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A model for the hussn. vertical +rye trunking system 

s-  proposed. This is based on the dynamic characteristics 

of a variety of *ye movements is weU . as the anatomical and 

physiQIogical apt rets of the sztraocular mechanism. It 

Includes the nonlinear .farts-velocity relationship of active 

muscle and considers separately the distinct ssysmetrlcsl 

properties of the agonist- sntsgcsist muscle pair. The 

inertial and view-r1setic forces of the globe and orbit on 

the muscles is also .included. The nervous activity which 

causes the ueclea to move the eye woe approxi tad from 

studies of the axtraocular motor nuclei. Bsepone.a of the 

model accurately depict positions velocity and acceleration 

of saccades. The model also reproduces, faithfully, the 

"main ssquence 0  of saccadic velocity versus amplitude» it 

has been shown that saccades era time optimal. 



. 	TR4 

Ruman visual system is one of the most complex and 

interesting biological eystens . It has been extensively 

studied by neurologists # vision scientists # physiologists, 

anatomistss and sngine.rs . These studies have provided valuable 

information in the fields of di lne, physiology, nerarology 

and paycholo . Eyeball. movementt pattern has ben used to 
11 

indicate o thalmological conditions, neurological lesion, 

behaviour pattern etc. and many more uses of oculography are 

listed in literature. 

The work on modellingof eye movement mechanism - a 

nauro'stuecular servomechanism, was initiated in early fifties 

and has gradusUy progressed. This has of course included the 

modelling of rxtraocular muscles - usclss attached to the 

eyeball and responsible for its movement. latest studies are 

based on anatomical and pbysiolo, ical characteristics of the 

glob* and orbit and static and dynamic  characteristics of the 

•xtrao lar aueclss. But all these models are for horizontal 

movements of the eye. In the present study a model for eye 

positioning mechanism involved in VER ICAL syemovements is 

being proposed. The dynamic characteristics of the model have 

been studied 4nd found to correspond to experimental results 

existing in literature. 
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2• 	2 T Mwrrrrwrr•rA  2 V ■rr.iiYr 9 T  

2.1 Isrieral 

the visual system is extremely important for man's 

normal functioning. It has the following three main aspects. 

(1) P D Bary L#, ht Rets  I It is the reflex 

r*Culation of pnxpi,. srsi by the bis. The iris provides an 

openinj for the passage of light. As the l ,ght intensity 

increases the pupil area decreases' in a logarithmic manner and 

vies vsrsw. Area of th• pupil Is varied by muscles attached 

to the iris. 

(ii) ui .i z The corneal convex lens provides 

effective, but optically complicated means to focus the image 

of a perceived object upon the retina, The process of changing 

the Ione power until the .image is in focus, when the object is 

at varying dietanoss is called accomaodstion. Acco aodation 

too is achieved by action of muscles Which modify the convexity 

of the Lose. So far as focussing is concerned the eye behaves 

like a camera. 

(iii) ie Foaitionin c * When a target or object is 

moving the eye must also wove. This Is called eye tracking. 

Each *yeball must be .positioned in its orbit for any given 

target position. Three antagonistic pairs of muscles work in 

coordination to achieve this eye fixation. 
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We, thus, sae that all the three aspects of visual 

system depend for their functioning on i uscles* The muscles 

are actuated by various nervous signals, originating in visual 

cortex and the cerebellum which in turn are parts of the 

central nervous systez (ohs). Viewed In totality all three 

aspects are n.uro-e+uscul&r sex o ►ec aniess. In this disserta-

tion our attention will be confined to the last eye position-

ing, of the throe ,s pe otr . 

2.2  X-Ye 	_ eoben ,et  :- 

2.21 Ezroqul e 

The movement of the •ba1l In the socket is actuated 

by sir eztraoonla r muscles attached to the eyeball, These six 

*uncles constitute three pairs of onist-sntagonist muscles 

(Pigs 1) and are naced as below 3 

(i) Lateral rectue - Medial rectus 

(11.) Superior recto Inferior rectus 

(iii) Superior oblique Inferior oblique 

The action of each of these ausclee is shown in Fig. 2, 

The suede plane of medial and 'lateral recti Is sxaf3tiy in the 

horizontal plane of the globe. When the globe is in the primary 

position i.e. looking straight ahead$ the contraction of these 

recti results only in internal rotation of the globe; the 

medial rectus moving the eyeball nasally and the lateral rectus 

temporally when the visual line is directed above the horizon, 
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contraction of these rusolas wiil aid in further elevation and 

when the visual line to directed below the horizon#  their contrac-

tion will further deprave the glob*. 

The superior rectus ekes an angle of approximately 230  

with the visual line when the eye is in the primary position. 

Its contraction will, therefore, result in a rotation of the 

globs around oeveral axes resulting in an oblique motion which 

contains throe components, elevation, nasal rotation and 

intorsion (Fig. 2), Thus the torsion is clockwise in the right 

eye and counter clockwise In the loft eye.  

The -uncle puna of the interior rectus is the came as 

that of the superior rectue and hones its contraction will 

result in a compound movement of the globe consisting of three 

coapenents, depression s  nasal rotation and turning outward of 

the t2 O'Clock poaltion i.v. extortion. 

The plane of the superior—inferior obliques tors an 

angle of 51°  with the visual line when the eye is in the primary 

position. Their contraction also causes oblique movements 

consisting of three components. Contraction of superior 

oblique causes depreeeion, intorsion and temporal rotation#  

whereas contraction of inferior oblique gill produce elevation, 

extorsion and temporal rotation. 
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It can thus ba (Oon that diffcrent mweloo are involved 

in horizontal and vortical movomonto of tho oyo. 

From tho forogoinc it to clear that cortain muo cloo are 

AGO; IC4 : i.e.  act in tho oamo direction uhoroac oomo arc 

A; ICOi;I%:T3 in the sone that o ch acts in oppooito direction. 

Por onamplo ouporior reotta and irfcrior oblique are r onioto 

In tLat they both elevate the alohc a Inferior oetuo and 

ouporior obl'iquo are► also n oniats bocau:10 both of there 

doprccc the ,lobo. )imilarly ouparior o'bliquo and oupirior 

rc of c arc aijoniots bocauo o both produco intorsion in. tho 

primas posit ion of the gaso. In a similar fashion tro my 

Croup various muscles of each o ►o that act r ainot othor 

cuecico. -Thuya tho codtal roctuo to the direct antaocniot of 

the lateral rroatuo f the ouporior rootuc of the inferior roctuo, 

and the ouporior oblique at the inferior oblique. 

faith a careful look on pI 4 2 one son pick up nany cors 

pairo of eijoni.4't and antaeoniot me clog . It to important to 

pick correct nacniot and cu ta4,poniot muocloo bacnuao both are 

aot2ollod 1, ao Will be ohoun ou acquontly in a oltahtly difforont 

oc nr2cr . 

2.2.2 	t!u 	Ioçlar C~rvsfC!~ 	f3 s 

Ao the obs orvor looko at an object an i ao to Formad 

on the rotino. Nov if tho o b joot to covod s the is , o too to 

dioplocod. Thia orror tnforziation duo to rot.incl iso motiOn. 
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,..otion, io tranc.:ittcd to t) o 	cual cortex throu.h optic 

fcrvo, optic chino: , optic tract and lateral Coniculrtr- body 
• ) • Vicual. oortcn uhi x. iv a part of the CJ, then 

co  nc to oxtr3oe 11ar tuonloo, throuCh oculocotor 

nucloi r:nd oculotLotor nervca . Extrnocul r muoc1' a in turn, 

ovix in uGoniot-antr oftot pairs, rotato the oyob 11s in 

tLai orbito to ro-adguot the retinal imiCc onto fovea which 

io t~ e 	visibility uroa of the retina. ¶iho function of 

Win control oyste ovcrninij aye covoinent3 to thus to ac'uiro 

viol tsar-ota rapidly oc.d onoo ecq,,Aro1, to stabilize their 

ira4;eo on the roti.nx despite rolativo movernento bet uot- n the 

tart of end the o bocrvor. 1hu3 vioton ,and hence perception; to 

achicvod by otabi 1 i 4r_ the retinal imat.c by moansi of f oodbb c=. 

o ' rotino3. imago !otion.he aye oorvor ochanism is ohoc n Qaa 

bloc ii::,,-rac in Fir,. 4. 

Cp:►n - anti Gloved-loop bz?bav ,our of tho eye covcaent 

~c ; .2.t or control 3 oto hao boon otudicd by ondor and fly€~ 

(i) ai1 alp '.o by Vcn2or (16). They c1`rr ctorieod tk o eye 

3OvOL:echmtOt in tons of linear oporatz ro and ctur tod the 

i'rcqu:ncy rouponoc of tho €ay:,, trichina;:- .ocb nier by 'varying  

t o otin,uluo an plitu o acid the amount of visual foedbick. 

t; Livir.j the ontornal loop a r th of + It total f©cdb c 

ciw1 be roducod to acro on . thu . otabilicod iea;:c tr•:~o 

obt::y.ixcd (16) . Thtu cnabloi the otur3y o: tk:o span-1009 trans ='Fr 

4,uuct!on ch._'xactoriattoo o the t bjcct ;ind tho o;.;:n- nd 
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olossd.loop gain and frequency response characteristics of 

the eye ser vome n tem could be compared. This way tender (16) 

has shown that eye servos echan.ism is a  ne s, ye feedback control 

system. 

Syaball servomechanism has also been studied by ?ilsum 

and Jonas (18) with spacial referenc. to vestibular stabilization, 

It had been shown earlier by Van 4mQTId at al (bibliography), 

that semicircular canals constitute an angular inertial acceler©-» 

meter. Over the bandwidth of 0.017 to 17 la the semicircular 

C 	s ieot ik* .ntegratin ac .lerooieter and the normal. 

discharge (signal) to CR8 is a frequency coded analog of head 

velocity. Milsum and Jones have taken into account four main 

feedback channels (Pig. 3) as enumerated below; 

(I) Visual feedback a The visual channel consisting 

of optic nerve, optic chiasm, optic tract and lateral gentcud 

late body is considered the main feedback path. From visual 

cortex an afferent signal aria oculomotor nuclei and oculomotor 

nerves is provided to the extraocular muscles for actuation. 

(ii) Vestibular feedback : Any movement of the head 

is converted by the semicircular ca ll into a frequency coded 

signal to the cerebellum. The vestibular channel receives its 

information from the cupula. of the semicircular canals, The 

vestibular nerve carries the information to the vestibular 

nuclei in the brain stem where it proceeds via the medial. 



longitudinal fasciculus to the oculomotor nuclei . The semi-

circultr canals provide the main dynamic drive to compensate to 
eyes for the short, sharp, angular bead movements of *very 

day life. 

(iii) and (iv) Proprtoceptive f*sdback paths t Eye 

movement in space can also be brought about by movement ©f the 

herd as the body and of the body in space. These two movements 

that of eye, in ku.0 and skull on body provide two proprioceptive 

feedback paths for r ab 	ti 

Thus we have an overall feedback system consisting of 

visual, vestibular and two propioceptive feedback chsnnala. 

These are the main sources of information with which the 

oculomotor nuclei synthesize the actuating drive signals for 

eyes ..*kull control. The overall system Is shown in Fi€ « 12.3 

of Lilc o' a book (bibliography). 

l ile=and Jones placed more empha& is on vestibular 

feedback and they found a second order transfer function between 

skull acceleration and oupula. deflection and the rale ,  of 

aemiclxcu3az canals as an angularvelocity transducer was 

proposed. 

2.3 lzo Mgje { !n j 

Various typos of eye movements have been classified 

in literature. But clinical tarts demonstrate four basic 
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different types of eye tracking movements. 

2.3.1 Vision. 

Two of these moveaente are i►ereion movements. Tbess 

types of eye tracking movements are conjugate i.e. both eyes 

move equally in the saw. direction. They are described 

below 1 

(i) 	 of 
s 'loss are stop like (Pig. 5) movements 

found in reading and are standard movements of every day life, 

carrying the eyes from one fixation Point to the next. A 

fixation pause lasts typically for about 250 ms to I a and then 

a eacoade (jump) lasting for 20 to 100 me WWending upon the 

length of the movement, jerks the eiee to their next position. 

The normal speed of saccadic movements varies from 100 deg/s 

to 500 deg./e but can boss high as 1000 deg./s. The reaction 

time or latency for oaooadee is 180 as to 250 as. 

(it) SmoothPurautt z These are ramp like, movtmeots 

observed during the following of a smoothly moving stimolo.tr 

e.g. a pendulum.. Latency of these movements is the same as 

for saccades i.*. t80 an to 250 me,. Sped-oioeely follows the 

speed of the moving objects within a range of I deg./s to 

30 deg./s. Some subjects can follow smoothly upto 60 deg./o. 

Beyond this range the eye,  usually falls back i... lags the 

target ictton. 
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Smooth purusit movements can be further subdivided 

into three c atrgo riss. 

(a) Predictable movements (Jig. 6a) are in rieponea 

to a known stimulus at a constant frequency e.g. a moving 

pendulum generates a sine wave inFut and sudden aov* nt of a 

target from one side to anothergenerates a square wave input. 

In this mode the periodic wave form is followed essentially 

0Mzsctly", except for the rather unusual feature, reported 

by Fonder (16) and Stark it al (29) that the eye actually Shows 

phase sled relative to the target . and slight amplification of 

its msgniu.ds. This is due to the learning behaviour of the 

eye tracking syst ems. 

(b) in unpredictable mode the eye tracks an unbnown 

target such as obtained by combining nonharmonic sinusoids 

or by generating a random signal (Gaussian noise) . In this 

case the eye lags the target and the tracking system reverts 

to using the visual loop for generation of its primary drive 

signal In a "watch-and-fOUOV" type of action. 

(c) Third type of smooth purusit movements are 

compensatory movements of the eye for passive body movements 

and are caused by vestibular stabilization as described in 2.2.2 
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2.3..2 8orori oN o o to 

Iti11 ttiio c oro oro movo=to are vorronco movomonto. 

Thcoo aro movccnto of tho oyabnlle int rda or out uardo 

rolativo to each othor to maintain adequate binocular fi a.tiont  

vthon cbengin, from far to roar ob3coto and vica voron. Vorionoo 

nor onto x re Glov—cpood above 6 doh,./o. to 15 deg./o. go 

data about latency is available and thee o movomonto are leas 

roll ContrQUOd then other voluntary oyo movoroontn and acorn to 

have received loco attention at the bande of the roocarchoro. 

(i) 	oipnal Vnrron  -on 	 oro r ovcmonto are dio junctivo 

and arc cauood by a otimuiuo r Bich movon diroctly to tiardo or 

away from the cyoc; both oyoo move equally in the oppootto 

direction. 

(itt 	or Q 	c 	n o 	movcmonts are vorr,onco 

movoonto of one oyi' in roop000 to a tarot that movoo toxrardo 

or away from tho othor eye alone ito lino of eight. 

in addition to the main four typco of oyo movements 

doocri 3d above there nra .nvoluntary ' miniaturo tmovo nts lino 

`flic 'and 'drifts' (16) . Biinhix too to prceont at 2 to 10 o 

,tntorra .o . But thc3o movomonto aro 'tolerable' dioturb nceo and 

Qs bo onoily i prod for purp0000 of nodolitn tho eye position

;tnL tOOhenion. 

t"oat of the -ork boin, pr000ntod in thio di000rtation 
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pertains to saocmdio movements. 

2.4  M.aa.? ring... e M ar.meat 4  z 

The eyes can be moved sufficiently and fix on objects 

within a circular area having a diameter of equal to 1000  of 

visual angle, Rotations to the left and right are approximately 

equal (500 ) in extent but vertical upward movements are more 

limited (E)0 ) than vertical downward movdments (60°). The 

rang• of eye movement is tested with m tangent screen and is 

an important diagnostic sign in neurology Z 

Methods of measuring eye movements have also been 

classified in literature. Ono of the commonat methods is the 

one used by Fender (16) where large eye movements are recorded 

by photographing the reflection of light tram the corneal surface 

A tiny medical lamp is placed in the stem of a mirror attaohsd 

to a sub3ect's eyo. This lamp shines down onto a photo-

multiplier tube. As the ey. moves, the amount of light striking 

the tube fluctuates and the output current of the tube is 

therefore, a measure of the motion of the ere. By combining 

two tubes we obtain data about side-to-elide and up-snd-down 

movement of the eye. 

Al very significant method is the one developed by 

Robinson (2'1) still another common method is to use infrared eye 

movement monitor (29) . Actually rainy resemrchdrs are reporting 

now methods using electronic circuitry. A few of thee• are 

. 	', : 	I 
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listed in biblio PbY4 oe se • vs are not directly involved 

or interested in recording or assuring eye movements, this 

aspect is not elaborated any further. 
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30 TyflILII THE: 1IXTftAOCULA!L CJ18 

A nu.00lo. to ordinarily thoujht of on an actino cyoton 

or a oourao onorator and ito prino function to to gonoruto 

for°oo. RouoVor, if tho muoolo to deaotiiratod 1.o its forco-

Conorating rochnnicn ro12cino innotiiro, It otill rotaino 

pa oivo riochanical.proportioo. An ontornally applied forco, 

for oxomplo , will cc uo a n doonorei zad muo o3.o to of rot ch giving, 

. ioo to a force-displacemont rolationahip. The ratio of the 

fore-dioplaocimont givoc use tho otorc o property of the 

uoe1.o, which is nothing but tho cochaniool ,'pro-morty of 

oloticit,y or aprinainooa. Tho elope of tho Zoreo diopio,coDont 

o araatorioti.o dofinoo the oprLn; conetant of tho tuoclo. It io 

therefore, r0000nablo that a c odol oiculntion of a muoclo 

ohon .4 inoludo a zochanical spring  epriz to ropr000nt the olaoticity 

of the muo clo . 

At thio oteo uo roa.i.ac, intuittvoly, that thin 

raprooc ntation rnuo t bo inaonploto ao a hauo not accounted for 

frictional or roaiativo boo. 10 mochonical ayotoin to friction-

Io=a and muoclo tioouo to no oraoption. l uocloo have of nific ►t 

rooiotivo proportion and this togothor 4th oprin in000, hao 

Given rioo to tta oioz ontary oodabo for the iuoclo. Thooc acro 

voigt and roll oodtclo (Pt.  7). doth th000 t,o olo contain 

a oprinr, to roi r000nt olaotic pro,portioo and nboo includo n 



15 

doohpot (dcmpor) to ropr'oocnt fr'ietio l oloi ont a A. daohpOt 

ouoily ropr4oeato linaar vioeouo friction. In oaoo of a muoclo 

tic aro jiaotifiod in oocouotin; for vioeouo friction o.o tho 

muoclo tiouuo +containo fluid couotituonto, to. tho ciochoniccil 

friction in phyoioio;ic3l ctoriale to 0000ntit Uy of the fluid 

or viaoouo varioty. Biiotio ticcuo ins often roforrod to ,ao 

viocoolaot to catoriol . 

1 oi, if a ccxootb muoclo to loadod i.e. onorrizod to 

coni cot, and then allotod to o1pand paooivoly at content load 

(i.o0 lootonically, if, ho nor, oh.ortoni of the muoclo to 
4 prfont od, otirnulatiou of the muoclo roculto in an incrocioo 

In torsion. Ghon thio iQ record+ ct, it to spoken of ae an 

iaortotrio contraction. In ioo etrtc contraction the ctuoolo 

por!orcz no oxtornal r ric, and aii the onorey of Ito contraction 

io oorwortod into heat.) the rooponoo will t cipprozimatoly 

that ohorn in Pic. 8(u) . If the d-lcmuoll codol to culoio d to 

roorond l.00tonioally it "ill it odiatoly drop a short die tango i 

until the oprin ontondo (the &aohpot cannot inotantanoously 

acquire n velocity); it sill, theoretically, then antcnd ad 

Infinitum cit a oor otont rate (Fit.. 8b). ' hic rooponoo dodo not 

conform with the rooponoo of the phyoioloeicol eye tom ao oboun 

in Pit o 8(e) . Undor icotonic condition the Voict model will 

initiciuly .falt cit a conotcnt rate. Lo tho oprinC b000meo 

otrotchod, the rate of ontonoton La roduood until finally 

notion riiil entirely coccc. ?ht rooponoo,L?ir.  . 8(o), to noro 
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In oopinpj with that of tho phyjiolo ictal Gyotom (Fit. 6a). 

.,c o t:horotoro, a000pt tho Voigt scodol cc a proliminary roprocon. 

tation of the phyai ologtcal o yotca too* tho muo olo . tlttb 

ioor trtc .2ontraction, it can bo of ailarly: hon that tho 

?u  o12. rodol to ncaror to the cc ,l muoclo ayctot. 

Lo baa boon aontionod carlior an active muscle to a 

Lorco , onorating olotont. Iov tnoorporatinC thio aopoot into 

our cuoelo model (Voir4t modal) vocot a force oourca in parillol 

tiitI.1 the dcohpot• The two toGothr.r d`art uhct in commonly callod 

a. contractile cooponont (Pig. 9) . 1.111.1 (17) hao oho rr that 

activo ccuoolo to campooed of a contraotilo component In oorioe 

with an olcotic componont. The contractile componont to the 

portion altorod by tho nerve ot. ra . and to capable of developing 

activo tonciou. iia ? e aloo sham that ovon with zoro activation 

i. c~• fora paocave muool o rrhon the muoclo to stretched beyond 

a contain lontjth, it ouhibita tonoion oven thou, h there is no 

norm si al . Thio obaresctoriotic can be ropr000ntod ac a 

paa oivo olaotic component in ►r rmllol with the active muscle. 

^hie to 111uotrato4 in pie. 9. 

5..2   Lt! Eztraouoc a 

J. r mbor of oturlica have boon conducted on oxtraocular 

cuo cLc o of the cat, the cenkkoy and the but an b-- i ng to dot o.rmino 

thatr par: notoro. rorhaz:.3 to firot a hoot detailed and 

oorprchor_aivo reaulto .avo bion pr000ntod by Cook & .Jtark (ii) 

tr. in.; into account the than available data. .hoir model io 
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for horizontal oyo aovoocnto and to conotrictod for latoral 

and rodia2. rocti. is oha13 take up tho dooiGa of parameters 

coo by one. 

3.21 2 tin l th t 

Uilkio (37) hao chocrn that muscle .or;tb for maximum 

nctivo tcnoion: la io tcrioo the lcnath at tbich tho actino 

ton ion first bocortoc ron~ oro . t+caourromon to by Robinson (22) 4Z 
on tho latoral rootua of a cat rOVocLtod Its root loth to be 

approuiiatoly 25 MM. 	Robinoon turthor ohopro (Via• 8, page 254 

of hie papor) a atrotof voroto tcneion curve of the eamo muscle, 

ortz'apolatinzj thin curve 	find the diotonco from corn 

tonoion to nazicum tension to bo 12 ite. According to tiilki-, 

t1 ,o value to oqual to Lo/2. to d tboroforo, have, 

L0/2'; ' 12 cm 	or Lu s 24 ria 

It iso aocumod that r odial roctuo too behaves like lateral 

rootuc and that tho nucaloo of human. 070 aOvoz + nt oyotor also 

have their oporating point at L0, the length of rami un tension, 

L'or the human roeti, this placoo L, at approximately 40 mm, the 

root loath (11). 

302.2 	tpi.vo %,u a .o 
The otatic c ractoriotic of pacoiao ontraooular nuoolo 

io i a relation botuoon nucclo lonjth and tension (Pia. 10). she 

olapttc force incroaoco cith ortcnoion in the uannor of a hard 
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opri 	but ovor a fairly vido raneo of lcngtho tho foroco 

arc call ono h co that approzinoltne tho otatic proportico 

by a lr' noa y uprir dopa not introduce ocriouo orror. 

a1noarization of the curve of Via. 10 yiolda olantic coofficionto 

rriin from 0.2 at Q°  (or prt rly lengjtt i.a.rootin, 1cn, th) 

to 1.0 /do a at 409  ae*ay from the iold of action of tho 

auoclo. Robinson ot a]. (27) found an of otic coofficic n.t 

of 0.5 ;G/4og a Data duo to Barrack ot al (bibliography) loads 

to a coofficlont bctc cn 0.1 and 1.25 g/docj. While Cook and 

})tarlr (11, 12g  13) arrived at 1 .9 ,G/dog . for both oxtraocular. 

muaclou. Cook a Stark orronoouvly aooumod a aoxiEauE3 force of 500 

a . If thio is reducod to the obsorvod auzinum of 100 a (27) , 

the coofficicut bocoaoo 0.38 6/doUA for both muccloe at 00. 

f osu .zinc both ouc clo o contt ibuto o filly, the rosult bocomoo r 
0.19 a/doh. for ono trnocic, aaooarchorc have thio shotm 

varlationo of Kir, the pacoivo eprth conotant (rig.  11r) 

ranine from 0.1 to 0.5 g/do,  . at 0 and from 0.37 to 1.25 g/dog 

at orate o 1onatho. It hao boon ohotn by Clark and 3tark (6) 

f ron dynacic q,uich roloaco ozporitzznte that I 1  , of about 0.4 g/doe 
yicldn good otatic and dynamic roculto. 3icilarly Choy have 

dctoi'tirac R to to 1.6 g/dog with a tints constant T Of /ziop  
coca Tho t i ao conotant Tr, is approziaatoly 0.1 o (6), uhich 

ytoldo a 1 , of 0.16 g.o/dca. 

it trot bo noted that thic coda]. to valid only for long4b 

or £o:. -too rat lontjthc rcator the^in the priaary loi h. It 
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prodicto zoro forco at thio lez. th, flotiovor g oinco it boo 

boon ohotrn (27) that tho paor ivo Cuselo fordo is at noot 

2 or 3 3 mt lontth bolo # tho primary 1onGtby thle Qoauaption 

Joao not cariouoly affoct the Vc lidity O the a odol in 

approxica tin, otatio or itynwnic paooivo auwclo; it aloo aiznpli-

fieo the onalyato coaoi5orably. 

3.2.3 kc4wac 

Ir'1G. 10 aloo okocio the static proportico of activo 

muoclo. Uo rauot bo f of couroo# caroful to o gbtract forcoc 

duo to paooivo vicco-olaotic olemont in order to find the 

c1aro in mueolo duo to activo otato. Robirxsonot tzl (27) 

found olraotio conotanto ranij4nj from 0.5 to 0.825 g Mog. 

r 	Earoac! at al (bibl.ioarapby) found cooffi oianto from 0.33 

to 1.6 ,s/dog. Uoing ?IC. 10 and dr to on quick roleaso on 

active iitoral roctuzi of the cat plark and stark (6) have 

found 111.4 o 0*33 g/dae. I 2A = 2 and viocooity coofficiont 

WA es 010 $.goo/do. This vraluo of D. corroopondo to a tiro 

conotnnt for activo uuoclo of 50 no. 

Su ari tin! tho p rnmotoro for active and pacoivo 

Auo aloe tie have 

1 P 	0.4 , /doe. 	i 1 A c 0.33 a/dog. 1 o' 

1.6 Q/dcc. 	X21 	.o t/dOC ID 

13k,0.16 a.o/dog. 	Dp 	0.10 6 -o/dcy. , 	' 
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Prom the foregoing we can see that  

-~ K 2, 	„ 	3A' TA  T. TP. hea. results inpi that 

active and passiv* muscle* may be approximated by one Maxwell 

model (Refer para 5.1 above) and these have been shown in 

Wilkis's (37) quick stretch data was interpreted by 

Cook and Stark (ii) and they calc1atad a value of 1.86 g/deg 

for X, A + 2A which is in approximate agreement with 2.33 &/deg 

found above* This agreement corroborates the values calculated 

her** 

liraelly, we assume the following perarne.t.re s 

K1 	* 	a 	0,36 g/dreg. f 

112 ,; 	- V",2A 	2 	a 	1.8 r `
g/deg 

,te 	 0.15 g-'s/deg 

a 75 as 

For evaluating active and passive time constants two 

aathade are available. One relies on t eking the slope of the 

quick release data as it rises back s steady stats; the other 

involves approximately the Use required to achieve 98%  

of *toady state. The noise in the data makes the utilization 

of those techniques difficult # therefore, the results are 

only indicative of the approximate time +instants. Clark 

Stark (6) calculated the time constant of 5.10 as forboth 
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active and passive muscle by the first method. The second 

method Yielded values of 100 as for passive muscle and 50 as 

to 1'0 ae for active muscle. It should. be noted that B and 
ap  are also altered proportionately. Although the two 

methods give different values, the constants are similar in 

active and passive muscle when one particular method is used. 

There is some exp.rimentel justification which suggests 

that this variation is not due only to experimental error, 

Hill (17) has shown that the force-velocity relationship of 

muscle, which is related to the viscous force, is non-linear 

and decreases with Increased velocity. This is shown in Fig. 

12. NOW it we calculate the time constant using the initial elopm 

lechnlqus, where the velocity is high and the viscosity low.*  

t .e time constants would be sm*fl. As the velocity decreasel 

the viscosity would Increase and so would the time constant ; 

hence the second method would yield a higher time constant. 

To calculate B. we subtract the passive muscle force at 

each length., and divide the resultant force by velocity. We 

find that the vieiaue codffiei+ent decreases with the increase 

in velocity. Hence the values Of BA  and B given above are 

probably somewhat high because these were calculated with the 

low velocity characteristics of the quick relea.ee experiments. 

Hill (17), who has spent many years studying muscle 

behaviour, advanced the most accepted analytic description of 

shortening active muscle behaviour to the following equation 
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r
. 

v(P + a) 	a b (To •- 2) 	.s. 	... (3.1)  

vh•re, v - Velocity of shortenings P = Total force, 

a = 1/4 TO i b = 1/4 V • T ` 	1 a 3.au 1t o~4etric 
force at Lo. 

Hill's tort* relocity relationship will, therefore, 

be used to describe the viscous properties of the •xtraoculer 

muscle . Also Abbott and Wilkie (bibliography) have shorn 

that this curve, Fi, . 12, is valid not only at L©, the length 

of max sum isometric tension, but at all other length* if TO 

becomes a function of length. Rearranging Bill's equation 

given above, we got 

b 4v 
... 	(3.2) 

Therefor. the damping caefficle t for shortening velocities 

be aes 

The coefficient b may be caloulat*d with the isometric 

force.time response as the muscle is stimulated to develop 

maximum force Tam. This is shown in Fig. 13. Referring to 

Eqn, (3.2) and Jig. 11(b) , we *err that P * P _ 0 and 

0& .02 - Oat t m0anithatPWFA. Solvingforbin 

equation (3.2) with these assumptions # we get 

b ,. 0.25 . (0) a 0.25 42  
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since 61(t) a 0 for all t in the isometric case 

NOW at t a 0, P m K2 Q2(0) 	 fee 	(305) 

This gives 'b 	4.25 P (0)/Z2 

Pros Fig. 1 , `(o) z 75 Tant. which when substituted  

into Eqn. (3.6) alongwith K2 m 148 and T 	~• 100 gives  arax 	 q , 

b a 1000 d*g/eec. . *. 	(3.7) 

This agrees well with the value of 900 found by Cook Ik 

8tsrk. (02). 

Kate (bibliography) has shown that the characteristics 

of lengthening muscles are quite different from those of 

shortening musclaa. This to also shown in .pig. 12. Taking 

the slope, of this curve yields a viscosity for lengthening  

of 

This analysis calls for a correction. It has been 

assured that the spplisd force 1 in Hill's equation ( .t) is 

equal to the force of the seriss spring in the maxveil model. 

This is true only if the para lel elastic force is zero at the 

end of the experimentation, La; Pig, 10 shows that this 

assumption 4*0s not hold at hp, vino* the passive force is 

approxi ately 3 — 10 g. This passive force suet be subtracted 

from the total force exerted on the muscle to yield the 
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ford+-►Velocity relationship for the viscous element depicted 

in the Maxwell model • even it we assurer a force of 10 g . this 

is only 10% of Tmax  and reduas r Hs  for shortening by 10%. Tb. 

lengthening viscous force will- be more seriously affroted by 

the greater length Of K1 ,, but even this will not change the, 

value of h significantly. In Conclusion it is assured that, 

both passive and active ausolee have viscous Qoe `ticirnte 

which are velocity dependent. 

hence the mechanical components of the model shown in 

Fig. 11 can to su=artsed as ; 

gI  a 0.36 g/deg . 	a  1.8 g/dog. 

1.25► fP 	G2  it  0 i.e. shortening muscle 

1000 
	p2< 0 1..s.  for lengthening muscle 

3.2.4 p1veTeniOii A 

Now we gust study th. statics and dynamics of the sotiv* 

tension Source P, of the contractile element. pig, iO shows 

the static characteristics of the active mole; the dashed lines 

show the length tension relation for the active tension source 

and •laetioity g2. Fig. 14 displays Wilkie's (37) quick 

stretch data showing the elastic cheraQtsristicssct the series 

element 12. By subtracting the length of K2  at each tension, 

we can Calculate the l.njth-»ten$iof curve for the source T 

as shown in Pig • 15• 
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The governing equation is 

LAS  (T) * LAM  (T) •- L , CT) 	... 	(3.9) 

where f  LAS  a Length of active tension source 

0 Length of tote. muscle 

L 	Length of series elastic dement K2  

T 	-M Tension of Actty+ Muscle 

It is evident from P'isj. i s that maximum isometric 

force of the active tension sources occurs when its length is 

near the primary rest length of the muscle and that the source 

is length dependent, Thi. length dependence is included in 

the quick release simulations of the active and passive 

mus ea. A static curve for the force PA  as a function of 

length has been realteed by Clark & Stark (6) (Their Pig. it) 

by creating a locus of tonic force on the ruacle versus its 

length. 

Ritthio and Wilkie (bibliography) have shown with 

quick stretch experiments that the onset of maximum tension 

in the source P1 is very rapid and occurs long before maximum 

muscle tension ii developed. They also showed that the 

transition to Maximum velocity is almost instantaneous, we 

say therefore conclude that the mass of muscle may be 

neglected in modelling its charaaterietice. Wilkie (57) found 

that the time constant of deactivation for frog sartorius at a°C 
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was about 100 as. For activation it was such aborter. It 

has also been found elsewhere (6) that for a 10 a rise in 

toup.rature the twitch/tension ratio decreased by a. factor 

of 3.5, presumably due to a faster tension source. The 

active, sourcr► tension would not be observed, rhe to the fact 

that the twitch would be completed before tke slower mechanical 

components could res-pond. This temperature dspsndence Implies 

w time constant of deactivation about 8 is for the •ztra~ocsular 

muscle at body temperature (6) . It will be assumed that 

activation is at least twice as fasts or 4 me• Robinson 

(bibliography) and other researchers have found a fairly linear 

relationship between the nervous activity in the oculomotor 

nuclei and the tension in the, active source I"&; tension is 

also a function of the length and velocity of the muscle. 

The muscular response will be dependent on. the number of motor 

neurons active an well as their level of activity - the 

activation-deactivation process is a simplified representation 

of this pool of sotor neurons. It to assumed that those 

processes can be depicted as a low pass filter with activation 

deactivation time constant and a steady state constant of ;/ 

spike. The tonic nervous activity  approzimats to different 

muscle lengths has been studied by maty researchers and will 

be taken up subsequently. Fig. 16 shows the final version 

of the model of the extraocular lateral or medial rectus. 
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3.3 	Odslot b. MsceorVertical * e svemsntQ  

The model developed above in 3.2 in for eye mechanism 

for horizontal eye movements and is based on the two extra-

ocular musciea - media1 and lateral recti involved in the 

horizontal movement • For vertical movements different got of 

eztraooui&r muscles is involved and a model for vertical eye 

sov.+ ntr must be based on these muscle% only. Before 

developing this model, let us see as to which %?sas the 

.xtraocular muscles responsible for vertical eye movements. 

3.3.1 	K4!$. .1evaOJt ot4he e 

When the eye is moved straight up,, the superior oblique 

and the inferior rectum are inhibited, hereai the other 

four muscles maintain their normal tonus or contract. The 

superior reotue and the interior oblique elms*te the eyes  the 

former predominating When the movement starts from the primary 

position. Th. abducting and adduoting (i.e. temporal and 

nasal rotations respectively) action Of these muscles oppose 

each other and keep the eye steady in its upward course. The 

same is true of the lateral and medial recti. The vertical 

meridian in kept vertical by the counteracting torsional 

activity of the superior rectum and the inferior oblique 

(see Pig. 2). 

We have said above that the superior rectus play* 

more part in elevating the eye from its primary position. 
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t hou much ? To dotororino tho ohero of iuocular onorgy 

oupp1 c4? by oath of tho tyro coacornod iuoaloo '4a. 17 hao 

boon con o crruotod from data fron Adlor' a phyoi ology (biblio 

rarhy) . Prom th000 curvoo botuocn ortcnt of eye aovcmcnt and 

por oontoo of run ca1cr onoray, ye find that oupo rio r roctuo 

oupplico 55ç of musouiar onordy for olovation. Inferior 

obliquo oupplioa 42 ► (The ro .indor 3S io ouppliod by codicil 

and 3ztorul rooti 	bio to not ohoun in Via. 17) . Thug for 

nodolling purp0000 -io can without introducing ony oiijnificant 

error, aooumo that ouporior roctuo and intoner oblique 

provide muo Jnr energy in the ratio of 60 3 4O. 

:$~ A 	~ ~ 	♦Lid 	♦ ~{ y #i 	~ 	~~ 	i 	~ f 3 I 	~ 	} - ~ 

All t)o ocular uuaacloo arc inncrvatod at the otart of 

the covoncnt oxcopt the o uporior roctuo end inferior oblique. 

Thceo are inhibited. Tho aye its o ricd dotrnuardo by the 

inforior roctuo chieflyt vith the ouporior obliquo adding a 

locoor ahara. Tho abducting a, d a duotin action of th000 

muocico countor not each otbor (Soo Pig. 2) no do the 

abducting end adduotinj actiono of tho lateral and r odial 

recti, co that the eye is too pt . ror euorving to the right or 

loft no it ciovoo down. The tortionol actiono of the inferior 

roctuo and ouponior oblique nullify each other, and tho 

vortie l meridian therefore ror:aino erect. 
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Referring to Fig. 18 which is again based on data fro® 

Adl*r'e physiology of the eye, we find that inferior rectus 

and superior oblique, provide respectively 54% and 39% of the 

■ucculer energy for depression of the eye. These can be 

approximated to 60% x 40%, thus. negleoting the depression 

caused by eedial and lateral. recti. 

3.3.3 !eghanil Moe 1, to vex.149l eve Povem ent e : 

From the foregoing we nee that in cane of vertical 

eovse&Lts of the eye two muscles are concerned unlike in 

horizontal moveaent, where only one at a time in involved. 

We shall reduce the combination of there two muscles to an 

equivalent single muscle representation. 

A careful reference to Pig. 19(e) will show that 

when the eye is elevated or depressed the concerned muscles set 

as it two springs are connected in series on opposite sides 

of the globe and move the •yobell together. Thus for 

mechanical representation of these muscles we can draw two 

springs in series is shown in Fig. 19(b) • Both the springs 

deflect different amounts, although all carry the some load. 

The deflection of the total system is the sum of the deflection 

of each spring. As a consequence, the reciprocal spring 

constant of the tote. system is oqut l to the sum of the 

reciprocal spring constants o:f the component springs. 

Thus for Fig. 19(b) Me have, 
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1/E + 111b 	CS 1/It 	 . i A 
	

... 	(,✓.io) 

The nano cpplico to danpinC coofficionto, 

focr„ there to no data available in the litoraturo 

for variouo paroaotoro 1.0. R , ;~' B for muporior, inferior 

recti or cuporior, inferior obliquoo. Tho valuoo of th000 

parcrtoro for tho extraocular uaoloo concerned in vortical 

noVoronto o ,ll thoroforo be aooumed to be the came ao iaodial 

n.d lutorul roctl i.e. th000 paramotore oball be taken from 

3,2. .earlior, to hcxvo coon in 3.3.1 cad 3.3.2 that out of 

the tuo ortraocular mutcloo involved in dopr000ion or 

elevation, one pro-video 6O a oo lar energy and the other 40. 

Uointj thio fact and ocLuzition (3.10) cbo o, uo ,Cot, 

1 f R 	11.6 II + 1/.4 91 	1/,24 Ii 	. *. 	(3.11) 

°, 	1 ' 	•2481 	) 

Si ►ilarly E.2' 	.24 r 	... 	... 	(3.12)  

end B' a .24D 

t"horo I: ff ' ate. azo the w'aranotoro for the nor model for o:tra- 

ocular zuocloo involved in vortical movements. The valuoo of K~ 

oto. arc the came a v in 3.2.3. 

to have thuao obtained a mochanical ropr000ntation for thD 

tto ontraocux.ar znuocloo concerned in vortical o70 L1ovomont. Thio 

iodol hac only one zuoolo oquivalont to to concerned and to the 

cam ac £'i. 12, but it hao different aoxotoro Given by 

A:qn. (3.12)• 
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4. &i 2L:3I, Lff OF RLOLE:0R I 

It la the ,globe which i.a rotated by the extraocular 

aueclaa. Therefore,, the static and dynamic characteristics 

of the globe and orbit must be considered and included In an 

overall eye positioning rnaobaxitsa. 

4 1 ta, ic . _r 	f'''ist a* 

4.0.1 !laattait.v of the aiol r 

The passive properties of isolated globe are Shown in 

Fig* 20. It is evident that the relationship betwen tension 

and globe rotation is approximately linear over a range of 

40 degrees. The vertical eye movements whether elevation or 

depression rarely exceed this limit. From Pig, 20 we gat 

spring constant for the globe as 0.5 g/dtg. This value was 

taken as raico by Oook & $tark (11). 

4„1.2 I,ner„tia çf the Glob 

The density of the globe is approximately I g/ee and 

its radius is 11 to (11) • Assuming a rigid sphere , the 
axis 

maximum movement of inertia about a horizontal/ (for vertical 

•ye aoveorents, for horizontal eye movements, inertia about a 

vertical axis is to be taken) through the centra of rotation 

of the syr is 2.7 One am Soot/Rad. In terra of tension 

referred to the muscles this is 4.3 = i 4~~5 gm — tenston/deg/se c 
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We , know that the eyeball * is not rigid, but is 

composed largely of vitreous humour and that a more accurate  

model might be, a series of spherical shells connected suaoe. 

•sively by springs and daebpote. However, for simplicity and 

also because the effect of this inertia is expected to play a 

very small role in the overall behaviour, we choose to retain 

the cruder ,rigid"aphere approximation. The validity of this 

assumptioA can be abs eked when the overall model is completed. 

Simulations of saccadic aoc•leratione show a variation 

in maxi 	accael erat ion, from I x 10 ` to 7 z 104  (7) . The 

inertial force that the globe exerts on that extraocular 

muscle is J0.G or from 0.43 to 3 g.. Since the rztraooular 

muocles are capable of producing 100 g of tension, the 

inertial force of the globe is very small, or almost negligible. 

Due to the fact that the eye is not quite a Sphere and part of 

the vitreous body is left behind during a saccade, the 

inertial value may be a little hi.€h; but it has been shown by 

Robinson (22) that irioreasin the mass of the globe a hundred 

told only causes alight oscillation i.e. mase of the globe has 

little effect on dynamic behaviour. Hence this value of 

inertia, equal to 4.3 z 10 05  gaec2/de. will be assumed 

A typical Quick release experiment for the isolated 

globe depicts a vieaoelastic element with a time constant of 



Fi3.21 _ model of the inertial and Yiscoelaseic 
properties of fhe ylobe dnd orbit. 

Fig. 
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about 10 as (7). Since time constant - fl/I, it implies a 

viscosity of about 0.02 g - of deg, This is in close agreement 

with value of 0.019 found by Cook A Stark (19) and a value of 

0.025 calculatedby Robinson (22). There is no evidence for 

or against the viscous coefficient bring velocity dependent. 

It Will#  therefore, be assumed that it is a oonst*nt. 

Pig. 21 show* a model of inertial and Tiscoelastic 

properties of the globe and orbit. In spry, the parameters 

for isolated globe and th. orbit are a 

4.3 x 10'5   

r 	 B0 	- 0.015 - sac/d+ g. 

0.5 g/da . 

The viscous cosffioisnt has been modified to take into 

account the inertia of the globe while realizing a stsiulated 

time constant of about t2 as (7) it the system is considered 

to have no mass and be a one-time constant system. 
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5. AN IN G TII) X0DL R 

5.1 !.VieW of eYeballmo a t o l 

Before developing integrated model for eye positioning 

mech*niea, it would be quite in order to review briefly, the 

attempts made, so far to study eyeball movement system. 

5.1.1  Ipitial 8$u.d 

Weethei er (34, 35) was the first to develop a linear 

approximate second order model for eye dynamics during a 

saceadi in which the forcing function was an Instantaneous 

charge of iuscle torque on the globs. PO noted an effective 

damping coefficient of 0.7 and an undamped natural frequency 

of 120 rsd./eeo. He also observed that the eye tracking system 

was not strictly linear, due to the non-linear relationship of 

the velocity and amplitude of aaccados. This model does not 

account for very distinct properties of the agonist and 

antagonist muscles. 

Open-and closed--loop bebeviour of the eye movement 

control eystea was first studied by Vender & Sys (15) and has 

been presented by Fender (16), They characterized the eye 

servomechanism in terms of linear operators . They studied the 

frequency response of the eye tracking ae chanies by varying 

the stimulus amplitude and the amount of visual feedback. 
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tr iv 	thea ontornol loop a Gain of + 1, they could reduco 

tho total foodback to Coro and Cot a otabilined iraja (16). 

Thio onablod thou to otudy th© r ub3ccto opon-loop trzmofor 
function charaotoriotieo. Tho cornpooito opon- .crop traaofor 
function io rnotm exporinontally to bo one. `horeforo,, the 

Op -loop tranofor function of the oyo rovozont control oyotcn 

ohoeld c hibit oin1.turn phaco or , roator than oiniQu pbaoo 

bohviour, tibich it d000 not. Thuo internal pooitivo foo8-

b c-o 

 

loop cannot aiic the anticipatory behaviour of prodictivo 

tract~inS U.o. with a knotn otic uluo) . Subooquonfly, 
Font or (16) hao ohotm that the prodictivo ccchanicm utilt000 

both the oac dia and. +tooth purouit eyotomo . 

j.1 .2 	odtativo and  

shoot todoo of eye aovonont c ith roopoct to the typo 

oS oticuluo i.e. Inoun - which can be prodictod end un not # 

thici can not be prodictod, have boon oltonBivoly otudiod by 

.tarp: of al (29) . They have ohorn the eye control o,yotco to be 

.npat - adaptive type, ohibitinj a ticipaation and i ►provod 

trnc kin rrhon the input io a prodictoble eavoform. Prot uency 

ro...pouoo curv~oa ohocr important difforoncoo in gain and phaoo 
for prodictablo inputs of aivalo 6inuooido and non-prodictnblo 

inrato cozp000d of many non-coherent oinuooido. They reported 

t Cnr<'cO1y incroaood phnoo lai for the unprodictablo oigrr l Qw 

cc r,nrce to the otoady otato oinuooidal oienal which inddicnto,- 

ti. t the r.~roliction app .rituo of the 'Drain io able to ccDpcnunt 
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for alcoct all of tho inhoront phaoo lc j of tho nouroloical 

oyotcn. h©ir aoortion io that tihilo otudytnj the caro traalrin- 

covc onto , roopoa000 to bo th o  prods otablo and unpredictable 

inauto cuot bo conaidorod. 

In a further otudy of the prodictivo behaviour of thou 

oculocotor oyatom Dalloo L Jonah (14) have choun that the anti--

cipntor r behaviour, obsorvod during tho trackingof prodictivo 

inputs, corn be attributed to a prediction operator. xhio 

operator in detorminod by comparingthe open- loop transfor 

function for two typos of otinuli, nanoly Gaussian random noioo 

and cine- and oquaro wave inputo« The trnnofor function for the 

predictor, that Is ubat trap for function in cagcado with the 

open -loop transfer function that doacriboo nonce-predictive 

tracking will produco the function that doccriboo predictive 

tracking, vaa calculated. It contained on oloi cnt tih000 ; zin 

is indopondont of froquoncy and rb000 phase incrcooca roughly 

linearly with frequency. Thiry can be crudly approzir tod by -i 

delay line with a ncCativo delay of about 2&) o. Stnco the 

human roadtion. time (latency) to bottioon 200 to 250 oo the 

i,rirory role of the prodtctor teen to be that of olibtly over 

cooponoati ,,, for thio reaction tire. 

5.1.3 Onr lad doth t c o r odcl 

Younj a 8tark'o (3E, 39) model pootulatoc that oyo pointia, 

to controlled by a uamplad-data oyotcrn with a oacplinC period 

r 
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we about 0.2 aced. The oculocotor cyotoa oocrod to ocuplo 

th error croatod by tho initial tur, of oto.p and thou bocano 

rossrctory to any noxi incoainG inforcntion for tho noRt 200 CO 

at thich tiro it oRocutod a aaccdo app priato to tho error 

ao it cziotad 200 c o . bofarc. 

::cruor Raohbaoa (20) had ohoun that It is noc000ary 

to oc rato occcadic and purauit oyatcza from functional point 

of viou and thio uao done by Young <'`- 3tar.. In their oomplod~-

octc co,d&1 the oaccadic ayotcm acto ao a pooition oorvo to 

direct the oyo at the trot, and the purouit cyataa note no 

a velocity oorvo to reotoro the eye at tho of o anular rate 
are the tarot. Theirs to a nonlinear nodol and accurately 

reproduced eye movoDonto in rooponco to difforont otinuli. 

YOuna-4tark model rno, in a uoy, conducivo to further 

rcc3rch concerning variation in oyo tracking rooponoos and for 

oubr quant modified nodola. 4'hcolcon of al (36) have phot n 

that ton the atop input tiro to reduced from 200 no dounuardo 

to 50 co # in otopa p the oaccado roo noc -raduolly fall from 

Youn ;'o pootulato and occurred lace and 2ooe. It can,, tboroforc 

be ©aid that cihon the cyoton oboorvoc a poottion error it 

uaito 1 Toro chatting the auto and if the position error 

channoo , the oyo tou may (frith do crosoin prob ability no tiro 

Coca cn ) rofr§ in from actin; won tho carlicot error informa-

tion bat azy choose to act upon later tnforantion. Thus an 

h ales-oacpling nodal trill not to and or wort of probabilio--

tio Cinito - oanplint - tire rodo . to cl000r to the actual once. 



o3.or (2) and !:ochor &Pucho (t) raloo otu1iod 

oacc3$ic variationo for puloo +nti toublo otop otiault. 

;:urthy and Dookohotulu (19) prop000d n Coro cophioti-

cctcLi cnd accurate codol than YounL;'Q (39). Young norlcetod 

to olo d naa&ico and variouo non-1inooritiuo ouch as dead sono 

cad onturation. oroovor ocu iplo data oyotoa to not portinont 

to c-doth pursuit bocauoo the oompliht poriod aunt be boa 

than 60 mo in that caoo. Iurth.y anti Dootoho.tulut taho into 

account both, the iechanic3 of the r uocbo and force dcvolopod 

aria the oamplot data nature of 0acca6i0 aovczont. Tho purouit 

cyotca van incorporated an n continuous oyotea in the model 

which uao oubooquontly confirmed by Erodhoy and Stark (4). 

5.9.4  	r. Orttai od ale 

hoot oianificant onporimontal vorh b.ac bocn done by 

Robinton (22, 23, 24) . His modolo baood on hie own czporinonta: 

oboorvationo wore abco linear and did not corridor the aaontot 

and onto ;oniot auocloo ocporr.  tol3r. No (22) ucod iootonio, 

icomotric r nd loaded Globo ozporimonto to oncrato a ltcoor 

roprooent.:ition of oyo dynarnico tiring a oacoado. In later 

(23 24)  but similar ozporicoxtto during or oath pursuit and 

acro odativo converGonce c~o'vcoonto, ho includod anothor 

vicco-olaotic obor.ont. The overall tranofor function of the 

ori,Cinal model rao fourth ordor; the rcviaod azo w +o fifth 

ordor. Lo correctly concludod that the oyo uac heavil, 
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ovordzpod and littlo affected by the moa of the Glob . It 

had a Gynanic saccadic band uidth which docreacod tdth incroaoin , 

oaccadia anplitudo, and had a trac ina badd vidtb of 1.1 Ua. 

The force Gonoratod in tho active tenoion oourcc ao a brief 

oncOU3 force follo~iod by n docrouco in force to a tonic level. 

.tliou h theca roproocntationo dopicted a tride variety of cyo 

rotationo candor noraa,l and abnormal conditiono, they did not 

rcpxocent velocity oharactoriatica correctly. 

,h.onac (32, -33) dovieod, an iyjeniouo method for 

ncaourina accolorationo of the eye rbon It can driven by a 

oznll oinu:-oidal force. Be attached an accclorotater to 'a 

contact lone on the hunan eyo and panned current throuh 

ol,00troaanot to cause the eye to oscillate. The rooulto 

ohoucd that the eyetaa ao under 	pod above 10 li and could bo 

c&wactorirod by a third ordor linear oyctoa. Thoaao' nodol 

t linear and conoidorod only owl aaccadoo (50 ) tihhoro 

overUhoot is co on, larger oaccadoo do not have thio character--

ietLc and appear critically danpod. Ile did not conaidor the 

;cniot ,,nd. cntaConiat auo clea coparatoly. It to doubtful if 

bio todcl can be ucod for larGer oacc.doe or for anooth pursuit 

ane vcr cn co r ovcaon to . 

t, Cyr C Ponder (30, 31) recorded eye aovcmonto of 

oubjoct: and otudicd the (Fin and phase of oyo tr^chin , with 

.'ourioi analyoio tochniquoo in rouponoo to noise or to a aufa of 



oinuooidal funotiono; they oboorvo 1 variations in rocpon000 to 

ii'foront aoto of .)inui oids and alto prop000d on altorncto 
onplaisation for anticipation in tormo of tuna dolcyo 

5.1.5 Vis tibul r :a o tem 

i.,yoball ocrvomcchaniom ac otudiod by Uloua t: Jonou (18) 

€;iih opocial roforenco to vestibular otabiliration baa already 

tc©n diocu000d in 2.2.2. 

lobineon (25) hac ohox~n that all voroion eye movcaenta, 

ouccadci-` quick phaoo pursuit and vicetibular start as velocity 

co anc o and enter a common proc000in circuit rihicb is nothing 

but a neural. integrator and thio convorto the olanalo into 

eye pooition co aando. 

5.1.6 Iocbanical C dole of 1. o Zaovcij 	tzol rocbaniorn  

All four oyotowo of eye coves cnt, oacondic, omooth 

ptzro sit # vorjonco and vootibular oyotoao, utilizo the caro 
coon path vada up of the oculoaotox' nuoloi; thoir cranial 

ncrvoc, extra ocular rivaclao and orbital-lobo ouoponoory 

t .ccuoo. Those olcnonto ouch form a part of the over all 

trenofor function botucon norvoua activity in the motor 

nou on pool© of the six Quocloo of each oyo rind the ou`l ooquont 

aovcDcnt of the eyeball. Tho three diccnoional aspoct of the 

action of all cix oxtr^.r-ocular Quccioo hco boon considered. 

AttCntion io united to dyrnaico in t hich caoo it io oufficiont 
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to ccaoidor the action on the 1, lobo of a oinlo ante oniattc 

pair of ouocloo ouch ao the horicontal rocti mono degree 

of gc~-doa. 

i ,aildreoo and Jones (5) conjectured a modol based 

on anatomical and physiological conoidorationo ao well ao tho 

cliovactoriotico of caocadic eye rovomonto. They conoidcrod 

the r oniot and antagoniot muscelo separately and included 

the uoytinotrical fordo-volocity relationship of r uocloo, but 

they did not show any simulated rosulto. 

Cook and Stark (ii, 12, 13) precontod a nonlinear 

modol oi©ilar to that of ahildr000 & Jones (5). It depicted 

the position of velocity eurvoc accurately over a vido rango 

of naceadic 'emplitu1oo no ticli ao matoh.inn fobinson'a (22) 

isotonic and ioomctric rooTulta. The modol conoiat of an 

t oniot and antagoniot muocie pulling on the globo in ito 

orbit. The globe orbit to represented by a parallel 

aasoohpotcoobtnation, while each muscle co into of a 

pasoivo elasticity in parallel with another elasticity 

connooted to a tension source afl: a nonce- linear viscous olomont. 

Lntor modolo prop000d by fobinoon (26) following 

Cook and 3trrh bore of bihor ordor end considerably more 

complicated. They incorporated the ooniot and antaaoniot 

o rntcly Philo includinc tho non-liner force-velocity 

rolationahip o2 active munclod. Thooc roproecntntiono voro 
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not oiDDulatoi to yield quantitativo roculto; thoy only 

prcoontod ocho tic appronioationo to tho plant. Robinoon. (26) 

©hotfod that hio rooulto uoro compatible with Thoao' (3 ) by 

norm,; that tho oyo 000io over dampod under 16 He and under 

doapod abovo thio frequency. 

;ubooquontly Robinson of al (2T) conducted longth-tonoion 

end quick roloaeo o tporiaont on the toolatod globo and ahorucd 

that the otoady otato tonic forcoo ao troll ao caximum available 

foreco aooumod by Cook & Stark (11) tore higher. This ytoldod 

t paojivo olaotic coefficient thigh uao too groat. 

5,o 2 pto,trrt tonof tho Eypb1 nLtto  

Votr that e have ooparato nodolo of the eyeball 

(tae IV) and ito ontraocular cauaclos (Ci. III), uo may conbtro 

toxo clou.onta and consider their interaction vhilo conotruoting 

a model for the ovorall plant of ontrooculor oyoten for 

vcrtle-a o o aovo, onto. Pig. 22 ropr000nto a conpooito modol. 

It shone oo suratoly the proportioo of all the olomonta. Ono 

cue c9 o ohortoni and is the agonist p uhilo the other longthono 

and to the anta;oniot • Of courco o In thio dovolopient Leo Cavo 

rotuctoi the fico DuocIoo concerned in Vortical oyo covononto to 

a oiriijlo oquivalont mucclo (3oa« 3.3.3). Tho muaoloo rthich 

are involvOd bore aro aux"ariood bolou. 
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.Anon SDS` o 

ticvation 1. Fiuporior Roctuo 
2. luforior obliquo 

Doprcooion t . Inferior roctuo 
2. Superior oblique 

£ ntaj,onioto 

1. Inferior roctuo 
2. Suporior oblique 

1. Superior roctuo 
2. Inferior oblique 

Each one of tho above conbinationo of twoo z uoaloe hao boon 

roaccs to one auoclo and this Imo boon. roproocntod in Pin. 22. 

Tho first Important thin to uhothor tic can 'reduce this 

L acol without affoctirZ its functional charactoriotioo. The 

active tcnoion genorotora P and ' of the agonist and 
the antoniot uuocloo reapir,ctitroly havo different charactor-

iotico and, 'therefore, Dy not be cODbined. The oorioG 

oprth o g fQ and AAT Muot amourno the toncion of PAO and PA 

in otoady otato. Those cannot therefore be aimplifiod. The 

Zore,.avcloCity rolationohip for ohortonind c oncotic muscle 

crud lo:+fjthoning anto.tjoni©tio muoolo iso clearly different; 

La to I1 o and i1 , may not be coabino . The romaining trio 
ol000nto are the paooivo olastioitico I ,( s ~' Ii 	of tho 

aijoniot and the ants oniot. They roproeont the elastic 

rc3tat3nco to otcady 2oviatton of tho jjlobe from the root 
po3ttion. Aathou,jh the paooivo coefficient for each nuocic 

to ion—liriccr, bocooinr appronimtoly zero for oholtonina 

L;UCIo read incrcaoin to bocono fairly linonr at about 200, 

;-ot cffoct of the coabinoi paocivo olueticitice to 
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roughly constant and equal to that of a single epring (7). 

it will be further assumed that the passive coefficient of 

both muscle$ and the globe can be added to give a linear spring 

constant. 

a K 	Car KAT)) + 

,24 s b 	.,5 	a .586 g/deg. 

with this simplification the model is reduced to the one shown 

in Fig. 23. It has the following parameters* 
n  J •i 

w. 

BAT  a 

a 

NSG  a 

hg  a 

act 

deact a  

RAfi  a KAG  a .24 x 1.8 a .432 g/deg. 

1.25 PAT/Ct000 -- 4,} 	e3 	o 

3  A"0 	/t.,  , !.y 	3
0 

1.25 F1 000 +  

3 F'A0/1040 	 42  < 0 

4.3 x 10 	g eec2/deg. 

4 me 

B me 

The dynamic characteristics of this model shall be studied in 

the next chapter. 



6e 	DT1IAta,IC CHARt1CTBRIST t ! CSP `Hri C0DLL 

6• I AkiriUOn - o tYtP9J Q  

1 ctivation and do-activation of tho nuoolo in the modol 

of Fine 23 io a tranoiont pro coca of Tahioh the Inputs caro the 

nerve pinalo, which ao have callod LAG and I A and of which 

tho outputs are lovolo of the tcneton ÀO and AT roopoctivol; . 

U'iikio (37) d000riboa an orporicont dooiinod to 

illuotrato this procooc. The nuoclo used ao a frog'o 

oartoriuc at a to®poraturo of 00 C. Vilklo $o findings crero 

that the tixno constant for doactivation vao appro. imately 100 mo 

and the tiio conotant for activation rrnny timoo ohortor. It is 

dieficult to know hors to adapt these rooulto to our oituation. 

no doubt the ortraocular r;ueoloo oporatix at body tos poraturo 

are such factor than thin. For lack of a bettor oatimation+ 

Cook & Stark (11) aoouiod the tiio eonotant for deactivation 

of the o straooular Quooloo ao 10 no and that for activation 

ao looc than one ria. 

ktor Ola rk a Stark (6) improved th000 ting conatanto 

to 8 rio and 4 mo reopoctivoly. Th000 valuoc ohall bo aoaumod 

hero too. 

6.2 1vwic bohr viour of tho__ra~lc~l 
ry~y1~ I~it11 Y I I~rtYl 

flavin drain up a cooploto r. d oitiplifiod aodol (pi . 23) 

for the eye covoMont rocdbanic for vortical oyo novoraento, uo 



are nou in a poottion to study tho dynamic oharnctoriatica of 

tho rodo1. 

With roforonco to Pig. 23 vo may rito the oyotcm 

oquationo ac f ollors : 

' AO 	1 1(G2 -' 8 ) + $LO 2 	... 	(6.1) 

03) 	'Ax + 	C 4, 	... 	(6.2) 

	

 + a.41 + 	Ii1 

+ 1tJ (01 - 03 } 	.... 	(6.3) 

Roarraning Eqn. 6.3 and taking Laplace Tranefor e 

8 () 

G2(3) 	(S 
rw~rrirrrM rrrr r+.Yirwrrw ... 	(6.4 iJ 	~ 	'~ rrnrrwr~ rr iMr 

82 + (~o/JG )a + (2KA + :)/jc 

4OOunin that G2(8) + e(8) a ?(8) hao no dynanitco and can 

chQngo to yield a o top forcing function, which ao rill be ohovn 

oubooquontly, i.e noaroet to norvouo activity corrooponding to 

ococadic movoncnte; and oubotitutin the valuco for variouo 

constants yo have s 

.432 	T(3) 

4«3 2 4Q`~  2x.432 + .586 
82 + (,.. ~ .... ~~r 	+ ( 

4-5x1 	4.3a Ao-5 

1o~ i(s) 	 ... (6.5) 
S2•3508+33700 
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Tho rooto of tho Eqn. 32 + 3503 + 33700 a 0 

cra 0 = - 175 ± 355 

Thuo thio oocond ardor oy®tom to having poloo of - 175 + J 55, 

natural froquoncy of ooctllationo G)n 	183.5 and damping 

coofficiont 	0.95. It io # thoroforo, a otablo oyotom 

thtch ti  i] ovordompod. It to roll knoun Prot data by  

Robinoon (22) that the oyo to ovor lrnpod; incroaoinij the maco of 

tho Globo a bundrod fold only cauoOa slight oscill.ationo. 

Tho hi($h1y ovordwnpod nc turo nuot bo causod by fast movomonto 

oithor in tho antagonist ao G3 changes or in tho agoniot no 2 

chan.goa . 

' To decroace tho damping coofficiont 	, pro tako  

S - 175 + j 125. Thio Givoo Cn 	215.3 and & = 0.81. 

Still pro find that damping coofficiont is high, so tc take i 

S 	175 + j 150. fo O to got 4)n 230 and 	= 0.76. This 

Value of 	to nearer the orio found by other rcocarchoro. 

-Looking back to equation 6.4 t7o 000 that to Cot a propor value 

of tho damping coofficiont the valuoc of i and ISA suot bo 

modj.fiod. Us, therefore, have 

2g + 11p 
53125 

4.3x10" 5̀ 

2I A + ' 	 2.284 

2e A 	 s 	2.284 - KP 	1.7 

.`. I~ Ci 0.65 



tea bavo not ultorod 5 doltbor ,toly no it is an oquivalont 

opr#.n , conn tent and laraoly dopondo upon tho oprinf conotantc 
of tho Clobo. Tho ctfoct of th000 va~luoo of A on dynamic 

oh z'c ctorutid -rill bo oboun aubooquently. 

A typical t O doCroe oacaado taI oa 40 ma and the avora o 

velocity to about 250 doa/n (7) . J gain roforring to pia. 23 

and from ovation. 5.2 tic bavo 

DAT = 1.25 PATI I Ooo - &,3 	e3 < 0 	... (6.6) 

3 PAT/1000 	4, 	3 >0 	„♦ • (6.7) 

SAG 	1.25 P 0/100O + a2 	62 >" 4 	... (6.8) 

PAG/1000 	62 4 0 	... (6.9) 

It may bo clarified that olovation of tho ayo io 

ao u o no motion to tho pocitivo direction and dopr000ion 

an cotton in tho noCativo dirootion. For olovation of the 

oyo ouporior roctuC and the inferior obliquo arc the ogoniote 

and info nor rootuo and ouporior oblique arc anta;-oaiots and 

vivo vorea for dopr000ion. Tho agonioto are oh,ortcnin~3 

r uucloo and the aotagonioto arc longthoning muo cl oo . 

The tension in the agonist to about 100 0 and in the 

antes oniot about 2 g (7) . Uoin Eqn. 6.8 and 6.7 to Got 



100 
$000 + 250 

1000 

Z 0.1 d ordog. 	} 

0.006 c o/boa) 

The tine conotruto for tho c zo oleo cm bo found by 

dividinj throne valuan of A and DAA by 	 1 diva an n vnir t 

tiro conotant TAG of 318 ca and an antatjoniot timo conotant 7 

of7oo. 

Clark and Stork (7) havo shown that the oquivalont timo 
r-- 

constant for the agonist ruaclo tLuot include the deactivation 

of the antogoniot and is Civon by the following relation 

rock (AG) 	r 	+ /AQ-J 
82 + 1182 

118 mo 	... 	(6.10) 
Z 	y 

similarly Toq(AT)
4o~aot 

 ~  

10.5 ue. 	,.. 	(6.11) 

It can be thus, coon that the ctjoniot is the part of 

ottrtorular cyato bich olo~ o doom the rooponso (avon 

inopito of ozeooc fora* proZ!ra o) and oa000a the plant 

to bo ovordarpod. 
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6.3 1~ , ~ouc n ctivit; fpr cxo ppnt_arol 

Troinin (3) ohono a graph of t ocrnto4 taro olo potontial 

vorcuo oro position for a human oxtraooular muscle (latoral 

roctuo). Thic Graph hac boon rodratm in Pig. 24. ilogativo 

an loo roan that tho oyo ciao turned nasally that to aany from 
latoral roctuo and pooitivci anijlos coon that the eye tr a 

turnocl tomtaorarily i.e. tos~ardo tho latoral roct ro. 

r:uoclo potential to u oaourod by moans of oloctrodoa 
inoortod in the muoolo. It the probo to bipolar, the signal 

ibich to moacurod to quite 1ocalinod and may or may not roproson! 
the overall muoclo behaviour. A monopolar probo inoortod into ti 

muoole with a reference attached to soma distant portion of 

the body givoo a boo localicod moacuromont than the bipolar 

probe; but rovcrtholeoe, it Ic aoaouhat localizod. 

Another dioadvantotjo of th000 uoasuraoonto is the 
difficulty In x'oadinrj the rocorda. The ratr oloctrocyoGrapb 

locks much liko a oars to:th with varying amplitude and frequency, 

It loavoc a good deal to the iaoginotion of the roador. Hovovor 

if tho eotj is roctifiod, int©t ratod and chopped at regular 

intorvalo, uo got a more roadablo graph. The pocks of the 

integrated and chopped ori, oro proportional to the frequency 

and envelope amplitudo of the pulooc oonpooing the ern 

It ho boon ohom. oloosrhoro (11) that a linear rolation-

ohip o~zioto botucon into~ratod (and chopped) ducolo potential 

/a 9 d/3 



EYE POStTtON DEGREES. 

FIG 24 _ ,N TEGRATED MUSCLE. POTS NTIA( AS A FUNCTION 
OF STEADY STATE. EYE POSITION (Breinin ,1558) 

N 
MAX j- 	, 

NAi 

NAT 	T, T1 	 A 

TO T1 	
T MSEC 

N 
AG 

NAT 	TO 	 ~~ 	- - 	B 

TO 	 ?2 	TMSEC 

F:Co 25 _ NERVOUS ACTIVITY IN THE EXTRAOCULAR MOTOR 

NUCLE i DURING Dif FERE-NT HORIZONTAL LYE 

MOVEMENTS. NAO NERVOUS ACTIVITY (N THE AGONIST 

MUSC1 E_ : NAT NERVOUS ACTIVITY IN THE ANTAGONIST 
MUSCLE; T , TIME N MIL E.ISECONDS (a) NERVOUS ACTIVITY 
DURING A SACCADES (h) NERVOUS ACTIVITY DURING A 
SMOCrH E'LRUIT MOVLME NT IN RESPONSE TC A 
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and steady-state tension with fixed muscle length and zero 

velocity# 1t our muscle model says that at fixed length and 

zero velocity the tension 1s equal to the tenoion sources. 

In steady state conditions NAG  and HAS, are respectively equal 

to "AQ  "d PAT. Hence N Q  and NAT  are proportional to 

integrated Maus cls potential. 

A direct proportion between tension and integrated muscle 

potential was found by Biglad and Lippold (Bibliography), 

during constant velocity of shortening or lengthening. Thee• 

measurements were made with the tension at steady-state. 

Under this condition#  the elastic component was at fixed 

len, h or else the tension would have been changing. Thus we 

know that the velocity of the contractile component was equal 

to the velocity of muscle shortening or lengthening and 

therefore constant. The equation for tension in a shortening 

( onis t) muscle is s 

1 	.1.25..... '2 	... 	(6.12) 
- 	b + i2  

gears, po  to maximum isometric force at 0. This equation 

is the some as 'equation 3.2. Similarly for a lengthening 

(antagonist) muscle 

1 + 	-- 	) 	... 	(6.13) 

$ ince the terms within the brackets are constants (velocity 
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to conotant koro) F is proportional to PIC. 'with P aloo 

pro ortiona.l to intodratod muoclo potontirxl PO  is proportional 

to irtcgratod mucclo potential. Ilouavcr, in otoady otato 

PAG  cnd PA, roopoctivo3.y oquol SAG  and I AT  thich moano that 

11AG  and T VE  are proportional to intogratod muaci© potential. 

hie provides uo Stith a menno of moaouring directly the 

control 8iCnalo. in int-orprotting the unintogratod olootro 

rYOCrryr,. 1AG and IIAT  are proportional to the donaity of the 

pulodo on the omg r000rd and to the peak to posh amplitudes 

of thooe puloo onvolopoo « 

Referring again to PLO. 24, tie can any horn the tonoion 

of the tonolon sources vary with otoudy otnto oy ie position. 

According to our model (Pic. 23) , for eye to bo hold oo  from 

centro'  a tonoion differential of Kp.4 g to required from 

the tong ten sources. tic uaa the linoarisod approuiraation 

of Via. 24 which tally uo that the increase in tonoion in 

the rucole which hao ohortonad to qual to the decrease in 

t onoton in the muscle n:. i ch. hao boon i.ongthonod . thio ►6oq 

givoo the linoariztion a Mope of Zp/2 g/do, • 

If uo aooumo t 40o  as limiting eye positions for 

vortical movement and thatt lengthened muscle is completely 

inhibited at thio angle, then our curvo for intogrotod muscle 

potential should go to aro at 400. The tension at zero 

doaroaa is then 
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Po(Qo= 	40 	13 	•0• 
	 (6.14) 

11th C. aquoi to 0.58 /do. 

	

Po (p4) 	.40...? 	12 a 

In Conoral the otoady otato tonoion of the courcoc for 

a rooting t.ocition io Given by th follouinG: 

For ohortoninG muocia 
0 

	

P,h( a 	12 + 5 0/2  ... 	(b.fG) 

Por longthenina muo clo 

	

I AT 	= 12 	KP 0/2 	0•• 	(6.17) 

tihoro 0 io the oxtont of aye - novcaont from primary pori tion. 

Equa.tiono 6.16 and 6.17 oho 	that rooting tonoion of an 

ontraocuiar iueclo ie in contrast to that of a ©lrciotal mueclo, 

ouch ao 1oa or urn inuocic which have zero or noarly zero 

rcotingj tension. 

Rocont rooearch has doocribod tho norvouc activity of 

tho oxtraocular motor , nuclei durinG a Lido variety of 

different aye eovomonte. Thoac rccul.to help one to nodal 

tho norvouc activity rooponc.iblo for rotatinj the oyo. A 

numbor of r000r~rchoro have otudiod E%:G activity during the 

oaccado. Robinson, Pucho and Luachoi y and Homos and Cohen 

otudiod cinalo unit activity in the extra ooul~r r 
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motornourons during eye movements (10). All chouod a 

brief optimal burst in agoniot firing rato accompanied by an 

inhibition of the antm ;oniotic firing rate. Tho duration of 

this puloc determined the amplitude of the saccado. The 

oioniot than reduced ito activity while tho antagonist 

incroaood its firing rate to l.ovclo reproocntative of the 

nor tonic position. Fig. 25(Q) shorts the results graphically. 

Robinoon (23) oboorvod the isometric force of the 

ht.  an oyo in roaponco to a ramp otimulue to  found an initial 

but brief ozc000 force about that maintained eubooquontly 

to mono the eye at a conotant volocity. go pootolatod a 

cimilur initial ozcoou burst rato to account for tho 

o c000 force dovclopmcnt. Robinson (Bibliography) also 

oboorvod ointlo unit firing in response to a smoothly moving 

tarot and found 	smoothly changing firing rate. 

PiC* 25(b) ohouo the integrated nervous activity assumed 

during th© response to a ramp. 

6.4 	n tion floe ori o of ho £o of 

1*4# 1 Saccadic t verve t 

Conoidor oration 6.5 

e1(5) 	 ios). 	- 	 r 
. 354 $ + 33740 

,104  TIsJ 	 ... (6.18) 
(s + a) (3 + b) 
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vhoro a = 175 - 3 55 

and b im 175+355 

Aa has boon aboun in Pie, 25(a) and onplainod in 

Soc. 6.3 tho norvoua aignala XI and "AT corrooponding to 
oaccadjc ogo movement may be mppronimatod by tho firot-ordor 

time optimal control oitnalo. At tho start of a caccado IYA~ 
achiovoc a high lovol of activity and UST dropo to a lovol 
Of almoot zoro activity. Oonblidng tho two activitioo, tic got 

a atop lika f Pub to the aye covomont oyctou+, no replacing 
x (S) by a atop function of amplitudo A 

..10 
8($+a) (84b) 

¶ aking invoroo i+aplaco T.ranoforr 

0 (t) a ~" 1 b t I + a ( ,at . ao bt) ) 

oubotituttuij for a and b and simplifying vo Cot 

O4 01(t) 	3365 
01 	(1 	0-175 t (3.2 Sin 55 t + Cos 55 t)) 

Bows tho only unknotm in thio aquatic in to A 'the 

aaplitudo of tho atop input 1orco. Por a oncc .do forco in 

the agoniot to 100 C and that in tho antagonist is 2 a. Thuo 

tho not forco to 98 a. Vc on thoroforo taito A appronimatoly 

1008 
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h conputor progrec ao (Soo Appondin) trno prepared for 

the above oquetion to plot oro poottion QI vorouo tins. 

j thio rao variod frOrl 0 to .1 0 in otopo of 0001 o. The 

prograr r aao run on TDO -12 digital computer. The reoult to 

plottod in `i, . 26. I10o plotted on the come graph are the 

curvoo corresponding to ~ = .81 and 4 = .76. The output 
data of computer ohocra (thou b it to not pro sinont in the 

cf_yrvoa) that lovoring dempij coefficient introducoo 
oociflationo. 'iia therefore conclude that it is not doeirR b.10 

to reduce the dnmping coofficiont and the vertical aye movement 

oyotor ire highly OVordampod. 

6.4.2 ,j ►+o tb !r.ouiWt 1ovomont 
ek 4r I41 A ~wrl~~iW~~r 

t nin take oquatton 6.18 

Tho norvouc activity oorrooponding to omooth purouit movement 

of the eye is lii o ca ramp as oho x in Pig. 25(b) . oo replacing  

T(S) by a ramp function 

~3'(a+a)(3+b) 

104 ( ab (i /a + i alb) (1 /$) + ---- -----  
w at 2 

1 
b (a — b) (3 + b) 
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Taking Inverse Laplace transform. 

a1(t)= 104 ' 	-~(L b) 	
(b

Z., 
 ab 	 - a) 

.Obt + 

bb (ab) 

Substituting for a & b and simplifying 

- 	~- .0031 + . b 1 ,e*"1 T 5t (.308 Cos 55 t 

+ .445 Size 55 t) 	r • . 
	(6.20) 

This equation too was programmed and run on TDC-12 

to plot eye position versus timer Fig* 26(a) shows smooth 

pursuit curves for various values of 	S 

6.5 je1o+. ity it e 

We have 6..18 as 

i 3 ..~.~ 
'~ (8

,, 
+ a 8 + b ) 

~ i 	0
•

G1(8) 	 3+a)5+1 

To plot velocity curve for saccadic movement we 

replace T() by a estop function 

4 
• 1~9) 	+a S+b 
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FIG. 27 _ SACCADIC VELOCI T'y (©) 4S TIME 



12ulsin invoroo .Laplaco Trcnoforn 

£) 	9O A o-nt 0 bt ) 

1©4 A 0!175 t , 	 x Sin 55 t 	... 	... 	(6.21) 
55 

Thio curvy i.o. volocity vorouc Limo baa been 

piottod in i. 27 for all valuoo .. f ~ . tic find that loiior 

valuoo of & Give a very high value of velocity, uhoreao 

valwo of velocity for . = 0.95 are comparablo to those found 

by Clark and Stark (8, 10) . It is aain confirmed that cryo 

movamont Qochaniom for vertical movement is highly ovordarnpod. 

tt vay bo noted that tho model depicts an acymmotry in accolo-

ration and deceleration pha&oo, with a quick acceleration 

follouod by a longer docoloration. This to in conformity uith 

orperiocntal reoulta of Hyde quoted by Clark & Stark (8). 

6.6 r lont & . rvo 

1auation 6.18 to 

04 
(+ a)(8 + bi 

p4 

00 41(8) 3 +a)(8 + b) 

Roplacing x tS) by a stop function for cacoadic oyo movoaonte 

G1 CS) 	a+ads+b") 



F- It; 28_ SACCADIC ACCELERATICN VS TIME . 

200 



'r ind inv►orco Laplace tronoforno 

b~ 	4 g9 (3) 	= 3 	,..... (bo b̀t _ ao"at) 

0 104 A o'175t (Cao 55 t 3.2 in 55 t) ... (5.22) 

Saccadic acceleration vorouo tiac to plottod in Pig. 28 for 

an valuoo of damping coefficient. 

6.7 i'hc cc 'lmo R lat~.onabLD 

From Pigo. 26 and 27 wo can derive a relation 

botueon oaceadic velocity and position. This is coiled 

phase piano curve and lu oho in in Pie. 29• It is evident 

from these plate that the peak velocity of saccades incroaooa 

no the amplitude of the eaccado3 increases, but beyond a 

certain point of saccadic amplitude, the peak velocity 

otarto docroncing. This ohoia that tho ocular plant is fast 

for oaccndoo of contain ojiplitudoo only and not for very lure 

oaccadoo. Laraor naccadoo take lonCor timae. 



M1 r 

Fro- . 29- PHASE PLANE PLOT-VELOCITY VS POSITION. 

II' 



7, poiucARI 1I1I OPNfl L 

Optic al control theory takoo into account conotrainto 

coach aa onorjy and timo oconomico urhich aro rolovont to the 

underotandina of bioloaical docitn. Tho vor zional oyo traolins 

oyotcn rouponuiblo for the ontrocoly rapid and procioo mov000nta-

oaccadoo, 000zaa a liholy biolocloal cyoton in which to toot fir 

ti io optimality. 

7.1 Oc 
Saccadic oyo movomonto aro produced by an eacoodingly 

olocant control u~€otoa which drivoc con j ato oyoball rotationo 
itch volocitioo of upto 1000 dog/o in varoiono lantine leoo than 

a t~foutioth of a oc cond . Various r000archorn , ouch ao, 

PhyoioloGioto, Poychiatrioto and Clinicians have all boon 
intriGuod by tb000 aovomonto roaponoiblo for pooitionina the 
iso of an object on the hick rocolution fovoal rogion of the 

retina. The onacado to chnraotorieod by a rapid acceleration 

to a relatively conotant hi~-h velocity folloaod by a boa rapid 

deaccoboration to the not oyo pooition. Th000 movcmonto are 

gory quick; a 10 doe. aaccad.o may take no little as .04 a (9) . 
Thio tiro o~zcludoo the troll known randon delay tiro of 1,50 — 200 

too. 0hia latency may be n_o61octod bocauoo it d.00u not affect 

the ohapo of the dynecic trajectory, (159 35P 38). A nonlinear 

rolationobip onioto botucon oacc .dic amplitudo and % oloaity with 

n : cituratiou of 1000 doC/o at about 50 doe (9) ; thud larGor cyci 
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oovoconto tnho a lonCor tiio. 3ooco.600 uhich reduce olip 

botricon tho iaago and tho retina, a.ro outputo of o. dual-redo 

control oyotoa in tho train rhich to rooponoible for the 

o ocut ^ $ of coaplox voroiona.l eye aovanonto . 

Rocontly, the toohniquoo of oyotow anolyois have 

boon ooployod to dovolop models which app roni x to the dynamic 

tra joetorloo, of oacottdic oyo ciovonento (5a 11, 12, 22, 23, 32 

35) . Ao diacu000d in 5.1 coin phyoiologiccl data alone t4th 

po rorful onninoorinej toolo ouch ao frequency and tiro- domain 

onalynic, oovorul ochanioal anolp o to the extraocular tnuocloo 

and the oyoball havo boon aonotructod. One branch of anolysic, 

onido from codelling, oynt ;ooiO,, oimulat on or otability, in 

that of optimal control the ry ( b1torraphy) which to 

primarily concornod lith tho uininimation or nazihicati©n of 

ouch quantit ,00 ac tixao, onor r, or dintanco in order to achicvo 

a certain objociivo. ' To thio end, the tochniquoo of optimal 

control theory have boon appliod to a modal for oaccadoo to 

not- it thoco oye noveionto are time optic,.. The only 

provioua application of timo optinil control theory In biology 

are by Smith (78) for hand covoront and Corer & Stark (ii) for 

eye covaaoni. Cools and (tar It uaod an orroncouc aoour3ption 

ao to zxiiriuo meals force and drop the Falco conclvoion that 

the oyo,  1 ovononto Cadre not timo optic 1. 
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72 j,§)mo 3Lw \lj 

inporiionta]. rooulto from human and anizul nourophyoio-

low have ohoum that the norvouo oicnalo flJ and "AT nay bo 
appronictod by the firot-ordor time optimal control oignalo 

ao uhot n in PiC. 30 (10) (Soo also So c. 6.3).  At the otart of 
a 000alo, r4LG achiovoo a high level of activity and V., drops 

to a level of olaoct acro activity« Thic in completely 

cor pntiblo with the time optiml control oijnal for a first-

ordor oyoton trhoro one would want ao larre a driving force and 

as o!all n rooiotin- force no poociblo to move the system 

quioltly. After a certain tiro, SAG decrOaaoo and i AT incroacoo 
ito activity to a otoody tonic lovol required to maintain the 

eye of ito no position; Deohod lines in i , 30 oboti 

tyr~ioal norvouo oiGnalo oboorvod ozporioenttlly. Tho olit ht 

dol. y botvoon the end of NAG and tb.o and of fl is an 
intorootin ; oubticty of o,aoo-idie control reflected in nouro- 

phyoioloaica l.. data (27). 	Whirr norvouc activity as first 
roaourcd by Thclor of al (Diblioaraphy) , but Cook and Star: (11) 

pootulatod the follouin~, rolationohip botrroon tonic activity 
and otcady otato oro pooition 0 for horizontal oyo movement as s 

57.5+0 t,/2 

V~ 	37.5-4 Ij2 

or vortical eye covcnont uo hovo earlier dovolopod oioilar 

rolat5 ono in rho. 6.3. Theoo arc ,,ivon by oquo.tiono 6.16 and 
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6 *17 uhich ore roproducod bolou t 

}?AG 	12 + EG  /2 

12- 5/2 0/2 

The fact that the controllor aianal© are very similar to the 

optimal control for a first-order cyoton has lad navoral 

r000archora (22w  23, 32, 33, 35) to utiliso a first order 

appronimation for modelling the plant * This hao pro ed quite 

onti.ofactory in modals of the overall voraional eye control 

oyotom whore the controller is much olouor than the plant; 

the plant to than simply roprosontod. i4orovor, in a model 

of the plant alone i oro minute facdto of its dynamic rooponoos 

arc of intoroct g  one muot recd•nioo and include a more accurate 

roali nation t hich includes 'the aoyt motrical non.l .noorities of 

the ontraocular muocloc. 

7.3 	hoist l Roo,trtin 

In order to achieve a time, optimal response, one 

mutt conoidor tho proporttoo of tho control sot r 	and Mai, 

as u011 oo the olomento of the ocular motility Sol. The 

ooditiod model (Pi. 23) in bash .ly a nonlinear otath-ordor 

oyotoa conoiottn of TAG'  f' , a occond-order globe orbit 

r odol and two firot-ordor muo clo approximation. 

The baoic form of the optical controller oi, nolo 

for the oimulationo depend on : 



(i) Tho difforontio]. oquationo doocribina toxo 

o+accrdic cyotom, tho .Hamiltonian funotional tornod from tho 

2ifforontia1. oquationo and Choir adjoint form cud 

(u) Tho porformance critorion, tibtch to our cctoe 

in minimum time, 

The onthornatico3 equations OVQrn1flIJ the o2.traocular 

oyotom of Pie. 23 aro Givon baiter x 

Lot 0, C* G, tho anglo of the aye in doarooc. 

02 	the Flo of the n oniotic nonlinear force - 
velocity relationship in do; roeo. 

93 	the anglo of the ants oniotie nonlinear force - 
velocity rolati000hip in do rood 

8 , tho eye rolocity in do /0 

'AG g NAG 0 05 

Tito , ovorning oquationo arc 

41 = '4 	,.. 	(7.1) 

92 	1000 (KA (A~ - 82) + 05) / (0.25 05 

03 	333 (i (Ot - 93) / $6 	9 ) 	... 	(7.3) 
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94 a RA(e2 -o- G) - 1494 - (2 EA 5 )G1 )/ j 	... 

;5 t 	(i / j 0) 
( ` 05 + ITAG ) 	 'S. 	 (7.5) 

0 
06 0  (9/ A )(— 86 + UT)  ...  (7.6) 

02 ? 61 ~~ 03 9 past fir' "1~ 3 a G5 ~. PAT v G6 	`oir ~a .. e (7.7) 

TAG 	'Tact 	5 

rdoact e5< 0 
. 

o iot 	6 

.*. 	(7.8) 

,.. 	(7.9) 

Tho p arvotero for thoaa oquationo are niroady divan 

in :Jac. 5.2 

The activation--doaotivatiohtioe conotanto are 

initially omitted in thio dovolopmont; thus f 4 = f 

Tho o ~tiral policy with thoi.x' inclusion will than be devolopod 

hotaiiotically. The adjoint oc uatione for thio sinplifiod fourth 

ordor oro foru~od from the Jacobian A of the original equation 

7.1  to 7.4 in the .fo .lovin mannor t 



w►h*rs, 

A • I 

0 

b/c2  

333 NA  

"AT 

22EA +5 
J 

0 

-b/c2  

0 

J 

i 

0 

AT 
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t 

0 

0 

J 

where, b as 1©00(1 425)"AFAG 

Q 	*25 `AO  - AOI + IA"J 

b/ c2 	333 EA 	2K.A  # 5 
"AT 	J 

J ..b/Q2 

F 

0 

 

 

I 

AT 

0 
N 
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b 

OS 
	 1 .25 (1000) E 1 AG P2/(0 .25 PAS - 1 A 	+ "A02) 2 

- 333 EA p3/t AT + (2 KA + Kr ) P4/.J 	... (7.11) 

p2 
 1 .25(1000) E 1'L~4 'P2/(o .25 FAG + I2 - HA9t ) 2 

- 11AP4/a 	 •.. (i.12) 

3 CS 333 1A '2/PAS — JXA p4/J 	 ... 	(7.i3) 

P4 = P4 B~/J - PI 	 r#•  •.. (7.14) 

Tho flant1tontct functional to the inner product of tho voctoro 

9 and P, plug the porforctanco criterion; thio functional 

Eluot be maziraicod and equal to oro in ordor for optimality 

to bo achiovod. 

H = I + 1104 + i *25(1000)FiG P20~0.25 PAG + ".&"2 - I ABI ) 

- 1000 1>2 + 333 (RA91 -- T AQ'3) ` SPAT - 333 P3 

+ (KA(92 + 05 - 2 6# ) - KpOI - n9) .P4/J 	... (7.15 ) 

In ordor for IT to to optimal, lot uo conoidor it ao a function 

of 'AO and rA . 	ZitiDiflJ tho flaciltonien iiaplion 

Ip 	 p2 a 
AG 	 r'Cin 	 P2 < 0 



Y M 

	

Eav 	p3 < a 

	

Min 	 3 

Tbo number of ovitohinco of P'2 and 23 dotoxtino 
the o act force 	zrnno. It can bo oho n that AP4 dodo not 
chango oign (9). Thur the coefficient of . ,~ aero pooitivo. 
xhua if - P4(0) and 22(0) or -- 24(0) and 23(0) are of 
appootto alga, then cithor P2 or P3 on eheno otan. Houevor, 
once 24 and P. become of the oamo oin, they do not char o 
Qi,gn eg~ain « fihue 22 and P3 can chango oi;jn only once 
implying FAT and PAo change only once. 

It can be further cho in (9) that the proper optimal 

control aignalo arcs of the name form no in F ., . 30(b) . Tho 

activation deactivation time conotanta add one more o itchin 

of each controller cignal co that the tonr ion eourcoc FAT and 
T,.G appro timato to cl000ly no pocoi blo the optimal controlo 

depicted in P . 30b. This to ohotm in. Pia. 30c where the 

tenoion courcoo arc shown with dotted linea; note hoer they 
opprou ate the aignale shorn in Pie. 30b "hon activation 
deactivation is ignored. 

The rooponcoo of the codol to firot order control 

sinal have already boon aiven in Chapter VI. Ac loam boon 
ohoun there, thorn rooponcoc clocoly match the ob3orvod 

o iporinontal human oyo z ovomonto, It ia, therefore, hypothocicoc 



that human eaccndee are time optimal. The control pattern 

found in human e1* ctro ayogr&me and animall nerve signals 

during saccadic eye movements also appear to be the same 

first order time-optimal sequence. 

L 
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B. 	C O17 c. L U 3..,1a rr 

A Dodd l for the human aye tracking moch .niao for 

vortical oyo movomont hao boon dovoa.opod which includoc tho 

nonlinoar and aoymmotrical dynamic charactoriotice of tho 

a oniat - antojonict muaclo pair (ouporior roctun plus 

inferior oblique - inferior roctuo plus ouporior oblique) 

driven by norvouo oignr to from the ontraocular nueloi and 

trhich move# the 070 to ovorcone orbital vioccolaotic forcoo. 

The basic otzicturo and function of this oyatem van obtainod 

from anatomical and phyoiolooit 1. rooult© on tho ortraocular 

muscics„ tho globo and tho orbit. 

kms- 
k  f  , 	Tho modal to a roalioti c mathomaticai roproaentat ion  

the eye trackinej n oc'iantor3o In uh.ich each paramotor(of tho 

nodcl) can be idontifiod with a phyaic•sl counterpart. Its 

roanon000 accurately depict the poaition g  volocity and 

accoloration of caccoe. It also roproducao, faithfully, 

tho troll 'Irnot&'rain coquonco" diaraz3 of saccadic volot ity 

voriva amplitudo. Smooth pursuit movor ont hac also boon 

oucceoofully oimulcated. 

Lraotly it has boon ohotm that the human aye o accadic 

uovoMcnt to timo-optical. 
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82  Si  pj oo ; z' 1  fora rorzk  t 

Tho modol pr000ntod can also bo tontod for 

vozzonco oyo inovomonto and rolovont dynamic charactorioti co 

can bo atudiod. 

The con parioon 00 for Gwen in thin di000rtation, 

of tho modo3 rooalta, uas in roopoot of data pox'tainint to 
horizontal oyo movemonto. Data on recording of vortical aye 

movovonto to non--oxistont in litoraturo . The modal can, 

thorofore, be tooted againat actual. data of vertical oyo 

movementa. 

The modal can aloo be tooted for dynamic actability 

by 'innoro' toohniquo{Sibliography). 

A mor+ accurate model ..or vortical @yo movoaont can be 

conotructod by aonaidoring the four ortr+a ocular musclos 

concornod oaparatoly, inotoad of lumping them toGothor to 

roduco them to two offoctivo muacloo, no baa boon dorso in thio 

dio©ortation. 
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P1ENDIX 

cc 	ASHWINI KU14AR 	SACCADIC 
READ 	AKM, X 0, ION$ DOI 
I a 	CON?INUE 
z 	(AV/3i365) • (1. -' EXP \-1 15. • x 0) 

(3.2*SINP (55• *10)+000F (55• *X0))) 
IF (x 0 — xØ?) 50 5, 20 
5 : 	WRITE 10, 2, 10 
10* 	POfI AT ( / s E, E) 

O 	XØ+DØX 
GO TO I 
20: 	STOP 

D 

10. , .001 0  0.1 , .001 

All the other prograunee were of the came 
type except for the value of Z. 
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