7136 
IIl?:~ 

/'31," 
7~62 

7P-/1? 
7UiI 
~I r~'!~: 

1 S~J 

~1~0·j 

'/516 

132!:1 
7?'JP. 
'/114 
7114 

1135 7!;?S 

FS'{----
O~RFSH. LDA I 
277 

src QAH-l 
SI:.T I 3 

ESTll'uS-l 
t) 

SET 5 
tED CHAn I~ A~SWLq 

Q,lHFStl-l 
QAG.. SU 1 

3 
J)fP QAT 
J,o,lP.+7· 
LUi 13 
Lf./I\ 1 
net. I 
~tCQA:4+2 

!lALf SIU .. 
A1I1I QAW· 
.J:04P 01\.'1 
LIYf I 3 
I..DA I. 
ns.E. 1 
SlC QIVt+2 

Ul.LSIZh: 
ALD 0/.\"'+1 

OA.of,.. SIC '11\?+3 
;':51; I I: 
rSr I 

n PSI:: & v1: nl;L I. 
2.itrJ 
"I!jC 11 
!:l-"!" I 
1;)J 

I..lJ!\ I 
-.I;.i 
f\lJ.~ 

:'1 
OA!b LUt! 1 3 

J,>l~ 01\0+1 
J.·1P Q!'\Z 

PUT 43 r., AC 
J.;,:. l)I\J 

s'!t' 1 
i;3:ja 
J.~t> QAG 

n, 

t.:kR !~lWll 

J~t> QAP 
J~P QAH 
JAP o~p 

BUFR 

/1~ITIAL i PvSITlv~ 

/XR3 Tv PiR Tu KALFW~HD QU 

IKR5 T~ PTR TO LAST DISPLA 

'F '!-I. 9U~P PTa . 
1.\lUlH!:!f. A$$UMl>:HA\.F SI Z; E 

/51-.1 USTn N CLMlt IF 1'1.>11 

I."JP I~AC 

/[It,.''4P PTa 

/SET I:'4S'U( TV SET FF FOR F 

/I\DD 9U I'~ AC 

/ f:.AD CIUl"H\JL HAW sn.B 
Inns 1.IlSTil CIiA.'1Gk.S. El TtlE 

/ AC T \) C '>.H H:)L. I! F. (; I S n~/( 
IJ{Hl TJ UIHAI. " "0.')[ 11 v." 
/'( CUl)1111HAU, iiUI..T1PL.r. 

/t CoJIJHDI.'1ATE 

174 DUN'> PTH TJ .'1EXT CHAlil 

/311 
'.\lUTI{J:.;~ 

/ ca. .111 VE x: 1\.11 D t CllJ1WI .\lA 

IISPI.M CtfAH 
/ t>I C;{ Ul'· ... t_<1" Ct! l\ H 
/lJ "ll:.H!:. 11' LlISI':"4tI.IIG !\NS 

SUJ I 
;}0"~ OR 7777 

I Slo:I TClihl Dl 5r'I..AY Ci.Ji:SuH. El T~U:;:l 

.) /1 F ,<;d4"'(I!!). l"rIE,~ SI.'! "IC;'{=71 

77 
Je1? OAF 

/QU~STILH .'!JVl:. 
QAI.. LDii I 5 

J:·l!l Olh)+ 1 
.)"'i" ';){H /7'1 
J~? QA~ '34 
JA? !"lAl- Jj "'11:.1 TiiEr!. DI SPLAt IT 

"_'.'ii',;'f<I!~I!f.'~.--">' ,', ",'" \" ...... "_""' .. , ....... _ .... ~ "~Q",,'.,,.""".-" ,,0 

~5~QJ 

2521 
252~ 
~~P'3 

2524 
~5~5 

PS?6 
?5?"/ 
2530 
~511 

253~ 

2533 
2'534 
253S 
?536 
P.537 
:>5/,~ 

P.51)1 
~M2 
2 !,II 3 
2544 
?M5 
~5"6 
?OM" 
?!)~~ 

P551 
2!->!>~ 

P553 
~5S4 

2555 
2556 
?:l!)1 
~!)(J~ 

~561 
1'~56?' 

Pbf3 
?!)(,il 

2~65 
P566 
{'!';)!: 'I 
P57:o1 
?ri,' 1 
2S'/ ? 

. 25'( 3 
257 l • 

2575 
?576 
?517 

?61" J 

pr, ~1 I 

r'f,j2 
?tj~3 

?fi ,14 

P.6!}5 
?f;'M, 
Pt)7 

:>613 
:0.611 

2612 

1136 

1137 
114il 
11/,1 
1142 
11 113 
Illll! 
11 JI 5 
l1li6 
llJ11 
115~ 

1151 
1152 
1153 
1154 
1155 
1156 
1157 
116,1 
1161 
1162 
1163 
1164 
1165 
1166 
1167 
117 ~, 
1 111 
11-/2 
1113 
1174 
117!) 
1176 
1177 
123'" 
1:,;)1 
1202 
1?:13 
12;'4 
1 ~H~5 
I? ~)6 
12';"/ 
12hJ 
1211 
1212 
1213 
121i1 
1215 

1216 
1217 
122;) 
1~21 

1222 

1?23 
1221; 

lP85 
1226 

7521 

0117'J 
7 ,h) 11 
0'}6~ 

1412 
1402 
7311 
IlJ22 
7223 
~206 

7"-53 
1422 
71"5 
142:l 
73(-)5 
14a~ 

7:l1S> 
1 L,,=!?, 

7:':.3 
lLl32 
7175 
14?? 
7>l53 
5172 
7231 
7r.63 
'n!63 
1020 
El0,J" 
131,1,1 

''''53 
1314 
"232 
7:;53 
1775 
13:12 
1 'j6;~ 
(l:)37 

12(,3 
O!JI:5 
i)J')il 
f.) 3113 
;jl)VlL: 

1213 
1325 
1323 
1P32 
:~~H6 

i:Bl1 
13/.:. 
2115:;i 
'1212 
7263 

0206 
7311 

"231 
7(.-)53 

1227 7;}51 

QAJ. 
l:.R 

J:'1 P G ETKflD /TJ ,n.H,- r r d .. ,'>;":H'H, ';':,. r 

AZl:. 1 
J:~I' OAl3 / .. JllT';!.\lG rtpl:.l.J • 1:_'<11 
51-.T 1 2 
Q!\l' 
SnD 2 '~r? 
.J11t> Ql\i<+4 /(I:.S. UIT 
S~U I 2 /C~? 
.J.'.? Ql\.'l 
)(5-< 6 /1 S TiiEJ,l:. A.~ !H5wj,.H tI ;,.r.l,.~ 
.).'1 P OI'lHf"Sli 
SHh I 2 /<1 
,),'IP QAT4 
S~D I 2 />1 
J:1 t> <;ll:\,{ 

SnD 1 2 /~I..T! 

,1.11" O.'1C/\ /HI:.I .\lIi[ I\'~l Z l:. 
S~D I 2 ,n~G~ SL~S~l 

J:1P \~AhFSd /IG~J;,;'; 

S-IL I 2 ',;unJ:Ji'( 
J 'Jp '1,,)1.. /I G ~';1. 1". 
SnD I 2 'TA~! 
JMJ> Q'~I~FSH / I G~ J;;l-. 
src .+5 /4CCr.?·fl\!.'Lr. C·!'\'; 
J."iP 040 1'1 r~ 'j.Jj- 1.1 C'i'ii, 
J~P QAQ /1~ nnc~ Pl~ U~ ot 
J1P OA~ '34 f 

I.LA 1 /J'{. S'!JHlC IT 
3 
STn 4 
J!'l P QI\RFSli / HEDI :;PJ.,W 

QAI..I LD'~ lj /1J iH.i.t. IF I.lJPEJUT J;~ < 
J;>1P (l".i.l+ I 
J~"P :)!\,jr Sri 
-6;'32 
' .. D'i 2 
S,% I 

".h 
J.'l? OM 
St:1" ~ 
Ij 

5 l!.T 3 
4 
,.L'J'" • +2 
L1H I ~ 

I..1::i I 3 
.1:1 P 'JI\J+ 1 
.~Jf' 

r_IIT CiiAIl Id Fl " 
CL" 
Sj.~ 5 
AZ !:. 
.J.'iP .-7 
,bP ()~g 

QA.'" hS·~ 6 
d,'; f' GA:{+ L: 

Fl !LD 
J.1? '),''.0 
J'1~ ::It;:~FS;{ 

IO.'l H rJ~lJ 
J~~ ~ QI\ r.+ 1 

'7/1 I G~JLr. 

'T~ST TH~ Ciq~ 

'EU~vUTI 

'j~. n~c~ ?In U~ ~t 1 

/BU:.,? ?'it, 
/Gr.1 .H;':' C,;Ai-: 

'IF 74 Ji( ;lJ;. ;:'.i'i.ACi-, eil..i· 

/'IJ~.S 1 "i" ·,ll .Jr. Jll? 
/.~J. (.;J ,HI 'jCr 
'n',c:{ ,'T.: Ci' rlf 
ro ini" rr C,; 

/r~,~!·.i !~JLJ1I.;Ji-~ Ii' .~..J '"LL.i.;-.l 

, 74 :-:J\)~ ?T:.'·J":· '.T -'c;;' :;'j 

/ 34 j,.~iJ J: "iJ. :: ... jJltl:. .' i" 

I
eo ..,... 



?613 
?l-I11 
?615 
~E16 

2617 

P.6P.D 

?6~1 
1!622 
l?5~3 

NR~ 
26~$ 
p.~e6 

P.6P.7 

~630 
2(,31 

~6~e 

26:\3 
"'63." 

2635 
?1':3~ 

~~31 
Pfll:;' 
2cJlI 
26JI2 
~,~b3 

r(;L:lt 

?t;1;5 
?,~l(, 

'.>t;h7 

~55.J 

~6!H 

?"'5~ 
~~53 

~~~.4 

;"'f ~!> 
~~=-tS 
2(: 5'1 
:>1'63 
:-'Ffl 
?H? 
2f63 
!:'f6l: 
?cf;5 
~;)J.r 

?r .. c 7 
';'(,7:1 
?OI 
?67~ 

?03 
P67/f 
:='f: 'j !'> 

~'(;7 " 

_, ~~'9l,ilW"_~~""I'iI~';Vi~""'~'~~\P",,,,,"ll"_'''!'':'''l', ""~'''''''''''''~''';-~''''" •• '.'"';:'''-' -""~,,,·~,,,_-..,~~n"''''' 

123~ 7225 oJ.1P QA.II+2 

1231 
1232 

1233 

U~34 

lP.35 
1236 
1231 
124$ 
1211. 

1242 

t2~3 
12M, 

124S 

1246 
1241 

125:iJ 
1251 

12:;2 
1253 
1254 
1255 
1256 
1257 
12<:1 
IN~l 

1262 
1~63 

1264 
IP.65 
1 ::!"'6 
I?E7 

121C 
1211 
12"2 
1213 
1271! 
1~,/ 5 
1 ~:'76 
1277 
1:;11 

13{n 
1~:!2 

13J3 
13J4 

13;'~ 
13J6 

13~4 QAt,). 

1429 
1..00 I 4 

SliD I 
FUl.D 

71130 1430 
Fa 

6003 J~P " 
4 'J..,R 34 

11163 SA5. I 
0334 ,~ 

!)~r.a K$AC I 0 
022~ KS~ I e 
6'00 J~P 8 

R 1.11 I!\C 
!ta4' !lAP, R1Jt. 1 

TO ADLRl-.SS " .. TAnt.~ 
343" AlIO QAJC+4 
4;;):::a STca 

, ISP 1.11 '/chi 
3!106 ADD QAU 

f.I TKl-:n UP .)8 APD tu 
3536 ADD QAO 
2~~1 AI,I) 1 

1I1()'J1 

?,'MS 

0317 
2JJ4 
(~b50 

~Ull 

5127 
~1l3 
174~ 
176? 
£JJJ 
1 "'~w 
3711 
l1l;J 
OJ.)lj 

""53 

1321 
142a 
>'16"'3 
6:,,-,\l 
1460 
"(11 () 
J::~~3 

~~22J 

67,d'~ 

1323 
132Q 
0;)4:' 
1125 

1324 
(;)tI" !1 

1. CHAR 

R nUFR 

src 1 
Aril) ~ 

CIl,'! 
A1.LA 
A1.1:; 
CI-R 
Sl'e QAI-2 
AV!; OAI1- 1 
r.,se 2 
Lse I 2 
J,.r,p 0 

QAQ. l.DA 1 
-41;3.,,, 
Al.'.'! 
4 
J,<l~ QAmSH 

QAT. 1.['; I 
StiL I 
06:10 
J,·jP ~ 
SAf. I 
10 

XS.< '" 
.(!;.!{ 0 
J.<l? ~ 

QI\Z. L!)ii I 3 
LOA I 
40 
J:>1? QAI-il 

Q4K. LW " 
~.Z!: 

l{? 

/S\R 
/ +1 74 D£GI~O 

/ +2 34 E;;IID SU 

, +3 ;qEI1HEtt 7 

.I1,a 1V DUt- LI,lIe CKA 

/jllJUt. t AY 2 FilM I ~DEX 

.I ADDRF.sS Of CiiAR TJ D 

.ItlUS 1 ~5TH CItA,II(jU.' 

/ADD " 'TO ~Rl TIl SPAC 

/Gt;T ADDRESS OF A~S~E 

.ISIr! rGil." on 7771 

.IY CIl,JiUlf .~An, 1.11 AC 

.I LI SPl..At CrlAH 

.IRACK UP PTR BY 

.lfd:,DI o!>PL. A ~ 
/ 
/s,,~ 

/ + 1 F 
/ +2 Ii 
.I + 3 ,\I UTI{ J"R 

/ 

/lu !UHE IF > 

oil!> CUj~nbn CHAR nt.A~ 

2677 
n:13 
2701 

n~2 

P7:l3 
27"'4 
P7C35 
~7',~6 

21:;'7 
2119 

2111 
211 P. 
2713 
?lIt! 
P.'/15 
?11!' 
2'111 
P.'IPvi 
P7?1 
2'/2P. 
2723 
1,>'/24 
P7P.5 
?7?6 
21 P" 
P'f3~ 
-;0',31 
P·/:~? 

P',:i3 
~~., 3/: 
P735 
P736 
P":l1 
Pll:l 
:~'( I- t 
2710:>' 
~'/43 
::''144 
",'/1-5 
-;>'/46 
P",L1"-, 

~'1~d 
f'1:,1 
?7~? 

1'" !i3 
~'I ~,ll 

P75~ 

~~J~6 

':>7 ~" 
21(·:) 
"7(,1 
P-("-':>. 
,,'If 3 
?-7£ I, 
~!7f. 5 
2'({'6 

,'767 
~77 , 

:>771 
9.~/7 ~-'. 

<;?'i 'f 3 

'~"';I"''''i~~~''"''''''<;''' 

1337 7263 
1310 7 t:?/1 

1311 
1312 
1313 
1314 
131S 

1316 

1317 
13?:} 
1321 
13?2 
1323 
1324 
13P.~ 

1326 
13l'1 
1333 
1331 
1332 
1333 
133/1 
13~~5 

1336 
1337 
1 ~l/:" 
t :lL: 1 
D4? 
1 :i /1 3 
1 :l"b 
13 b 5 
1 :l'lc.. 
13 /:7 
t :15:' 
1:151 
135? 
1353 
1 :l511 
1 :I!:>:; 

,13!>6 
13!>7 
1 :l6',) 
13(:1 
1362 
1363 
13Cl: 
1 :l(, 5 
1 :~(,6 
13(7 
1';7' 
1 :171 
13,/2 
1373 
13"1; 
13-15 
13"6 
I:H7 
I/I~n 

j / lJ1 

1'123 
~~01 
114~ 
1~(34 

7004 

tHcU 

31~1 
I.jJ,77 
774/, 
5177 
?t<51 
4136 
2~/.l 

417'/ 
31'>/, 1 
11':;)'(7 
111115 
4477 
l;:~44 

11136 
2645 
1 !) 'f'I 
7710 
'r, 41 
Cl 1IJ 1 
Ill112 
I,l"f, 
1;.,.1'1 
43;~4 

LIt n 
D3')1 
30T1 
'I -13» 
3fn7 
77"6 
11177 
'/7 III 
1:1,',7 
3'1/,/1 

'i':~76 

3:n6 
1'L!'17 
3}1,6 

51?1 
/,(, 51 ' 
1,:-J4iJ 

'LiTI 
.Jl'/"I 
rnl 
01'i6 
7J,.}t;J. 

06'17 
7'1 ~J1 
1[;63 
631/1 
,~'17 ;l 
7,;);),( 

SKI I" 

J.'lP QAQ 
J,~r' (,lAIC 

l.DA 
1 
Ab>! 
I,lA£1 
J:'ll-' QA13 

QAV. 01"1 
AS MABK~H 

01 • .11 
4t171 
77LI4 
SI77 
26::'1 
4136 
2241 
b 17 'I 
:S~41 
~5'/7 

4145 
41177 
4:,1,4 
4136 
26/~ !> 
l;j'n 

1710 
7'11'1 
01j1i 1 
4142 
4'J76 
urn 
1:3~!1; 

din 
i,,:S;:Jl 
31U7 
'1"131; 
3.n7 
77d6 
'I! '1'1 
'n l ll 
J: i; '1"1 
3.)[;/1 

1,'?76 
,)3'/{' 

4Jli7 
3146 
!ll'?l 
11(.~1 

'I )llJ 

I, ~'77 

:)1 '1'1 
7"1~ I 
01'16 
'I ~.'.! 
J6'/1 
'1'1-;1 
I 'led 
«Ht: 
,n'; J 
''')27 

/"05. I (>n):~_ 
/,~J\ir. bFi" hhio.!.j,L 
/Tv fiblr 10 r,~I" "1'ii 

/Ciil\j{A(;·fl:.P. Pfln ~,~\l~ 
/:<iJ1..· 3. I 1.1. l-,G·,\i •• U;;~L 

/!: A 

/2:n 

/3:e 

/ll:CJ 

/~: r, 

/6: r 

/7:& 

/1 j: 'i 

/! I: I 

/l?:J 

/ 1]:."'\ 

.IlL;: 1. 

/I~:"l 

/ 16: ,'J 

I l'I: v 

12·HP 

1:~I: n 

/?2:h 

/23:5 

/9,1]: T 

/2:,:U 

/?6:V 

/~>7: It. 

/3-.;:;' 

/31:t 

I'-.) 
CD 
(Jl 



~~"'~;"·"';:h;;(:':l.',";~'''-··-'·'··'' , "Z;:U £ Z St ,_, % >.~"*,, ~r<'!<~'~"'1';'~'!A''' ~.$;;PA;\A.€tJ!!H;y:""7"~~;'l"·'''~'''·~'': -, ""1'~.w ... ~%i1:W\~-""'''i'''':' ~'''''-~·'~~J~''iliI!l~ .. ,t>~-''~~''· ';'''"o~'*'"''''''"'~''''V'''l'''''' 

r-.', 7" I/HJ2 4543 4!>43 /32:Z; 3~67 1471 "'651 0651 

';'775 1/,;13 61 !:>1 6151 3~7<l 1472 1536 15.16 166:6 

')176 11;;)4 4177 4177 /33:/ 31"11 11173 iJ?25 ll225 

?TI7 1/;:)5 "~lJj 'Mile 3(17 P- I n·tlj l!lj/13 IIllq3 /67:7 

3:1:11 /3/1: RACKSI.ASH I G.\lOHED 3"73 1475 61}5:} 60:",1 

Ill/ UPU'l 33'111 1476 5126 51<>.6 170:6 

:n~Jl 111(36 90~0 '" I~OT US!:D 3HS 14'/7 P651 2651 

3T'}!' ' 14(17 O(}H " I,~,)'f US}"D 3,n6 15~16 5122 5122 rll:<J 

3J.~3 1/:1 ~ a~J~ ~'''9 1351) :M71 15tH 3651 36~1 

31!J4 1411 17111 7141 31 (J,~ 1 sJ2 22/J0 22130 1'/2:: 

3l1!t ICOl)J:S 361 AI..T .. 371RUB 31"1 15;13 I1J'H5 ~HM0 

OUT "'vTlJ1SPLAY1!,D 313? 1 50!'" lIG:11 46Jl 173: J 

~13!> lilt".. . 11$43 OAY. 1151r3 IU'.Ck 3U3 15:J5 0<M0 ~;}.J0 

",,)7 14~3 7~16 71116 le.,.. 31ell Icul;l: '(IH<'lJ'f I.llSt'I.At 

:HlJ l~liJ 363il 36311 I AI. T, RACKSt.ASll 1:.0 

3111 1"1~ 37Jl7 3741 IrcUf1uU·i'. TAR 3105 I ~06 3..:>12 QAU. 2 IClloJS'lAH 

3112, , 14U(I n,jjJ t'l0~;' IlIllaSPAC£ 311-16 1507 00(10 0 I,~IH USlD ' i 

~\1;3 lilt?,' """" "'1O. 3107 1510 1212 1212 r/~:. ! 

311.4 lllP.J 1~~:J " !)aa 141Htt 3114 1511 1212 1212 

:t41,S. l"~t ~~J~ IM~~ 3111 leOLI:. 76:" ,~\Jl VI !;j1'~1'. 

3~16 ' Iba2 '1 ;;~" 7iHH' 14!U" YW 
~~11 . IM~3 )310 "'~78 31H! 1512 "316 OM •• .'1101' 

3lP""; ICIlDES 43:,' MU. 45:L 3113 1513 3~G6 ADL QAU ,. 
f ,.J\lT DISPl..Atl.D 31111 15111 lI:l23 402.., /77:1 

3':>.1 1424 '/232 Q~)(. J:1P QA\l+ 1 3llS 1515 2355 2~5S 

3"P~, IMl!2 7P63 Jl'lP QAQ 3116 I 

3123. 1426 7M3 J'1'IP QAQ 3117 1516 1160 QAf. LlSe I 

3::1211 1/11'.7 7"53 J .. 'l? Q L\Iif Sti 3120 151" 6""0 6~30 

:I.H!!» 1/:3,' 1316 Qf\\i .. 31?1 1!:I20 7131 JMP QAl 

3':'''~ 1431 !n,B i) .I~n USl!.D 319.2 / 

:;112'/ 11132 t166 5166 146: & 31?3 IE.-H .. Q+A 

:l13'l 1433 ;,}S:'6 ~~?'6 :ll?lj / 

3;l~H ICvDE 471TAD ~UT DlSP :H~5 1 

I.AYU) 31?6 1 

3;)32 11134 adaiJ 0 hh)T USED 3127 ( 

3.)3:' 1l!3!:> ;);.);)0 :J 1.J,)1 OSED ;:It:l~ /lH.ff':lvAi!D IIlPUT hJVU.H. 

::n311 Ih~6 36,'H) 36~~ I~~: ( 3131 I 

:n:>,~ 14:n (,U-'Il ,}v}41 :H~2 Ql'I'{nn= 6'0~6 I PDP-a 101' KO!" 

:"-1:"6 I L;ll) t.: 1 ~l J IH ~<l 1;,1: ) 3133 r)4'(!:>f =6:)4 1 IT~jo 
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Flow chart for display programs (DISC and derivations) 289 

I START I 

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 

Sample POT ~ to set up 
start of display window 

Sample POT 4 to set up 
cursor position 

Fetch parameters for 
cursor reod out and store 
In character buffer 

Display character buffer 

Displ ay cursor 

Display 512 data points 

with appropriate scaling 
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1'~41j 13:45 3!l5J :'l 1)91'1..1 IH2 
1~4S 1336 e/n~ /,11 SDlS? 16J3 
1146 1337 3J:l~ 0 Sl'SJRT (1l137 
lil47 131;" ,D,HI /,11 

I~S' 13/11 3.M3 0 
SLlAlt\ 3/H3~ 

TPTR : 0ileJ6 
1151 131:2 ;'(}3il 0 
1;)5::> 13/,3 ~3:'~ /,11 

D53 131;4 I~J3" ~ 

1 :l!lL 13/.5 0JJ() 0 
- 1 JSS 13l.1(,: :}iM3 0 

DS6 1347 JnJ~) 0 
)"lIS7 1353 3~"3 0 N 
t"E3 1351 3H~ ill 
I~!.I 13S~ 9J.,d e 'P. .,.-
l.162 1353 iM;M " 1:,lf.3 / 

la64 / 
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:) J:U 
:H"l 
~J~-:> 

"'h):l 
~~3i1 

n05 
'~36 
,,:n7 

"fJ~l ~ 
":l'!Jl1 

... ·,~t~ 

\'·'.YJ..'l3 
::R'1f 
i.15 
'.1)16 
00;)17 
,.,~::t 

t'I'J~l 

"312 
1l"f.!3 

" fJ:fl!4 
...,a~ 

'M9.~ 
~'t7 
,M3,' 

. .,"';:\1 
3)3? 

-'U33 
":'34 
3('35 
0.;)36 
A~37 

0"4;) 

"'41 
l)1'"~! ') 

lJ/t3 
,:; 11;1: 

.1;lIl~ 

;!M1!6 
9"111 
'''SJ 
"51 
~j~~ 

:) :!;:~ 
J 15L: 
0955 
''''56 
IBS7 
~·:iS1 

n.,}~l 

3Jt:? 
:; ~1:3 
;).l~,J: 

0~"5 
JJ6f. 
J:~('7 

(U7.1 
.J:~71 

In?. 
.,:n~ 

~ "1 I1 

J 'J7 ~. 

0020 61111 

~~21 62!)~ 

JIMi) 
8101 
lH:J2 

0230 
,12:H 
J?"2 
t'?~3 
'3?111 
0? }5 
::l? '}e 

"I~.n 
f.)~ 1,) 

:~~ 11 
·)?12 

0b;}3 
043"1 
06iJS 

1'~2it 

3f:5A 
1 ·"lIe 
3441 
104(} 
0445 
1 '49 
('451 
l>/ll4 

,'''64 
3"117 

*2,' 
/\)1 SP!.M' CALl SHATEll DATA \IIUti FI ELD CUHSOHS -
1111 SF-CAt. 
/ 
/ 
/16-6-75 
/ 
114. J • .JARRUT.· 
/ 

I 
1i>ISI'LAYS DAtA fHi)tt TAPE. CUUAUUG 
/CALIOHATlrll IAtA·I)'" U.'U T a.A DISPLAY OF TU 
/I' U.LD.I1u.,>tDlo,R IS PIlJVl JJw. CORIU;5P\l:flJUG TO 
/CUJ1S1lRS 1I10ck· MARK ~Vi.Ht POUT JCClJRl~G 
/1 ~ 11f!;TV FULD SU-ECTl:.De 
/ 
/ 
/1J~'1'A Tl)nt DISPl.AU.O IS ?l.ACi.l) U A 
/J !Jell P\J I." t ntJI' ji.io.:k- M Li 1\ :41lV U G ",UfJOW 
/,j.) 1)I5'''''t liUl. IJI\TA IS CIoI'iTltl)l.l.J.o.J) ar 
/p.)T /J. TIn: TV IiI F.LD "'~ _dIet« CUIlSORS AR! 

- / TU At. ulSPt.Ar 1::1) I 5 SILl!:CTi.D Ot PIlT 11 • , , 
/ ~HJGnM STARTUI Br I/J P11 ~J:;T. START 20 
/ U If )of.) 1JJ: • , 
/ 
'LUCATIJ.-J 1136 CIoUTAI ~S START BLOCK FOR 
'1JA1A N Pl-, DISf'I.AtE.U. 
/H~-STA"TI~G PROGRAM l.OAbS ~1XT 12 DLOCKS 
IOF D~TA. , 
/ 
/ 
/ 

/ 

l.DATA. 
l)SJRT. 
DISP. 
/ 

/ 

;~M'l. 

P.lJOU. 
.20 
LUC 
t.l'lOUI:: 
J~P 11AI:~ 

P ..... ·JIJ],. -

*Ht3 
Sl.I:ATA 
SllStJRT 
S[oI SP 

I.~UDE 
• 2;13 
l. J)!\ I 
LlJl' 10 
ST/\ 
1)5 I 
STA 
\)S2 
STA 
li53 
S1'C LDATl 
::>~'1 I OPT!! 
3171 

'"P"'~.'l<!:-.~"'" 

01:776 0213 00"2 PLP 
00'1'17 P1'JDE 
01 ,1~ 0~14 .I;!:>00 J:-:5 I LlJATI\ 
01~1 0215 ll5~1 J:'.iS I !,iSvhT 
al~2 0216 4500 .. MS I LlJATA 
0103 B217 4501 J':~S I DSJHT 
0104 0?2!'J 4500 J('lS I l.DI\TA 
01!15 "221 4501 JMS I l:ISJBT 
01f.l6 0222 115~H' J."5 I 1.t;!\TA 
~1~7 0223 liS" 1 J::O\S I LS,HIT 
0113 0224 ~592 J;'!S I D15.' 
lUll 0225 f>P. 21l J.1P .-1 
2H IP. / 

0113 / 
01111 / 

21115 /SUBnOUTI~t TO l.~AD 3 BLOCKS Of DAT4 
(11116 / 

0111 l.i':;,)OE 
01P(J .,"u" 
01~1 P:1 iJ 1)1. 
91 Po::! 0400 00::10 SLDATA. 0Jl)i6 

01P.3 04.H 61111 L1~C 

0124 1..;';JOJo. 
01P.S 04"2 0061 SH I Fcrn 
0126 04'2)3 1114 -3 
"1~7 01104 10"?J L fJI'\ 

013~ .)405 01136 l~'r"1. K 
01 :41 011G(' 1 1 2:) Aj)!~ I 

~11 ~2 it)lI(H 5i,)(10 5~;m 

0133 I'M 1 ~ IJ416 STC LDAT2 
21134 ~Ljl1 1020 LDI\ I 
0135 e41? iH:J1 1 
IU;,l6 (1/113 0;YH AX~ 

i-l137 "'114 ,%!:3 I..IlAT1, LDf 10 
011!(, ;'415 07'1~ EIJC 
01/11 (Jlj16 • ~:H~ LDAT2 • :);10,"1 

0142 0/117 1 .,~:'J LLJA I 
01/13 :'4~,l J;I~I (eJl 
0144 0421 114.' A)).·1 
,,\1: 5 i~4?? 0416 LDA!'2 
0146 0Lj~3 0227 "Sf( I ~'C'fH 

!} 1/1'1 IlI:r4 6/,15 J:<;P I.LJATl+ 1 

315(1 ~lj25 l·):)J I..IJI 

~151 ,)/126 ('416 i..L!\T2 

CH ~? 011?1 1 1?0 1\1:.1\ I 

0153 0/133 77'16 -I 

0154 0431 4 /136 STC DTnLK 

01~~ _J1)32 ~::I66 SH I 'fPTB 

01~6 ::)/133 ?377 2377 

01 ~7 04311 00-]2 ?D? 

01f0 , P:·'Jr.l: 
0Hl • 0435 5620 J!lr' I SLt!HA 

016::! / 

0163 l.:"!O DJo: 

fJ 16" / 

"165 9436 (1290 DTDt.l<. 233 

f.ll(,6 / 1',', 
011:7 / 19 
~ 1 '(:1 /surn~UTI~~ TJ SOki D~T!\ I~rJ FltLLS j~ 

11171 /TV r'r )oL[' .,"U.'JflEES, Vl:.iiTICI\!. A~V i{J;·.I!.J~'i.\L 

017? /C~JhDI MHS 
01'/3 / 

0114 ?"J\JE 
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J175 9.!437 0"00 
(}176 01J4~ 6141 
,1177 
:J?:}i~ eMII 065a 
3?'''I1 0442 1026 
212'12 i'1I/j3 36144 
e~"3 3111:/, 11164 
!!!~"'4 0toll!) 0650 
0P..,S !'I"46 1326 
~0f) "41t7 0EI!5 
J231 '{, , 011::';' I J144 
~l"'" ".M 86Sa 

" 3~11 "" "itS? 1326 
G?1~ ,:" " ~453 06/,6 
!J213 .>, a4bl! 101411 

, ;,?U ' ". .1j5~ 0206 
llI215 g4tb6 6441 
3216' 81&57 ."92 
0:t11 ' . 
OOM " ~: 8468 5631 
.~21 
\)~?a 
\H!~3· , 

.. :J~?4 ~'1 
-;,?~~ 
:;:gl?~ • 
;J?21 
;}~3 ., 

~231 

Ol"3~ 06G15 000;} 
92:i3 "Efll 6141 
1;':t iI 
']»:>5 ('E ,)? 0·311 
O~3(, !J633 :;'l·Jil 
·1?37 ()6 "'f 1123 
'llM') Il6:)S 1000 
i~::!41 gf~6 162" 
('~1l2 [)6:J7 2!3;')~ 

2~/!~ 0(,10 II:M4 
·'~L:L. ,%11 Jh)4 
:J~'~S $'61~ 1123 
;;84u a613 lti).lJ 
f)~/~1 ('E IJI 63lt2 
~25~ A6t5 HMIl 
~~~'l :J616 3:')15 
3? ;,? 0617 9.)61 
01'!!'3 0(,2,) IJ~5 

J~?=~ 11(;21 6'1l;] 

'1~55 OM!? ",1(3 
1~5r, '~623 1177 
??57 ~(?1I 7'~35 
Q?G ') il(. :~5 "'1~4 
~:"E.l ~6f!6 156:l 
'1?62 01627 022J 
>I~,r,3 !'!(·3;} (1~;]4 

!'I2f' IJ 0631 0"77 
J?!:5 f363? 1173 
0 .... f(-, .}f ~~. ;)~61 

;:l?':7 <)( 3lt 03<lJ 
J?7 , Jf,35 1')1"16 
~:!71 0636 77~7 
~1272 ~f37 l:11?a 
12"'3 36L11) 0377 

SDSOflT .. IlMi'J~ 

LUC 
L;olI.lDE 

DS1 .. l. ];1' HI 
I.DA I TPTR 
1.Dl' 41 
SlA I DPTS 

D52,. 1.&1" 13 
1.Dt\ r TPTR 
'toD'" '~ 
STA 11MB 

1)$3 .. LDJ lif" 
'LDA l'TpfR' 

LDf '6' 
STJ\'l'P1"R ' 
lCSKfjJTR 
.MPr.St' 
.p~ 

MullE 
J:4P t SDS<>,RT 

I 
I 
I 
ISUAR.)UTUt TIJ DISPl..At bl2 POU'TS AS A 
1.·l\JVUG VI "DlJWU\1t.K 1924 PIlt."TS, \ITK CORSOR 
1 

1.:>'I"'D~ 
.600 
P:<1v1)e i' 

SDISP,. (j(HH 

LI-JC 
L:'!vli; 
CLH 
Sl.\.~ 13 .ISET UP START 
~\I>A I .ILucnTI~~ UF MI)VI~G 
HMJ 1\;1 lIDUW 
PSI-. I 
2~JO" 
SlC DPTR 
;;.~.fl It ICURSOR 
,,\VA I 
laalJ 
sell 2 
STA 
CUBS 
S1-.1' 1 
OCT 
J.oJP nlil 
SH I 3 
OCTlUI'+3 
J":P GDC5 
Slit'! 
PGt. I 
209 
eSF' 
SH I 17 
DCnUJo-l 
S1'T I I 
3 
51-.T 1 16 
-20 
LDA I 
377 

(7J27ll 061:1 
0~75 t16il? 
'3276 "6/13 
'J277 0~l;4 

O:\\:I!l 0645 
0:101 06/16 
"'332 (16/'7 
03a3 O(,S~ 

"3~4 0{,~1 

0305 0652 
0306 ~653 
~3~7 0654 
031~ 3655 
\:1311 3656 
~312, 0(,~'1 

0313 <3~'6a 
0314 :l661 
0:l15 ~662 

0316 ~6(\3 

3317, 0664 
0320 0665 
03?1 , 0666 
032? 
03~3 0667 
03~4 
~32!l 

1777 
0236 
66111 
0356 
.,nvJLJ 
1~,~7 5 
?"f76 
:;)64.1'1 
0235 
0/156 
6665 
1036 
156',~ 

74G='I 
1443 
00('5 
6651 
6673 
0644 
6651 
6716 
0002 

560;) 

DI1, 

DSC I 17 
XSK I 16 
J:-:P .-2 
51-,T 16 
IJPTi! 
SH I IS 
2'1"16 
t.Di' 4 
'<SK I 15 
SKI" 
';"1;> 012 
LlJA 1 16 
~Ct. I 
74Ml 
SAl-
CUliS 
J,'lP Dll 
JMP I.JCUii 
l.f)f 4 
J.'lP 1.:1 I 

012, J~P DD4T 
?lJP 
p,'lIf['l-, 

/ 
1 

J,'!P I SDISP 

N 

~ 
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,. .. 

~::na 

"''::1 
9:~:'2 

,8:l13 
, N~iI 
ItJ!15 

, l3::'1r, 
"3,137 
, '0:113 
'~ll 
*'19. 

',tJl3 
'~1'l~ 

3tHS 
"":;16 
'~:l17 .. ~~ 
,,:q1?1 
',,:~a 
"'l'i;'~3 
"~'~ 
'3~5 
'",W6 
!1j~1 

"tH~:J 

~:;:H 

H3~ 
'3:'3~ 
:, '3" 
U35 
'''';If> 
''137' 1,/." 
""\b.1 
",,,~p. 

1:l~~ 

J'l/!4 

')"5 
:""t"li 
".l/·', 
O:l~'J 

in~1 

~~5? 

~1~3 
,H!).t: 

'H5~ 
H~(, 

., l ~,-( 
:nt.,l 
:11!'1 
~ ~(-? 

.) le. 
~lf4 

~M~ 
'~J~~ 

'J~7 
,}~1J 

.~,YI t 
1 y/? 
'~ "'''/3 
11'/1. 
"" '"'I L. J 14 _ 

< :," 

0\'2<1 

0~~1 

.~ 10'l 
,H.ll 

~'''~ 
;1103 

,1?;) J 
:J~" 1 
M~;}2 

.12,':J 
,):n4 
',~1~ 

.l? !'lE-
\}~:-:7 

*23 
/OISPLM DATA "'ITK CUaSJR - DISC , 
I 
1l1j-5-76 . , 
I 
/)(.oJ.JARRloTT. , 
·/iiISPl.,I\tS t~\'i\ UNit TAPt CO~TAUUG 
"UiCI\t.lAHA1Ui1l4TA .).01 ij,U 1 P.. A ut S~A1 
lu. CI\.!IJ1,.ftACtfA\ . .JUl. 1IlJ/1UW, TV Ji UJ..IJ 
, .. u~m ",1tUt1' 17C;w. CullHDI !lIHl:, i\)HI Z\.I HAt. 

'-/l:IJJIUiUATIi Al/D A~ UDICAHIJ.~ AS 1v' 
/\.U.HH4'T,U:, 'h'kC~ Pt.AU. UP) .AS SAIIlPLED 
/l 5 Al.W '~l1\)"I UU). 

61111 

t?0.1 

0~391 
,}il37 
j6t~;' 

'il22J: 

1 "':'>:i 
J6~3 
1 ,}/j" 

;'4~'1 
1 J~') 
.... ~4!) 
t ,'4 , 
!}t:~1 

/ '; . 
I ~' ,: 

"1.I\T/\ T\J'l'f'DI SPLAH,I: 1 S Pl..AC .. O U A 
'/ld24 tJl)r'~T f'ltJl"fI>J:, /\'11: A ."loJ\iU(i \iOlOOW 
IT,) 1;1 SPt.4t 'nu lJA1'A 1 S CJHlSlJt.l.tD B1 
/P.Jl 3.A Clili!WH IS CJUr.oJt.LU)oJ' PlJT 1/ 
IT.) t'1i.,)Vl tit-, A kI:.AWU·' Ji' lIATA AS UESCHIBI.D 
/AAJVJ: .• 
/ 
I 
/s-t'.JU I/iJ pnUf.t. S'1'AtiT 20 N stAln , 
/ 
It..lCl\lIIH 0436 C').HAUS l:.JITIAl. l'AP~ Rl.llCK 
I' . .,U,Yjflt,H.l e Ol.'')CKS A'd~, l.OAlIl: 1>. , 
IU-Sl'ArtTI ~G Ttfl:. PIi\lGHM LuALS TKt ,'41: .. H 12 
I' P-l.IlCI<S· 
I' , 
/ , 

P.4,JU. 
*23 
t.l.,C 
t ... J l'l'. 
•• );'11' tljAU 

/ 
P,'1JlJJ, 
toliM 

l.LATI\. Sl.LA'1A 
}:S,)!il. Sl:S')hl 
1;1 SI'. S!!I ~p 
LSPI... LSP 
/ 
I' 

1. '1J 1-):, 

*2.}~ 

)Ilt\! 11, 1. L'I\ I 
1.1. .. 13 
STA 
1)SI 
STt\ 
LS2 
SlA 
IJs3 

':()~176 (i210 441£ ~)jC I.lil\'11 
~"n ~P.11 "'164 51-, 1 lJ .. lfl 
~l'~ JPI2 3777 3717 
~1~1 ~P.13 ~3~2 PL~ 
:) I ,.,~ . pt;J [;1-

31~3 0P.l~ '450~ J4~ 1 I.LAI~ 

31~4 0P.l~ 4~.1 J~S I DS~Rl 

~1~5 ~216 ~~d' J4S I tLAIA 
nl"6 ;J~17 4~dl J)I;S I LSJ;lI 
~H!l7 0:»2;' 4~JS J.-iS I L.L!I HI 
31,1", (.J\~2t Ij~.H J<1S I LSJIn 
3111 0P.2~ 450d J~5 I L.L~I~ 

011~ 0223 45~t J~S 1 L5JHl 
0113 ~2P.4 45~2 DSP. JMS 1 DI~P 
011 ~ 0225 5224 J,"l i' • - 1 
011 S / 
31 t~ / 
~i 11 / 
,BM "SU~IiJUTI Ho 1'J tlJAlJ 3 Pl.JCt<S oJr DATA 
.,t~ I , 
01?? 
019,3 
01~4 
';11 ?oS 
ill 9,6 
11~7 
·J13:l 
;)131 
lH:l? 
6133 
3134 
~1l35 

~136 
\~I :17 
014\3 
illl:l 
Z I L.? 
01/1':!-
01/1LI 

01/15 
01/16 
?oIL:7 
015:' 
0151 
a15? 
0153 
<11511 
1~155 

:.)! 56 
31 ~7 
"16j 
',:)161 
alf~ 

"163 
01G4 
;;}165 
01£'6 
3167 
a17 :~ 
1)171 
7.1 'f 2 
3173 
0174 

",400 
9tl!H 

;;)l;~1::! 

!'L!13 
01t114 
(<14:15 
t~/j'''6 
0/,:17 
041%) 
:Jilll 
;Jill? 

"413 
'~414 

"415 
"",16 
-'417 
')/I?:" 
~421 

0l12? 
(1 /123 
34~/l 

n4'=!5 
4VI~6 

Cl'!?7 
043~ 

0il::ll 
~l;3?' 

~'433 
3.t:34 

0435 

~l136 

'3000 
6141 

""'67 
771.4 
I J,~" 
0436 
112.1 
5,)0:' 
Illj 16 
l!"~J 
OJ/.ll 
,:'J31 
065() 
[17 :)(J 

" ;))') 
1 :~2" 
!.l·B 
1 1/;;, 
.;1; 16 
.l"'!?7 
1'111 ~ 
I.l::}» 
:,'1116 
11 ~H' 
'/77f, 
llL:36 

J~f,6 

';'377 
0H2 

!l6.l0 

023~ 

t."H) m. 
114;''' 
1'.1oJ I;E. 

Sl.DATlh :MH 
1.1 vC; 
1~ 'i0 Dc. 
Sr'i I r (aR 
-3 
L.ll\ 
L:1Pt.0{ 
AlA I 
!>,U0 
STC I.1;AT2 
1.1I\ I 
1 
MJ 

l.!JA'S 1. 'L. Lr I~ 

;1'11,C; 
l.DAT?, "J\I., 

L. !''\ 1 
10 H 
A1.-.'j 
LfJ!\T2 
x:,'" I r eTR 
J:1P L.DIHl+1 
L.ll\ 
1.£'-1'£2 
,,.IA 1 
- 1 
5TC r,rnt.:{ 
Si''! 1 'Ink 
237" 
"Lt> 
?"lJLl-. 
.H P I SLDAl'!\ 

I' 
L.,'1JD},. 

/ 
LTnL.;{. ?;J,1 
/ 
/ 

/SunHJUTI~. TJ S0HT DATA I~TJ ~Il-Ll~ J~ 
/TV Flr.t.D~U1nr.W;,V~hneI\L f\~!; -fJ!di'.J'ili\[. 

i',' 
-IJ 
'1 
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;:1175 
IHU 
!1177 
'l~n:} ""37 !)IlJ~ 

:l?Jl 011111 61111 
'l2J!'l 
.'233 311111 8653 
0~3l1 SUP. 10?6 
Ca3S e~"3 06411 
0?06 34411 U611 
3"," 34.fl5 R6S3 

, ' ~ :'Iql :] 041;6 1026 
;)?lS 311117 "'.l!5 
,'al~ :')1j~G 1~1I 
;1~13 0l1!.l \J6~0 
f)~lJt ailS!! 13?6 
3215 0453 lt6i1' 
OOlfo 04&4 13114 
\!J?11 04~5 32~6 

R~~." 04~ 6441 
:122& e4S7 003P. 
::J~!?2 

',9.?'3 31168 5631 
'l?l?1I 
:1?~S 

;'?26 
~?P.7 

J~33 
~?'31 

-'232 
.J~33 060VJ 3;J{U 
;~~:'b OE.H 6141 
3235 
'.~?'36 3602 0103 
3237 06:33 112~ 
O~M" 0694 1 J.l'~ 
3?ltl $l~ :,!) :1311 J 
~~.l!~ 06,~6 "t:~J 
:;?/I1 0(, J7 ~H2 
12"4 ;H: 1:1 1 (, :'!:, 
:lP45 :3611 1 '17" 
J2116 ;'612 H?~ 

:I?/11 Jf13 t.>,,:JZ 
.)?~ • ., .,~ 14 1.14;) 

~f'51 :le 15 ~:nll 

:I?5':> 3616 :, 1 J4 
:tP53 ~617 11?;) 
:1P-51! • .,6?3 10,~() 

~255 i?J£21 i3341 
:'25~ ,-'6?2 2;J04 
1~~)1 ;'(,23 162~ 
\,~t-:] Of,~4 20;)3 
.~?.r, 1 \'If25 1,,".)5 
O~f? ·~f,~.I6 J/Ol:6 
];:>(;3 ~E;"7 t:M5 
'1?f L; ,1',31 O.H;l 
:)?( 5 1631 1122 
;:)flf6 3632 7»35 
3267 0633 ~~63 .,?., " 0f31i 1343 
J2'/1 :1635 7132 
~';>.,!'> ;)f.36 0(-L5 

-'''73 ?f37 1;);)5 

"COOIlLI."ATf.S 

" t>:-1JD~. 

SIISIlRT. J00:') 
Ll.'~C 
L."IJI>!. 

LSh LlJl' 10 
LI:A 1 fPTR 
1.1:;1" " 
STA 1 IJPTR 

DS2. Ll.Jf 11 
Ltl\ 1 tPTR 
LL+ 5 
sa 1)~'lR 

£)S3. I.W' 13 
LI;)~ 1 'lPTR 
L1;fo' 6 
STA DPTR 
)(Si( tPlR 
Ji-JP D51 
~LP 

1· .... iJ!:l!. 
J,-J~ 1 SDSOHT 

I 

" I 
"SUl:IllI)UTI~J: TIl DISP1..A'I SU PIlUTS AS A 
Oh)\IUG It/UW~ oJ\lW 111124 PIlUTS. "1 TK CURSI.lR 
I 

SU SI'. 

~JJI SP. 

*~.i0 

J 
LI~C 

L.~..JLJ:. 

SM IIJ 
41,4 r 
IH~ 
SCI1 1 
1.\7. 1-. 
"'''it> .+3 
i!S~" I 
1777 
nsJ.. I 
?J33 
STA 
1J1''iH 
Si\M 4 
I\LA I 
HH3 
SCH 1 
1\1)1:1 LPTR 
PSL I 
2~"~ 
STC CURS 
!.U 6 
LLA CUl1S 
5H 1 1 
DCT 
JI'IP 13Ll 
SH I 3 
lJCRUf+~7 

..l."l? GOCS 
l.Df. 5 
LVA CURS 

"S~1' UP START 
/LOCArl1l~ OF M~VI~G' 
It;ttolWIri 

"CURSOR 

~?7L! 

'~m5 
I'l?76 
0:>"/7 
03,,., 
;)3:H 
!'J30? 
!'J~,!!3 

03~4 

0305 
0336 
~3n 

031:4 
0311 
B31? 
3313 
9131i1 
"'315 
!}316 
1311 
13~OJ 

;'3?1 
1~3?? 
03l'!3 
"324 
!113?5 

,33?6 
~3?7 

3339 
0331 
~3~12 

,7)333 
91334 
033~ 

3336 
0337 
034!11 
J341 
"34~ 
:}3~3 

33/14 

~:.ttJ5 

0346 
~:<LJ7 

035~ 
:)351 
~35~ 

"3':>3 
tIl35/1 

"355 
!'J356 
~3~7 
:'36~ 
;)361 
33';~ 

'il363 
(J36J, 
"36~ 
;;)3f6 
''13(-;7 
:J:l'I J 
:1371 
!'J372 

01540 
;16/'1 
0!;M! 

"'6'13 
'~6 44 
06/15 
0646 
0647 
3651 
'1651 
0652 
"653 
11654 
t:l€55 
0656 
0657 
066~ 
0661 
a66? 
0663 
06611 
066S 
3(('>6 
()667 
J67~ 

e6'1I 
"67~ 
l'I6 73 
'lJ674 
"6'/5 
IJJ676 
flJ67'I 
WI'H 
''17 :H 
()'j ~? 

07:73 
07:.,4 
137;'5 
0'/:16 
07 ']7 
3713 
nil 
3'11 ? 
,3713 
"'7 lLJ 
()715 
:n 16 
in 17 
WI'M 
'n?1 
!"7P~ 

Wlf'3 
""/P" 
07:>5 

;"'~6 
In~'1 

"173(' 
~731 

;)732 

"733 
,rl3L! 
9)735 
07;$6 

0"(;'1 
I1P~ 

7'33~ 

;)063 
1316 
7132 
06114 
10~5 

15150 
74"0 
0(~61 

1122 
7035 
e!'J63 
127/1 
113P. 
\?063 
1274 
11')05 
~310 

1560 
7'/70 
11 ~!.) 
1~"'4 
11672 
tc,,,3 
O()~H' 

Hl63 
1 ;~03 
061? 
112" 
:MII'" 4.,"2 
1000 
!M00 
10(;3 
1005 
~':~61 
'M7? 
67?-5 
3M,3 
13 ~,4 

"062 
1?60 
1)C)61 

7772 
H}?? 
1;1(.3 
L1? ~~ 1 
1'716 
(H76 
77% 
(:'/ f'7 
:3~n6 Dl t.. 
7"ILI 
Wl?ll 
156:IJ 
'1?-0.) 
,YH4 
('J,H7 
P'/1 
01361 
e07.16 

51-1' I 1 
Lr;T 
Jio\P f'11J1 
::ir.l I :; 
lJC8UF+25 
..l:")? GLCS 
1. lJl'- 11 
I..U\ CUHS 
PCI.. I 
7403 
SH I 
Le', 
..l·¥U' BIll 
SH I 3 
DCRUF+3 
..l~~ GI:!;S 
SI:T I 3 
DCflUl' + 3 
1..1.1,0' CURS 
RJi{ 10 
PCt. I 
7n", 
A IJI\ I 
CTA!1+20 
SlC .+2 
LLI.\ 
IM~0 

511\ I 3 
I..L·A 
·-3 
AllA I 
40 
SlC .+2 
t. LA 
0.1:10 
SIA I 3 

• L lA CUllS 
; HJl. 1 1 
\ 1..7. r I 

J'.jp DJl 
Sl-'1 1 3 
lCf'lUf+63 
<;rl I 2 
CTAnl-l 
S},'I I 1 
-5 
t.[A 2 
!j1f\ 3 
..cs", I 1 
.J,·i;> .-3 
Sl:T I 16 
-71 
J.~") -+3 
S~l I 16 
-0 
S~f\ 

PGI.. 
2W1 
l:.!;;l-
Sr. I 17 
i!cnUF-l 
Sl-l 1 1 
11 

I" 
-.0 co 



~373 0737 1~2(J t.l..A I 0472 1024 1120 ADI\ I 

91~711 07 i1;, 0377 377 0473 1,125 3470 1170 

3375 071;1 1771 DSC I 17 ail74 1026 1120 ~DA 1 

"3"/6 0"142 ~?'36 ltSK 1 16 0475 1327 7':>77 -203 

0377 87113 67111 .IMP .-2 0476 1030 "(117 CO:-1 

15II~(J 071;11 6751 .IMP DCUR 0477 HI31 al111 IJlS 1 

911~1 071.15 70~5 J.:'lP DIJAT GJS~0 1~32 :?JP-37 -<Si'( I 17 

".1P. 61116 6751 d."P DCtJR 9S~1 1033 7012 J.>!? D[;Al 

3liJ3 17/.17 8902 PDP 050? 18311 6300 DDA2 .. J:1P " 

'.lI~ MilD!!. 0503 I 

',<,~, \" ·" •• 05 .751 561. . ';' ,,' ~ 4f/ip l' smsp 
r' ';;'"16 ... ," s' ~ .. \ 

':~tJ497 
, . 'y 

''./111':' L~i)DJ:. 
~~"ll I i,i' 

'~1412 0151 1 O~ J tlCUJ\# LDA 
" 3113 0752 lU;-"" e 

MI" .7!>!\ 5a311 STC IlCUI 
1Ml~ 875_ 86116 ''&[1'' 6 '., 

,,:":1M16 "'55 1!!J3S '1.-4 CURS' 
·· •• n '1'/56 831.11 SC~ t-

. ..1112-1 07~7 IliM1' STe , 
" ~.M21 0769 :'H77 UT 1 11 

',6/!?~ 0761 7'173 -4 
'lIJItP'3 976? 661:5 Ll.J!' 5 
1li? 07f3 1,;05 LDA CURS 
e.ll?5 01611 112:J AlIA I 
ftl:P.6 0165 73"" -410 
:lM27 0766 01171 APIl 1 

01131 8767 6712 J:<l? .+3 

~431 0773 111n AV4 I 
31j3~ 0"171 M:'/1 47;' 

:"'33 0712 1123 ALA 1 
'}1<311 13773 n77 -2;)" 

21435 :)774 (U17 CJ:wl 

~436 977!:> 1lP.3 ADA 

Sill7 0776 03""1 11 

~lIh1 a777 :)1/11 DlS1 

~l;" 1 1 .,:11 11 f'3 AI.;A 1 

31;L:P I'3Jl 3;';Jl 1 
31'l:3 1:H2 '~23'1 l(Si( 17 

04bb 11M3 677'1 .MP .-11 

J4l!5 Hldll 6"~0 DCU1. J;-'~ 13 
011L:15 / 

(J447 I 

3/J5J / 

~.t;51 I 

·'4 ::? I 

:l/' 53 1335 I".,;, DDAT .. LJ.,A 

34~4 1;'''6 ".10;') 0 

3455 1 "!J7 5334 SlC l.>DA2 

01:~6 l!Jl" 0\",7 SH 1 11 

~1I57 1£31 1 2'117 Cau.nR.. 27 '/7 

'''''M' tal? 06/16 DDA1, L['}O 6 

~IIH lIH3 1"~4 L!.II\ 1 D .. TR 

:j/l~ 2 n1l! 33 /11 Sell 1 

""<:3 1 '115 1'~01 SIC 1 t--; 

·~/:(; " 1 (316 361:5 LLi' S -0 

'l:f;5 UH7 UJII LDA DPTR 
-0 

~i,t6 lJ2~ 11 PO AliA 1 

011('-' 1321 73;'" -1;7 :J 

~L:7' 1022 ~471 A?J I 
ell71 H'J23 7'26 J;1P .+3 



;r, 

, . 

,_--,:s.::;:::~"c~""~C::":o:_:,_ 

~;":l;.J 

;'HI 
13,132 
;}ea3 
0334 
'S:U!l 
It:~: 
o.J~7 

, &:)111 
8$11 

.33-14, 
9},) J 3' 
~al~: 
.nu, , 
~~16, 

.14:11 
1~4 
0~~li 
IJQA9· 
'3~' 
.O?:?.Il· 

• it.;.f2;!t1 
:UR6· 
1'}~7" 
~;l;\9 

81)31 
!H3P. 
'1')33 
3334 
0:)3 !I 
0.a36 
~J31. 
3"1I~ 
~"41 
'n!:? 

""..!l3 .1;1I:L\ 
~~ '/~5 

01",/,6 
~~~~l~7 

~'··j5:; 

~051 
e.7~2 

aJ~3 
eJ54 
:}]~~ 

;n~6 

2J b7 
{I )f,3 

~:;f I 
~\6~ 

a<l63 
{11fLl 

~116 !> 
0:1t~~(; 

-r~r.7 

J ~1 J 
;; ,., 1 
3;}72 
0:.173 
3:J711 

en5 

',( ~ 

0!'}23 

3"21 

(}11~ 

01 ~1' 
0192 
iH J3 

~):? c,., 
32:11 
~~=)2 

G?33 
,J2Jll 
(J~:)!) 

:}~:'6 
0:::,)7 
021~ 

3211 

(I.ttl 

EReo 

!)1t!;;0 

3/137 
i~6jO 

a2211 

H.?0 
0653 
1:}4J 
041;1 
1 .~/~' 
34-115 
h)1I3 
a4!>1 
4414 
0064 

'f,-1;;-9-~.~~'F.'~-fli.t'l"'I!\~'·~~t9"~~~~'~~~·~s'.''''';\ "'/:"': 

*23 
'DIS~A( DATA ~ITH FIELD CURSOR - DISF , , 
'18-5-76 , 
'M. ih.JARRi.Tt. , , 
'DlS~AtSDATA .HUM TAP~ CO~TAIII~G 
ICIl-Of(JJUAUDAt~ iJf UfIt a.UEAl) i.>UT 
I.){:· l;li; \'\#1'1 ,1-1.1) ~UMD1-Jl IS PH"VI Dl-D. 
ICl,)ruUS?J).}llt·iG Ti),;CWlSQRS 1iI!il CII ~A1!~ 
I'1'VU,( wt:n ,.,ccu·nl~G u 'rHr: TI.I ... ·I~J;I 
/ SiL )OCT ill. , 
~ DATA N.aE cISi'L4i J: 11 IS PLACED U A 
"a?~ POUT .. nUFFUu A~O A .t.:>vt.'IG lrIllilOOW 
.'N DISPLAY T~n. i~,TA IS CO:nR:Jt.L~D n'( 

11JI.IT a. COR~\JltS All}: C"l.\l'fli(tl.LI:.1J nt POT " 
/.111 ~H.JVI Li. A iit.MAlUl 01' DATA AS lJESCRI Bi.D 
/.ABu"J: • 
1 , . , 
'PROGRAM STARTED BY 1'0 PRESET.STAnT 20 
/1 i 8 ,-1\)1.)1:. 
I 
I 

Il..uCATl"" 436 CIJ:nlU.IIS START BLK NR DATA 
I,~ p~ ~lSPLAttD. 

IfU.-STAhTI .il; P1NGfll\M l.OADS :JUT 12 8l.IlCKS 
I\»)O t~TA. 

1 
1 , 

/ 

1..1·l\lA. 
r;SJIrt". 
US?; 
DSPL., 
/ , 

MAI.f. 

PMOf.'t~ 
*P.9 
t.l.\lC 
l..<:.I.IDl: 
J.-ll' MAl:" 

P.-I;)()f. 

*1~" 
SLDATA 
Sf,!).)"T 
SLIS? 
DSP 

L~IlDE 
'~23~ 

LOA I 
l.lJl- 1 (.) 
STI\ 
DSl 
51'4 
DS2 
STI'I 
DS3 
STC I.llATl 
SU I D;>TR 

~(n6 

0317 
0101 
0101 
~1~P. 

01~3 
01~b . 
~1~S 
lH06 
0101 
0110 
'H 11 
011 p. 
Vl1t 3 
0114 
0115 
0116 
0111 
0H!ClJ 
"HH 
~1?? 

01?3 
01 Vol. 
0125 
0126 
01P.7 
0130 

. 0131 
013? 
:ill 33 
0134 
0135 
0131'> 
0137 
~t 1:1) 

''ll/ll 
0142 
'lll1~i 

" 1 I'<l 
:l1/15 
01116 
0111., 
0t~;;} 

0151 
015? 
"153 
0154 
31~5 

I'll ~(
tU 57 
316~ 

;;}161 
0162 
~lf.3 

"HMI 
:,)165 
:-HU· 
0167 
017~ 

0171 
:}l'il? 

0173 
017/, 

111212 
0213 

0214 
~21!) 

0216 
0217 
022;' 
0221 
0222 
0223 
0224 
a~e5 

01100 
3 /,01 

"4"2 
04"3 
0434 
0/135 
n/J~6 

"/1!n 
0l!1:l 
0411 
iil41~ 
0413 
0/'1 L; 

0415 
~416 

0"17 
;/;4P~'} 

.,/:21 
\"li;~~ 

211123 
0lJ24 
3 /125 
(~/J26 

3427 
~43J 
0/,31 
043? 
0433 
G43 /1 

0435 

2)436 

3"177 
0002 

4sea 
/15Cl 
LlS0" 
4501 
450" 
1;501 
1j50~ 

11501 
4502 
5224 

3"00 
6141 

0067 
7774 
1030 
''''36 
11201 
~>10(~ 

4/Jl6 
W20 
(J~;Jl 

.,rli~1 

0653 
·:n:)!l 
0:1%' 
13P." 
UHl 
11 110 
·;llt 16 
0~27 

6415 
HHi) 
~1416 

1120 
7776 
IJ436 
a:166 
?377 
~3("2 

56i10 

0112 

3'/77 
Pl.!P 
P,1'JDE. 
J.1S I L. LAT" 
J.'lS I DSuRl' 
JMS I l.UI'l'!A 
J.'1S I llSJHT 
J:1S I I. LATA 
J:1S I L!;JhT 
J:';S I l.lJA1/\ 
J.'lS I LSllitT 

DSP. J:~S I DI SP 

/ 
/ 
/ 

J''l? .-1 

/ SUDRJUTI !~ E TJ LJAD 3 BLOCKS JI-' LA TA 
1 

L)IlU DE. 
*/H~0 

P)IlJDE 
Sl.DATA, J ... J:1~ 

I.UC 
L,1J DE. 
Sl'T I FCTH 
-3 
LVA 
DTnt.K 
AVI'l I 
50:10 
src LDA!2 
l.VA I 
1 
A'(J 

I.DAT1. LDF 1111 
FDC 

LOAT2 •• ~j;j03 

I..Vt\ I 
l:·Dl 
·'\1) 1 
l.IJAT2 

, 
, 

'(Si'{ I r CTa 
J.'l P LDIH 1+ 1 
I. lJA 
LIAT2. 
;\L;A I 
-1 
51 C VT?LK 
!:ii'.T I TPIH 
~371 

i'D? 
i'.':0 DJ:. 
J.';P I Sl.DATA 

L!':JDJ:. 

Dl'Bl.K. 112 , , 
/SV?HJUTI~~ T0 SJPT UATA I~IJ iliLL~ J~ 
/ TV F I l-LD ~ U.~81:,hS. li1:.HTI CAL <; -<lJ ;;vi.I?: ... -J 'f 'l'.. 
/cuu,U:;I>JIHE.S , 

w 
c:;, 
o 



~"E!::~~~!::~,~';'~ i4~::;=;;~~~~~~~~~ .. ,~j)lf+;H)"'.bJ4I(i?W~'~~·~¥'!:<'·~· s. ' """,,,,~,,,.,;,~,"<"'~-~' ··-"')\~'~,,"~~ll."~':'fl~,Y'1f'r·Jl'·· 

"?74 0641 000" a 
"P.7S !il6ll? 0cJ76 $1',1 I 16 
0276 06l/3 7757 -iM 
0277 06l/1I 1020 loliA I 
0303 06l/~ 03'77 377 
03131. 0646 1777 uSC I 17 
a3~p 0647 02.'36 )(SK 1 16 
'13031) 0653 66"'6 J,,;P .-2 
~3'''h 0651 0056 5H 16 
33J~ 0652 30!"lLJ DPTk 
(f3;~6 :)653 007!) SrT 1 15 
0337 0654 2777 2'177 
03111 0655 06/14 loIW 4 
0311 a656 023~ D11, itSI'; I 15 
031P. 06~7 01156 $I';t> 
0313 0660 61'.72 .. l;'l? DI? 
n31Ll 111661 1 (136 loM I 16 
0315 066P. 1 &60 rCf_ I 
3316 .'b63 711.)\) 711:1" 
0317 ,)664 11140 51"1)-
13320 e6Gb IM:}5 cuns 
P3Pl 0666 6656 J."J'> IJll 
0322 0(,67 667~ J .. lj" LCL;H 
03P.3 0670 06l:4 l~I))o' 4 
~I:H~/I 0671 66~·(' J 11' DIl 
:J3P5 0672, 6'/31 D12, J,-:? Ll:l)r 

• ('3P.e, 0673 ,a:FI2 t'1'P 
(}3r>7 P:'IJDf 
0!"iaJ 0674 560:) J.1? I SDIS? 
0331 / 

a33~ / 

0175 PMODF. 
0176 ~1t37 ~(;)139 SlJSORT, aCM0 
!1177 01.143 6li11 Ll.'~C 
0Po0." L~JDe 
3?~1 011111 0650 051. loD!' 10 
5202 01142 1026 loD~ I TPTR 
0t:U'~t 011113 061111 LDF" /J 
Bee. fJlIlIlI ID6/J STA J. ~PTR 
0235, ".us 66!»0 ns2. LDF 11 
0?~, 8446 1086 1..D4 I TPTR 
C2e7 31147' ~61J5 .' LJ:lF>.5' 

...... ~. . j~t~ Ctll53 10114 .' $TAVP"" 
!'l~.;' 31151 fttiS0 OS,. , ..... fA. ,Ill. 
"JP./ ltllSa 1"26 t.~.l TMR 

:i ."-13. '4~ 86116 ;--, LW ,6 
~lJl,. /.IIlSll 10114 $14\. 1l.PTft 
8R,,,, 0455 81Hl6 ' .(SI(TP2M 
e~l.h ell!t6 61.41 "'$19; 1>5:1 
:tPU, 0457 1!hJ32 PI.iP 
Je114 P.'Wll't: 
o~~'t "46B 5631 "';'lip I SWORf 
022R , 

,,' tl2~3, , 
eta. , 
oaas /5fJt\flOUTI U. TO tiE SPLAt Sta POH'TS AS A 
OR2Eo /it'lOVUG "1 )lWW \)1J~n 1021.1 POl.'.!·£S, "'ITK CUaS\)R 
0?~1 / 
ea3!l / 
~P':31 *60'" 
(''23" 0600 0il0a SDI SP. ., 
3?33 e631 61111 LISC 
ag31l LMvllE 
0235- 0602 0U0 .I1D1SP. SI\.VI " /SU UP START 
0236 0603 11213 AlJA I /t.O CAT! O.~ ,)~ MOVLIIG 
0P3n Z604 103~ 101M "" I :HJi)W 
3l?".~ ~1«'5 "31.1 1 sell 1 
J~41 ('!1j()G 0/:50 AZt. 
"?~2 JI'. J7 6612 J.i,t' .+3 
.~:~l; :i ,'It 13 1620 1'5" I 
.B1I4 0611 J717 1771 
02.!i5 ~612 1623 OS1 I 
'~l:6 %13 2:J~0 2.1)3(3 
(;)?1!1 ~614 1 .iJlj~ STA 
:;~5) %15 A'J:;l: lJPUl 
~?bl Jf16 t'll ;'4 SM iI I'CURSOR 
~'~52 0617 11 ~;~ I\loA I 
Sf-: 53 (}f 23 1 ),n 1030, 
Z~5LJ C6?1 0342 SCH 2 
~~:,5 ~1'!?2 1 'MO ST/\ 
.Y':,6 "623 (>'115 CUHS 
J'r~~1 (l6?4 .):)61 SU I 
Y?6J 0t:.?5 J ;l46 l;CT 
.)::-:,1 06~6 (.701 J:1P flU 
',~r.1'. 2 :':'';>7 (j·J53 SET I 3 
~·~2(3 Jf3J 1~2J l>CflllF +3 
;l:"t.tl "(;31 7::156 ,MP GDC~ 
J265 ,)(,32 ~:i2L! Si-A 
~~66 M.33 156J rCL 
~12(-1 0634 !oI20<J 230 
'"}~'7'~ ;'(;35 0'UlI !-SF 

w g. 
T~,/ 1 :'i6~6 "JJ"f7 :>1: '1' 1 17 
\;':)',? '1631 1214 DCNiF-l 
~!~.~73 064;) QJd SU I 1 



~~~:;!~_b~~~+~~~.¥~~~~~!~~:-t..";;~~'f1'-"'l~~:"-C~'\"",~~",::~:,: .. ',~.",.>"}:":"'~"N·· • '~~'~~.~,r.~:'i-""~~''.;·'{ .'"" ;~~<""'"1\I't·,,~r:.v,"'K'·~'·' e"~"' .. ..~ 
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APPENDIX AA 

Characteristics of "Scotchlite" Retro-reflective sheeting. 
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Optical Properties 

"Scotchltte" Brand Reflective Sheetings High Gain :It 7610 and ~ 7611 

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 4t7610 and #"7611 

Sheetings. 

Table I - Luminance Factor vs. Incidence Angle 

Angle of Incidence 00 100 20° 300 450 

L umt nonce Factor 590 595 620 660 710 

(All readIngs were taken at an 0.50 divergence angle). 

Table 11 - Luminance Factor vs. Divergence Angle 

Angle of Divergence 0
0 

1/4
0 

1/3
0 

1/2
0 3/4° 10 ·1_1/2° 

LumInance Factor 1610 1280 1090 590 195 115 55 

(All read1ngs were taken at 0 00 Incidence angle). 

Table I data shows that retro-reflectance of 4t 7610/#-7611 Sheettngs remain 

hl~ up to very obllque angles of Incidence. 

Tabl_ tI shows that retro-reflecttve efficIency of f117610/f#7611 Sheettngs 

decrease rapIdly as the angle between the Incident light ray and the sensor 

or receIver Is Increased only slightly. 

Stnc:ethe retro-reflective surface of "Scotchlite" Brand ReflectIve 

SheetlngsHJgh GaIn # 7610 and # 7611 is actually a continuous bond of 

exposed ,loa spfMtres, the result Is a surface whIch Is non-specular and 

therefor.,..I.tant to glare Interference from ambient light •. 

, '. 
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