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STRAGC

A model for the huwmen verticsl eye tracking system
is proposed. !hiolzs based on the dynamic characteristics
of a variety of eys zmovenents 20 well as the anatomical and
physiclogical aspects of the extraocular aechaniem. It
includes the nonlinear force~velocity relationship of active
muscle and coneiders separately the distincet asyametricsl
properties of the agonist-antagoniot muscle pair. The
inertial and visco~elastic forces of the globe and orbit on
the muscoles im also included. The nervous activity which
causes the puscles to move the aye was apmroxincated fron
studies 0?7 the extraocular motor nuclei. Reasponses of the
model accurately dspict position, velocity and acceleration
0l msaccades. Arha model alsn reproduces, faithfully, the
"main sequence” of saccadic velocity versue amplitude. It

has besn shown that saccades ars time optimal.



{, INTRODUOTLIOHN

Human visual systems is one of the most complex and
interesting bdbivlogical systems. It has besn extensively
studied by neurologists, vision scientists, physiologists,
anstomists and enginesrs. These studies have provided valuable
information in the fialds of medioine, physiology, neurology
and psychology. Eyeball movement pattern has been used to
indicate oé&bnlmolozical conditione, neurclogical lesion,
bshaviour pattern etc. and many more uses of ooculography are

l1isted in literature.

The work on modelling of eye movement mochanism -~ a
neuro-muscular servomechanism, was initiated in early fifties
and has gradually progressed. This has of course included the
modelling of extraocculer muscles - ruscles attached to the
sysball and responsible for its movewsnt. Intest studies are
based on anatomical and physiologioal characteristics of the
globe and orbit and static and dynamic characteristics of the
sxtracoular muscles. DBut all thess models are for horigontal
movements of the eye. In the present study a model for eye
positioning mechanism involved in VERTICAL eye-movenments 1a
being proposed. The dynamic characteriatice of the model have
been studied gnd found to correspond to experimental results

sxiating in literature.



2. BYLE MOVENENT

241 Q.Q.Esl

The visual system is extremely important for man's

normal functioning. It has the following three nain aspectis,

(1) Z2upillary light Reflex : It is the reflex
regulation of pupil ares by the lirls. Tae iris provides an

opening for the passage of light. As the light intensity
incresses the pupil area dacreases in @ logarithmic manner and
viecs versu. Area of the pupil iz varied by muscles attached

to the iris.

{11) Pocussing ¢ The cormeal convex lens provides
effective, dut optically complicated means to foocus the iwage
of a psrcsived object upon the retina., The procesa of changing
the lens power until the image is 4in focus, when the object 1s
at verying distances is called accommodation. Accommodation
t00 48 achleved by action of muscles which modify the convexity
of the lens. 30 far as focussing is concerned the sye behaves

Jike a camera.

(111) Exg,ggggg;gg;gg i V¥hen & target or object is
moving the eye must also move. This 43 called eye tracking.
Bach syeball muset be positioned in its orbit for any given
target position. Three antagonistic pairs of muscles work in

goordimmtion to achieve this eye fixation.
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¥e, thus, see that all the thres aspects of visual
systex depend for their functioning on muscles. The muscles
are actuated bty varicus nervous signals, originating in visual
cortex and the cerebellum which in turn are parte of the
central nervous system (ON3). Vieved in totality all three
aspects are neuro-muscular servorneéchaniema. In this disserta-
tion our attention will be confined ¢c the last - eye position-

ing, ©of the three sapects.

2.2 Eye Hovemen} Nechanlem :-
2.2.1 Extrsocular muscles

The movement of the dyeball in the socket is actuated
by six extraocular muscles attached to the eyetall, These six
puscles constitute thres pairs of agunist-antagonist zuscles

(Pig« 1) and are named as below @

(1) lateral rectus - Medial rectus
{11) Superior rectus -~ Inferior rectus

(111) Superior oblique ~ Inferior oblique

The metion of each of these muscles 1o shown in Fig. 2.
The muscle plane of medial and lateral recti is exactly in the
horisontal plane of the globe. When the globe is in the primary
pesition 1.e. locking straight ahead, the contraction of theses
recti results only in internal rotation of the globy; the
medial rectus moving the eyeball nasally and the lateral rectus
temporally when the visual line ie directed above the horison,
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contraction of these muscles will aild in further elevation and
when the visual line is directed below the horiron, their contrac-

tion will further depress the globe.

The suparior rectus makes an angle of approximately 23°
with the visual line when the aye is in the primary position.
Its contraction will, therefore, result in a rotation of the
globe around several axes resulting in an otlique motiog which
contains throe components, elevation, nasal rotation and
intorsion (Pig. 2). Thus the toraion is clockwise in the right

eye and counter clockwise in the left eye.

The xuscle plane of the inferior rectus is the same as
that of the superior rectus and hence its contraction will
result in a compound movement ©f the globe conaisiing of three
conponents, depression, nasal rotaticon and turning outward of

the 12 0'Clock position i.9. extortion.

The plane of the superior-inferior ¢bliques forms an
angle of 51° with the visual line when the sys is in the prizary
position. Their contraction also causes oblique movements
conaisting of three components. Contraction of superior
obligque csuses depression, intorsion and temporal rotation,
whereas contraction of inferior odligue gill produce slsvation,

extorsion and temporal rotagion.



It ean thugs bo scon that diffcrent muoclop aro involvoed

in horizontal and vortienl movoments of the oyc.

Frop tho forogoing it 1o clonr that cortnin muccloo aro
AGG:HICYS L.0. ¢t in the oamo diroction vhorcos como are
AUTACCLIISTI 4n tho sonne that oach aets in opponito diroction.
Por ozomplo superior rectus and inforior obligue arc ngoniote
in tLot thoy both olevnte tho globhe. Inforior reoctuo and
pupcrior obliquo are nlso agonists bocaﬁge toth of thep
doprcoco thoe glebo, Similarly suporior odliquoc and suprrior
roeotun arc ggonists beocauso both produeo intorsion in tho
pricafy pooition of tho gogo. In & similar fashion wo nny
group vorious muscles of each oyo that aet agninot othor
cuoclcoe Thus the modiol roctuo io the dircet aatnponioct of
the loteral reetus, the gupoerior rocetus of tho inforicr roctuo,

ond tho cuperior obligque of tho inforior obliqﬁo.

tith o corcful look on Pim. 2 ono can pick up pany noro
pairc of qgony't and ontagonint museloos. It 1z important to
pick corﬁﬁct ngonict and ontogoniot puselos boenuoe both arc
nodocllod, ac will be ohown oubscquontly im o slightly difforont

OORNOT «

20202 Jguro M lor Sorvecoehmniomo @

Ao tho obsorvor looks at an objoet an imngo 1o formed
on ¢ho rotina. llov if the objoet Lo movod, the irage too 1o

dioplocod. Thio orror informntion duo fo rotinnl imngo motion
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wotion, 4o trancmittcd to tho vicual cortox throurh optic
nceve, ortic chiaen, optie tract end latoral goniculnte body
(¢4 . 3). Viounl cortcxn vhich ie o part of the Cild, then
acndo o command to cxtraocular tmoeleo, througch oculototor
nucloi and oculouotor norves, Extraoculur'musclea in turmn,
~etdr dn agonist-antagonist pairc, rotato tho oyeballs in
tLois orbito to ro-adgust the retinol image onto foven which
ie ¢ie rozinun visibility arce ¢f the retina. 7The function of

tho control systen poverning oye covementis ie thus to ac-uire

_;iagai_té;gets rapidly and oneo aQQuirod,.;o atabilizc-fheir
o600 cn the retina despito rolative movements betwvern the
tariot ond the obscrver. Thus vioion and henco, porcoption, 1o
ochicved by otabilizirn the retinnl fmagre by moanu of foodbaces
of rotinel imogo motion. The eyo sorvomochonism i3 ohoun &D

blocs ddugranm in Fise 4.

Cpon - and cloged-loop bohaviour of the oye covenent
‘acL LLoT oF control oyoton hos tocn otudicd by Fendsr ond lyc
(15) eni cleo by bFendor (16). They choraetorisod tho eye
sorvorcehnnion in torne of linoqy oporavors and'qtudiea the
froqncncy»ruspsnoe of tho ey. tricking nochanierm by varying
the otirulus nmplitudo 2nd tho amouat of vicusl foodback.
Ly (4vins tho oxtornal loop o gin of + 1, tetal focdtack
covld be roduccd $o roro cnd thue a ctabiliged ipa 0 was
obi:drcd (16). <hiu cnabled the otudy of the orcn-loon trongler

Function chorocteristics ol the cubjuet and the oilcn-und
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closed=-loop gain and frequency response characteristics of
the eye servomecheniss could be compared. This way Fender (16)
has shown that eye servomechanisi is a neaptive fesdback control

system,

Zyeball acgvoaochanism has also been studied by Milsunm
and Jones (18) with special reference to vestibular stabilization.
It had been shown earlier by Van Egmond et al (bibliography),
that semicircular canals constitute an angular inertial accelero-

peter. Over the bandwidih of 0.017 to 17 Hg the semicircular

canals act like iﬁteéiating'nccnlnramotor and the normal
discharge (signal) to CHS 1a a freguency coded analog of head
velocity., Milsuz and Jone:z have taken into account four main

feeddback channels (Fig. 3) as enumerated below:

(1) Vieual feedback : The visual channel consisting
of eptic nerve, optic chiaesm, optic trect and lateral genicu~
late body is considered the nain feedback path. From visual
gortex an efferant signal via oculomotor nuclei and oculomotor

nerves is provided to the extrasooular muscles for actuation.

(11) Vestibular feedback : Any movement of the head
i converted by the senicircular csnsl, into a frequency coded
#signal to the cerebvellum. The vestibular chammel receives its
information from the cupulae of the semicircular canala, The
vestidular nerve carries the inforaation to the vestidular

nuclel in the brain stem where it proceeds via the medial
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longitudinal fasciculus to the ooulomotor nuclei. The semi-
eircular canals provide the main dynamic drive to compensate f[he
eyes for the short, sharp, engular head movements of every

day life.

(141) and (iv) Proprioceptive feedback paths : Eye
movement $n space can alao be brought abput by movement of the
head on the body and of the dody in space. These two movements
that of eye in askull and skull on dody provide two proprioceptive
fesdback paths for stabiligin: retinal image. -

Thus we have an overall feedback system consisting of
visual, vestibdbular and two propioceptive fesdback channels.
These are the main sources of information with which the
oculomotor nuclei aynthesige the actuating drive signals for
eys~in-skull control. C?he overall eystem is shown in Fig. 12.53
of Milsum's book (bibliography).

Bilsum and Jones placed more emphasie on vestibdbular
feedbvack and th&y found s second order transfer function between
skull accelsration and cupulae deflection and the role of
sexicircular canals as an angular velogity transducer was

proposed.

2.3 Eye Movemets

Various typea of eye movements have leen classified

in literature. PBut clinical tests demonstrate four basic
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different types of eys tracking movezents,

2+3+1 Veraions

Two 0f these movements are version movements. These
types of eye tracking movements are conjugate i.e. both eyes
move equally in the eame direction. They are described

below 3

(1) Sagosdic ¢ These are step like (Pig. 5) movements
found in reading snd are standard movements of every day life,
carrying the eyes froe one fixation point to the next. A
fixation pause lasts typically for about 250 ms to 1 & and then
a sacocade (juwxp) 1anting for 20 to 100 ms depending upon the
length of the moverent, jerks the eyes to their next position.
The normal spesd of saccadic movements varies from 100 deg/n
to SO0 deg./s but can be as high as 1000 deg./s. The reaction

time or latenoy for saccades is 180 ms to 250 ms,

(41) 8 Pu 1 These are fump like movéments
obssrved during the following of a smoothly woving stimulus
e.g+ & pendulum. Latency of these movements is the same as
for saccades $.s. 180 ms to 250 ms. Speed-closely follows the
spesd of the moving objects within a renge of 1 deg./s to
30 deg./s. BSome subjects can follow amoothly upto 60 deg./s.
Beyond this range the eye, usually falls back i.e. lags the

target motion.
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Smooth purusit movements can be further subdivided

into thres categories.

(s) Predictable movements (Fig. 6a) are in response
to & known stisulus at a constant frequency €.g. & moving
pendulun generates & @inewave injut and sudden movement of a
target from one side to another generates & square wave input.
In this mode the periodic wave form 1s followed esscentially
"exactly"”, except for the rather unusual feature, reported
vy Pender (16) and Stark et al {29) that the cye actually shows
phase lead relative to the target and slight amplification of
1ts magnitude. This is due to the learning bebaviour of the

eys tracking systems.

(%) In unpredictable mode the eye tracks an unknown
target such as obtained by combining nonharmcnic sinusoids
or by generating a random signal (Gaussian noise). In this
case the eye lags the ta{;ot and the tracking system reverts
to using the visual loop for generation of ite primary drive

signal in a "watch-and-follow" type of action.

(¢} Third type of smooth purusit movemants are
compsneatory movementa of the eye for passive body movements

and are caused by vestibtular stabiliraticn as descrited in 2.2.2
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2:3.2 Yorgenee Lovopcnto

9t411 tvo moro oyc movorcnto are vorgenee movomonto.

Theno arc movenonto of tho gyoballs inwvards or outwardo

rolative to ecoch othor to maintnin udoqnate binoculor fixation,
vhon cheﬁging from far to noar objocto and vieco versa. Vorgeneo
povcaonts are slow-cpoed about 6 dog./o. to 15 deg./o. Mo
dnta sbout lotoncy 1o availoblo ond thoso movementn oro lecs
voll gcontrolled thon other voluntory oyo nmovomento and 8o0m €0

hovo roceived logo attontion at tho hande of the roocarchors.

(1) Fupionnl Vergence oyo movemonts ore disjunctivo
and are csunod by o otimulus vhich moves dircetly touards or
ouay from the oyosp both oyes wmove oqually in tho oppooito

dirootion,

(11} B0 o aRronac movements are voryonco

govoronte of one oyc in roopongo 0 o targot that moveo towardae

or avay from tho othor eye along its liro of cight.

In addition to tho main four typco of oyc movements
dooeribzd abovo therc are involuntary ninfaturo movements like
‘1icks’nnd 'drifts’ (16). Bliniking too in presont ot 2 to 10 @
intorvolo. But thcoo movemonto are ‘tolorablo' dloturbancec ond
econ b3 enoily ignored for purpooes of modollingtho oyo position~

ing occhenion.

‘oot of tho vork boing preoontod inm thio diosortation
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pertains to saccadio movensnts,
2.4 MNeasuring Eye Movements :

The eyes can be moved sufficiently and fix on objects
within a circular area having A diameter of equal to 1ﬁo° of
visual angle. Rotations to the left and right are approximately
equal (50°) in extent but vertiocal upwﬁrd movements are more
1imited (50°) than vertical downward movdments (60°). The
range of eye noveicnt is tegsted with a tsngent screen and is

an important diagnostic sign in neurology¥

Kethods of measuring eye movements have also been
classified in literature. One of the commonst methods is the
cne used by FPender (16) where large eye movements are recorded
vy photographing the refleotion of light from the corneal surface
A tiny medical lamp is placed in the stem of a mirror attached
to & subject’s eye. This lamp shines down onto & photo-
multiplier tube. As the eye moves, the amount of light atriking
the tube fluctuates and tb-.output current of the tube ia.
therefore, a measure of the motion of the eye, By combining
two tubes we obtain data about side~to-dide and up-and-down
novesent of the eye.

A/ very significant method is the one developed by
Robinson (21) still ancther common method is to use inirared eye
movement monitor (29). Actually many researchérs are reporting

new methods using electronic eircuitry. A few of these are

o . N 0o

AL RN N
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listed in bibliography. Because we are not directly involved

S———— .-

or inttrt;%od in reéording or measuring eye movements, this

aspeoct is not eladorated any further,
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9.1 I'ndoll [wnelo

A musclo 10 ordinarily thousht of ne an activo oynton
or & odureo gonorntor ond 140 princ function is to gonorato
forco. Howovor, if tho musclo 10 dcoctivatod 4.0 4its forcoe-
genézat&n@ nochonion romoino fnoetive, it still rotaino
pacoive mochanienl proportics. An oztornally npplicd foreo,
for oxomple, will couoe o doonorgisod musclo to otroteh giving
rioe to o forec-displaecmont rolationohip. Ths ratio of tho
forgo~dicplacement givoo ua.tho stornge property of tho
muscle, vhich io nothing but Sho nochaniool provorty of
olnotieity or gpringincos. Tho olopo of the foreo displocemont
charactoriotic dofinoo the epring eonctont of tho musclo. It ig,
thorofore, rooconnble that a modol oiculantion of o muselo

chould include o moc¢hanienl spring to roprosont the olaoticity
of tho mwoclo.

At thio otoge vo roanligo, intuitivoly, that ¢hio
roproodntation.muot bo incomploto ao ve hove not accountod for
frietional or rooictivo looo. lio mochanienl syotenm do fricetion-
loos and muocclo ticsuo 1o no oxeoption. Nuoclos have significomd
popintive propertico and this togothor with opringinoss, hao
sivon risé to tvo olecnontary nedols for tho tuoclo. Theso aro
voint and lla~uvell modelo (Pize 7). Loth theoo modelo contnin

o opring to ro;roocont olnotic properiico oand oleo includo o
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dochpot (donpor) to roproocnt feietional olemont. A daohpot
uounlly roproocnto lincor viseouo frietion, In caso of o muoele
e aro 3uot1f10a'&n accoun tins; for vioneoun frietion ao tho
gunele ticsuc contning fluid econontitucnts, 1.0. tho nochonienl
friotion in phyolologieal ontorisls 1o copontially of the fluid
or viceouo varioty. Blootic ticsue 4o ofton reforrcd to ao

vicesolootic matorial.

ov, 1f o onooth museclo io loadod 1.o0. onorgleed to
conééct, and then nllowod to oxpand paccivoly at conotant lond
(2.00 in0tonically, 4f, howovor, ohortcning of tho muscle io
pr:%ontod, otimulation of tho muscle ropulto in an incronoe
in tonsion. thon thio io recorded, it 4c¢ opoken of no an
ioormotric controction. In ioowetric contraction the tmeclo
porforco no oxtornal vork, ond 0ll tho onoryy of i%o comtroction
1o comvertod into hoat.) the rosponso will b opproximately
thont ohowva in Fig. 8(c). If tho loxwoll model 1o allowod to
raapongﬂ;na;qn;gq}ly 1¢ will ic-odintoly drop o short distonceo <=z
evatil tho opring ontondo (tho doehpot canmet inotontancously
ocquirc o voloeity); it vwill, thoorotically, then oxtend ad
infinitun ot o eonotont rato (Pig. 8b). Thic rooponoo dooo not
conforn with tho rocoponoe of thoe physiological oystom as chown
in P4 o 8(c). Undor icotonic conditiono the Voigt nodol will
inisiclly foll ot o conoteat roto. A0 the opring bocomas
otzotehod, tho rato of oxteonoion io roduced until finolly

rotion vill ontiroly cococ. Thio rcnponoo)ﬂig. 8(c), 40 coro
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in tooping vith thnt of tho phyololo:.icol eyotom (Pip,. 8a).

w0y thorefore, nceopt tho Voigt modol ao a proliminary roprecone
totion of tho physiologicol oyotem 1.0. tho musele. Uith
icomatric sontraction, it can bo oinilaorly, %houn that tho

linavell model is neoror to tho netual mucelo oyoton.

40 Boo bocn montioned ovarlior an aotive muscle 1o p
forco gonorating clonont. [How incorporating this aspoot into
cur cuscle wodol (Voigt modol) wo got o foreo courco in parallel
tith ¢ho dnohpot. Tho two togothér forn vhat 1o commonly callod
o contrectile componont (Fig. 9). H1ll (17) hao chown thot
active wuoele 1o compooed of o controotilo componont in sories
vith an olaotic component. Tho contractile componont is tho.
portion altorcd by tho norve oignal ond 10 copable of doveloping
ectivo tonoion. Ho hne sloo shown that ovon with zoro activation
1«00 for o paooive muocle vhom the muscle Lo strotched beyond
o corinin longth, it oxzhibits tonoion oven though thers is no
norve oignol. Thio chaorcctoriotie can be roprosonted 28 o
pooodvo  olactic componont in parcllol with the activo musclo.
Thic Lo 1lluotratod im Pig. 9.

3.2

A nunbor of otudics have boon conducted on oxtraocular
wupelco of tho ent, tho cenkoy and the huran boing to dotermine
thoir paropotero. lorbars tuc firct, moot detailod and
conpréhonnivo rooults havo Wwon progented by Cook & Otark (11)

taltin; into account the thon availnble dntn. Thoir model io
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for horirzontal oye moveponto ond 10 conotructod for lntoranl
and rodianl recti. Vo sholl take up the dooign of parometers

cno by ono.

3¢2.1 Rogtinz lepsth

tdlkic (37) hao obown thot muscle 2ength for maximum
aectivo tcnoion, Lo 10 $uvigo tho length at vhich the activo
toncion firot bocomoo ronroro. licoourcments by Robinson (22)
on tho latoral rectuo of o eat ravealod ito rest loensth to bo

oporouinately 25 mm. Robincon furthor shouws (Fig. 8, page 254

of hio popor) a otioten vorphs Rvenolon curve of tho samo muocle.
By oxtrapolating thio curve wo find ¢the diotanco from cero
tcnocion to nazircum tonsion to bo 12 tm. According te Wilki-,

thio voluc 1o cqual to 50/2, tie, thoeroefore, hovo,

Lolz = 12 oo or L, 24 om

It io oooumod that modinl rootus too bohovos like laterel
roetuc ond that tho nuselos of h@mnn oyo povement systom aloo
hovo ¢hoir opornting: point at Lo’ tho longth of mozinum tension.
FPor tho human roeti, this placos Lb ot approximotely 40 mm, tho
root longth (11).

Je2.2 knqoiyo iwoelo
Tho otntiec chornetoriotic uf‘paauxvo oxtroocular nugelo

10 &5 o rolation botvoon nuselc longth and tonoion (Fig. 10), Tho

olnotic foreoe ineronscs vith ontenoion in tho pannor of o hard



18

opring, tut ovor a fairly vido ronso of lengtho the Loreco

arc coall enough co that anpproxinating the otatic proportics

by o l@ncar opring docs not introduce sorious orrzor.:
Linoorieation ¢f the curve of Pig. 10 yioldo clontic coofficionts
ronging fron 0.2 nt 0% (or pricarly length i.o.rooting lonsth)

o 1.0 g/dog at 40° avay fron tho £i0ld of action of tho

mucclo. Robinson ot ol (27) found on claotic coofficiont

of 0.5 g/dogs Dado duo to Barmock ot al (bidliogrophy) loade

to o coofficiont botwacn O.1 ond 1.25 g/dog. Uhile Cook ond
Stark {11, 12, 13) arrived ot 1.9 g/dog. for both oxtroocular
nuocles. Cook & Jtark orroncously assumcd o naximunm force ﬁf 500
go If thio i1s reducod to the obzorved moximum of 100 g (27),

tho coofficicnt boconmeo 0.58 g/dogs for both musclos ot 0°.
Losuning both muocles contidbuto £§q11y. the rosult becomoo

0e19 @/dog. for oac ruscle. Roooarchors have thus shovn
variationo of E,p, tho paooivo epring conotont (Pag. 11a)
ganging from 0.1 0 0.5 g/dog. at 0° and from 0.67 to 1.25 g/dog
ot onbsomo longtho. It hao boon choun by Clark and 3tork (6)
fron dynopie quick roleapo oxpericsmts that K, of about 0.4 g/80g
yicldn cood otatic and dynamie recultse. Sicilarly thoy have
detormirod K,p to to 1.6 g/dog wvith o time constont Tp of BP/KZP
_00ee Tho timo corotant Tp 10 approxzimatoly C.1 8 (6), vhich
yiclés o By, of 0.16 g.0/dcg.

it cuot bo notod that thic codol 4o velid only for length

or fo.e0 ot longtho pgroater thnn tho pricary lomadh, It
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prodicto goro forco at thie lensth. Howovor, oineo 14 has

boon ohown {27) thnt tho poosivo musclo foreo 1o at poot

2 or 3 g ot longth bolow tho prionry longth, this oosunption
6ooo not coriously offoct the volidity O thoe modol in
opproxicating ctatic or dynamic pnosive nuscle; it oloo clmpli-

£ic0 ¢ho onalysic considorably.

50203 AotAvo Fupelo

Pig. 10 cloo ckous tho static proportiqa of active
mucclo. Uo nuot be, of courco, careful to subtract forooe
duo fto pasoive vigco-oluotic oloment in ordor to find tho
chanzo in muoclo duc to active stato. Robinsonod al (27)
found olnotic conotonts ranging from 0.5 to 0.825 gldog.
‘Barmack ot al {bibvliography) found coefficiontas from 0,33
‘ta 1.6 g/dog. Using Mge 10 and dntn on quiclk rolenso on
anetive lutoral roctus of the cat %lark ond $tark (6) have
found K, , = 0.33 g/dca. KZA = 2 nnd viocooity coofficicnt
BA o o10 g.aéo/aog. Thio valwe of B, corroopondoc to o tipo

A
conotont for sctivo muscle of 50 no.

Sumnard zing the paremotors for active and paooivo
puseleo we have

e 0,33 g/dog. £J 0' D) ,}
/s

ol

Lyp = 0.4 g/dog. K

2 ) ) D !
KQP = 1.0 g/ng. K2Ii e ¢40 6/(’0{:.

1A

BF- =] OQ'G goﬂ/dcﬁo B

" = 0,10 (;—O/dus. % rf.\
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Prom the foregoing we can ses that E'f,zc Koy
x”_\;\_ 12‘, BP oty B‘_, 1& LA ?P. These results impl y that
active and passive muscles may b approximated by one Maxwell
model (Refer para 5.1 above) and these have been shown in

Pig. 11,

L4

wilkie'a (37) quick stretch dats was interpreted by
Cook and Stark (11) and they calculated a value of 1.86 g/deg
tor K,, + K,, vhich is in spproximate agresment with 2.33 g/deg

found above. This sgreement corroborates the values caloulated

here.
Pinally, we assuze the following parameters i@
oot
' . RN . (?Q‘r |
-7 z'?’ L K‘A - K, = 0036 8/{08\. f i“ ‘ _l/: b.(\.“e*':'
' f,_‘u”}' o ot
. {f sz - KZ& - Kﬁ? - 1.8 g/dlg. .
B, = 3, = 0.5 g-a/m -

For svalusting active and passive time constants two
methods are available., One relies en*ﬁaking the slope of the
quick release data ss it rises back 8o steady state; the other
invoilves approximately the time required to achieve 98%
of steady state. The noise in the 4ats makes the utilization
of thess technigues difficult, therefore, the results are
only indicative of the approximate time constants., Clark &

Stark (6) calculated the time constant of 5-10 ws forbvoth
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active and passive muscle dby the first method. The second
methed yielded values of 100 ms for passive muscle and 50 me
%0 150 ms for active muscle. It should de noted that B, and
B? ars also altered proportionstely. Aalthough the two
wethods give different values, the constants are similar in

active and passive muscle when one particular method is used.

There is some experimental justification which suggests
that this variation is not due only to experimental error.
H1ll (17) has shown that the force-velocity relationship of
nudcle, which is related to the viscous force, is nom-linear
and decreases with incressed velocity. This is shown in Fig.
12. How 1f we cnlculate the time constant ueing the initial elope
technique, where the velocity is high and the viscosity low,
the time constants would be amall. As the velocity decreases
the viscosity would increase and so would the time constant ;

henge the second wethod would yield a higher time constant.

To caloulate BP. we subtract the passive muscle force at
sach ltngfh, and divide the resultant force by velacity. We
find that the vingous cosfficient decresses with the increase
in welocity. Hence the values of Ek and B@ given above are
probadbly somewhat high because theme were calculated with the

low velocity cheracteristics of the quick release experiments.

Hil1l (17), who has apent many years studying muscle
behaviour, advonced the most agcepted analytic description of

shortening active muscle behaviour in the following eguation



V(P +* ’) = b (to hand P) "X con (3.1)
where, v = Velocity of shortening} F = Total force,

a2 1/4-T° 3 b 2 1/4 Voux? T, = Maxisum isometric
force at Lo.

Hill's force-~velocity relationship will, thersfore,
be used to describve the viscous properties of the extraccular
puccle., Also Abbott and wilkie {bvibtliography) have shown
that this curve, Fig. 12, is valid not only at LB’ the length
ot maxiﬁnm isometric tension, ﬁut a8t all other lengths if To
becomes a function of length. Rearranging Hill's equation

given above, we get

Ps?-_—l:z;?—?-g-—,

f'e ] 'b *v ' [ X X3 (302)

Therefore the damping ccefficient for ehortening velocities

becomes
. 1.25 1
P B, - T eor  (3.3)

The céefficient b may be caleunlated with the isometric
force~tine response as the muscle is stimulated to develop

mazizum force T _ . This is shown ir Fig. 13. Referring ton

Bqne (%.2) and Pig. 11(b), ve sew that P = F = O and
0* -~ 02 x« Dat t =« O and that P = ¥F,., Solving for b in
equation (3.2) with these assumptions, ve get

bw=0.25v (0) = 0.25 62 (o) voo (3.4)
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since 5‘(t) « O for all ¢ in the isometric case

Nowat t =0, P = K, 9, (0) s (3.5)

This gives b = 0.25 F (0)/E, ven (3.6)

Prom Fig. 13, P(0) = 75 T.az, YDich when substituted b
» . ©

into Eqn. (3.6) alongwith Kz = 1.8 and ?naz w100 gives \\ -
‘-‘:1‘Q? . T

‘:\t_,/ ‘/ w’ T s b = 10006 d‘g/ﬂ"ﬁ‘ sep (307) ‘:" )
S o et ..

. \ .
Wl g Nb“

-

~ o

—t

This agrees well with the valus of 900 found by Cook &
ﬂtark‘(12).

Katez (bibliography) hae shown that the ché&acttriaticn
of langthening muscles are guite different from those of
shortening suscles. This is also shown in Fig. 12. Taking
the slope of this curve yields a viacosity fbf'lcngthaning
of '

3T,
gL - i b LR N ] (3»8)

Thie analysis calls for a correction. It has teen
assumed that the applied forece F in Hill's equation (3.$) is
squal to the force of the series spring in the mazwell model,
This is true only $f the parallel e¢lastic force is gero at the
end 0f the experimentation, Lb; PMig. 10 shows that this
assunption does not hold at Lb‘ since the passive force is
approxizately 3 ~ 10 g. This passive force must be subtracted

from the total foroe exerted on the wmuscle to yield the
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fores-velocity relationship for the viacous e¢lenent depicted
in the Maxwell model. Even if we assune a force of 10 g, this
is only 10% of T __ aud reduces B for shortening by 10%, The
lengthening viscous force will be more seriocusly affected by
the greater length of x‘, but even this will not change the
value of B, significantly. In conclusion it is sssuzed that
both paseive and sctive muscles have viscous coefficients

which are velocity dependent.

Hence the mechanical components of the model shown in

Pig. 11 can be sumpariged as :

K

ol

i

.25 7 .
B - @

N oo s 2 7 0 3.6, shortening muscle

3

- Tﬁﬁ%’ 02<10 1.0. for lengthening muscle

B.204 Agtive ?enﬁ;gn ?A

Now we must study the statics and dynamice of the active
tension source ’A of the contraotiia element. Fig. 10 showa
the static characteristics of the active muscle; the dashed ;1nes
show the length tension relation for the active tension source
P, and elasticity K. Pig. 14 dleplays Wilkie's (37) quick
stretch data showing the elastic charsoteristicsof the series
element K,. By subtracting the length of Kz at each tension,
we can calculate the length-tension curve for the source T

as shown in Pig. 15.
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The governing equation is

where, L

A3 = Length of active tension source

LAH = Length of total muscle

L

xa' = Length of series elastic elewent Kz

o e« Tenesion of active nuscle.

It 1s evident from Pig. 15 that maximum laometrio
force of the active tension source oocurs when its length is
near the primary rest length of the zuscle and that the source
io length dependent. Thie length dependence ie included in
the quick release simulations of the active and passive
muscles. 4 static curve for the force P, as a function of
length has been realiced by Clark & Stark (6) (Their Pig. 11)
byvcrcnting a locus of tonic force on the muscle wersus ite

1.n8th .

Ritchie and wilkie (bibliography) have shown with
quick itratch experiments that the onset of paximum tension
in the aource PA is very rapid and occurs long before maximum
nuscle teneion im develored. They also showed that the
transition to maxioum velocity is almwost inetantanecus, we
may thersfore conclude that the mass of nuscle may be
neglected in modelling its characteristics. Wilkie (37) found
that the time constant of desctivation for frog sartorius at 0%
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was about 100 ms. For activation it wae much shorter. It

has also besn found elsewhere (6) that for a 10° C rise in
temperature the twitch/tension ratio decreased by a factor

pf 3.5, presucably due to a‘fastor'tonaion source. The

active source tension would not be obonrvpd, e to the fact
that the twitch would be completed before tio slower mechanical
componente could respond. This temperature dependsnce implies
a time constant of deactivation about € ms for the extraocular
muscle at body temperature (6). It will de assumed that
activation 1e at least twice as faet, or 4 ms. Robinson
(vibliography) ard other researchers have found a fairly linear
relationship between the nervous aoctivity in the oculomotor
nuclel and the tension in the active scource ?A; tension is
also a function of the length and velcocity of the puscle.

The suscular response will be dependent on the number of motor
neurons active as well as thelr level of activity -~ the
activation-~deactivation process is a simplified reprysontation
of this pocl of motor neurons. It is assuzed that these
pivecusol can be depicted as a low pass filter with activation
deactivation tinme coﬁltant and a steady state constant of Kg/
spike. The tonic nervous activity approximate to different
muscle lengths has been studied by msny researchers and will
be taken up suhacquontly; Pig. 16 shows the final version

of the nodel of the extraocular lnkursl or medial rectus,
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3.3 A Model of the Muscleas for Verticsl eye movements

The model developed abtove in 3.2 is for eye mechanism
for horigontal eve movements and is btased on the two extra-
ocular muscles ~ medial and lateral recti involved in the
horigontal movement. FPor vertical movements different set of
extracoular muscles is involved and a model for vertical eye sow
movements pust bs based on these muscles only. Before |
develoring this model, let us see as to which-ame the

extraccular muscles responsible for vertical eye movements .

yhen the eye is moved straight up, thavanpdrior obligue
and the inferior rectus are inhibdited, whereas the other
four muscles maintain their normal tonus or contract. The
puperior rectus and the inferior obdlique elavgte the eye, the
former ypredominating wien the movement starts from the prioary
position. The abducting and adducting (i.e. temporal and
nassl rotations respectively) motion of these muscles Oppose
each other and keep the eye steady in 1its upward course. The
sgme 18 true of the lateral and medial recti. The vertical
meridian is kept vertical by the counteracting torsional
activity of the superior rectu@ and the inferior obligue

(3ee Mg. 2).

¥e have said above that the superior rectus plays

more part in elevating the eye from its primary position.
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Dut hov mueh 7 To dectormimo the ohoro of mucoular onorgy
oupplicd by onch of the tuo conccrnod wuselec Pige 17 hoo

boen eonctructed fron data fron Adlor'c phyoiology (biblio-
grarhy). Pror thooo curvas botuocn oxtent of coye movement and
porecntasze of ucculor onergy, wo find that ouperior roetuo
pupplics 555 of musculor onorgy for olovation. Inforior
obliquo oupplica 4275 (Tho romaindor 37 i ouppliod by modial
and lntornl roeti. %hic 1o not ohowm in Pig. 17). Thus for
nodelling purpoocc wo ¢an wvithout inﬁroducxng pay cignificant
orror, acoume that ouporior rocectuc and inforior obliguo

providc muocular ocnorgy in the ratio of 607 & 407,

A1l tho oculay muscloo aro innervatod at the otort of
tho novencnt oxeopt tho ouporior roctus and inforior obliguc.
Thego axo inhtb;toa. The oyo 1o ecorricd downuards by tho
infoerior rectuo chicfly, with tho cuporior obliguo adding o
loooor choros. The obducting and odduceting notion of theoe
rzuoeles countor act cnch othor (Sce Fipg. 2) as do tho
abducting ond addueting nctiono of tho latoral ond modial
rocti, oo that the oyoc io kopt from owerving to tho right or
loft ao it movos dovm. The tortioncl octiono of tho inforior
roctut and ocuporior obliquo nullify coch other, ond tho

vorticnl noridion thorofoyro rcuaino orocte.
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Rcfsrrihg to Pig. 18 which is again based on data from
Adlér's physiology of the eye, we find that inferior rectus
and superior oblique, provide respectively 54% and 39% of the
muscular energy for depression of the eys. These can be
approximated to 60% 1 40%, thus neglecting the depression

caused by medial ahd lateral recti.

3.,3.3 MNechanigal model for vert sye ements 3

From the foregoing we see that in case of vertieal
movements of the eye two muscles are concerned unlike in
horizontal movement, where only one at a time is involved.
we shall reduce the combination of these two muscles to an

eguivalent single muscle representatlon.

A bsroful references to Fig. 19(a) will show that
when the eye is elevated or depressed the concerned muscles act
as if two aprings tre‘connectod in series on opposite sides
of the globe and move the syeball together. Thus for
mechanical representation ot thosu<nuanl¢s we can draw two
aprings in series as shown in Fig. 19(b). FPoth the springs
deflect different amounts, although all carry the same load.
The deflection of the total system is ﬁha sum of the dcflecgion
of each spring. As n consequencs, the reoiprocal 2pring
constant of the total aystem is egu:l to the sum of the
reciprocal spring constants of the component springs.

Thua for Pig. 19(b) we have,



30
1/&3 -+ 1/Kb b= ‘/E R see (30'0)

The oame pprlico to damping eoofficiconto,

llow, therc 1o no dota availablo in the literaturo
for variouo parcrotoro i1.0. K1, Kz' B for suporior, inforior
roetl or cuporior, inforior obliquoo. The valuoo of thooe
parcretoro for tho oxtraocular musclos concornod in vortienl
movomente ohall thoroforo bo asoumed to bo thoe oame oo medial
ond lotorul rocti 1.e. thooo parametors chall be token fron |
3+2s Earlior, wo haveo ococn in 3.5.1 ond 3.3.2 that out of
the tuo oxtraocular musclos involvod in doproosion or

olovation, onc providec 607 nucculor enmergy ond tho other 407,

Using thic fact ond eguation (3.10) odove, wo got,
VB = 1/6E +1/48 = 1/.24 K, vee  (3.11)

9 4 3 E ' = .24 K‘
2 see ooo (3.12)
~ond B' = .24 D

i

Tt g et Was® W

' thoro R,' otec. aro tho rnaronotorc for tho noé modol for oxtra-
oculer muccleos involvod in vortieal movemente. The valuos of K‘

otees are tho oome av in 3.2.3.

Lo havo thus obtcincd n mochnnicnl roprocentation for tho
tro oztrooccular muscleos conceorncd in vorticol oyc wovoment. Thie
rodol hoo only ono cusclo oquivalont to $w0 coneornod and 1o tho
cors oo Yige 12, but 1t hoo differont paromoteors givom by

L'qne ‘3.‘2) .
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4. MODELLING OF GLOBE-ORBIT

It 1c the globe which is rotated by the extraocular
muscles. Therefore, the atatic and dynazic characteristics
of the globe and orbit must be conaidered and included in an

overall eye positioning mechanism.

4.9 Statig Characteristice
4.1.1 Elgsticity of the globe

The pasaive properties of isolated gioho are shown in
Fige 20. It 18 evident that the relationship between tension
and globe rotation is approximately linear over a range of
+ 40 degress. The vertical eye movements whether elevation or
depression rarely exceed this limit, From Pig, 20 we get
apring constant for the globs as 0,5 g/deg. This value vas
taken as gero by Cook & Stark (11). |

4.1+2 Inertia of the Globe

The density of the globe io approximately 1 g/ec and
1t» radius 88 11 mm (11). Assuming s rigid sphere, the
maximum movement of inertia mbout a hbtiﬁﬁﬂt&l??;:? verticeal
eoys movements, for horizontal eye movemente, insrtia about &
vertical axis ig to be taken) through the centre of rotation
of the eye is 2.7 dyne om sec?/Rad. 1In terzs of tension
raferred to the muscles, this is 4.3 x 10'5 ge - tension/deg/sec

(11).
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Ve know that the eysball iz not rigid, dut is
composed largely of vitreous humour and that a more accurate
model might be¢ a series of spherical éhells connected succe~
ssively by springs and dashpots. However, for simplicity and
slso bscause the effect of this inertia is expected to play a
very small role in the overall bshaviour, ws chooss to retain
the cruder rigid—-sphere approximation. The validity of this

assumption cmn be checked when the overall model is completed.

S8imulaticns of saccadic accelerations show a variation
in maximum scceleration, from % x 10‘_ to 7 x 104‘(7}. The
inertial force that the globe exerts on that extraocular
muucio is JGJE or fram 0.43 to 3 g+ Since the extraocular
muscles are capable of producing 100 g of tensaion, the
inertial force of the globe is very amall, or almost negligible.
Due to the fact that the eye is not guite a ophere and part of
the vitreous body ie left behind during a saccade, the
inertial value may de a little high; but 4t hes bheen shown by
Robinson (22) that imcressing the mass of the globe a hundred
fold only causes slight oscillation 1.&. mass of the globe has
dittle effect on dynamic behaviour. Hence this value of
tnertia, equal to 4,3 x 10°° gnaacaldeg. will be assumed.

A typical quick releass experiment for the isolated
globe depicts a viscoelastic element with a time constant of
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about 10 me (7). Since time constant = B/K, it implies a
viscosity of about 0.02 g = a/deg, This is in close agreenment
with value of 0.019 found by Cook & Stark (11) and a value of
0,025 calculated by Robinson {(22). Thers ia no evidence for
or against the viscous cgoefficient belng velocity dependent,
It will, therefore, be sasumed that it is a constant.

4.3 A_podsl for the globe snd orbit

Pig. 21 shows a model of inertial and viscoslisstio
properties of the glodbe and corbit. In summary, the parsmeters
for ieolated globe and the orbit are :

Jg = 4.3x 1073 g - sec®/des.

“Eh = 0,015 g - sec/deg.

\“g KQ’ = GQS S/d’go-

A -

The viscous coefficient has been modified to take into
agcount the insrtia of the globe while realizing a simulated
time constant of about 312 ms (7) if the system is considersd

to have no mass and be a one~time constant syeten,
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5. AN _INTEGRATED MODEL FPOR EYE
- MOVEMERT NKECHANISH

51 evie e nove t _model

Pefore developing integrated mcdel for eye positioning
mechanism, it would be quite in order to review briefly, the

attempts made, so far to study syeball movement systesm.

Selal al S ie

westheimer (34, 35) was the first to develop & linear
approximate second order model for eye dynamics during &
ssccade in which the forcing function was an instantanecus
charge of muscle torque on the globs. He noted an effective
damping coefficient of 0,7 and an undamped natural frequency
of 120 rad./sec. He also observed that the eye tracking system
vas not striotly linear, due to the non-linear relationship of
the velocity and amplitude of sacocades. This model does not
account for very distinet properties of the agonist and

antagonist muscles,

Open-and closed-loop behaviour of the eys movement
control system was first studied by Fender & Nye (15) and has
been presented by Fender (16). They characteriged the eye
servomechanism in terms of linear operators. They studied the
frequency response of the eys tracking sechanism by varying

the stimulus smplitude and the amount of visual feedback.
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' Ty piving tho oxtornal loop o goin of + 1, thoy could reduco
tho totnl foodback to ¢oro and got a otobiliged imago (16).
hio cnnoblod then to otudy tho cubjccto opon=loop tronofor
funetion charaotoristiesc. The compocito open-lecp tranofor
fonotion 1o known exporimontally t¢ bo onc. Thorefore, tho
Opcn=loop tronsfor function of tho oye covenent control oyocten
chotld ozhibit minicun phaso or grostor than pinimum pheso
bohoviour, vhich it doco net. Thuo intornol positive food-
back loop cannot oimic tho anticipatory behaviour of predictivoe
troohing (4.0. with o known etimulus). Subsoguently,

Tondor (16) hao chown that the prodictive cochanicm utiligoo

totls the oncendic and omooth pursuit syotomo.

Se1e2 Frodictivo ond llon-prodicti Trackin

Thoso nodoo of eye movenont with rcopect to the type
of oticulup 4.¢. Llnoun - which can be predicted and unknown,
&hich con not bo prodictod, havo boom ozxtensivoly otudioed by
o8art ot 0l {(29). Thoy hove shoun the eye control oyotem to bo
inpat - adaptive type, ozhibditing anticipation and improved
$eacking vhon the input 1o o prodictable waveform. FProguency
POCRORCe curvos show important difforoncos in galn and phaoo
gor prodictable imputs of singlo Ginupoido and non-prodictablo
inpato eompusod of mony non-cohoront oinuscido. They roportod
a coricdly imcroacod phnoe lag for the unprodictabdble oign-l oo
coniroecd to tho otondy ctato oinugsoidaol signal vhich indieato:

tint the rrodiction apporatuo of the broin ic able to coempcruat
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for almoot all of the inhoront phnco lor; of the nourologieal
pyotcm. Shoir aocrtion 1o that wvhile otudyins tho cyo troching
coveuonta, roopronses to both, prodictablo and unprodictablo

innutoc puot bo conoidored.

In a furthor study of the prodictivoe bohaviour of tho
oculorotor syatom Dalloo & Jonoco (14) have chown thot the anti~
eipatory bohaviour, obsorvod during the tracking of prodictivo
inputo, can be attributed to o prodicetion oporator. This
oprorntor is detormincd by conparing the open-loop tronsfor
function for tvo types of otiouli, nacoly Gousgian random noise
and sine-~ and squarc wave inputc. The tronofor function for tho
prodictor, that is what transfor function in casende with tho
opon~locp trﬁnafer function thot doseribos non-prodictive
tracking will produco tho function that doceritos predictivo
tracking, wno colculatod. It contoinod on olemcnt vhooe gzin
ic indopondont of froquoncﬁ and vhooo phasco incropeco rouchly
linoarly vith froguecncy. Thioc can Wo crédly cpproxicatod by
doloy lince vith o neogative delay of obout 280 2o, Yinco tho
human read¢tion timo (latoncy) 410 botwoem 200 to 25C mo tho
Lrirary rolo of tho predictor geoms to be that of oclightly over

conponcoting: for this rceaction tine.

5¢1+3 Sampled dntn type of modclp

Youns & Stork'c (36, 39) rcodel pootulates that oyo pointin

10 controlled by n sampled-data pystem vith a ocanpling poriocd
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of abtout C.2 soces. The cculocotor oyoten soccod to sgoplo

thc crror ercatod by tho initinl ¢argot otop ond thon bocano
rodrretory to ony nov inconing inforcation for tho noxt 200 oo
ot thich tine it ozocuted o saemado appzopriate to tho orror

0o 1t czioted 200 mo. boforo.

“arlior Roochbaos (20) hod choun that it 1o nmoccosary
¢0 ocparato coecenxdic nnd pursult syotcco from functionnl point
of vicu ond thic was dono by Youns & Jtork. In thoir ocomplod-
dctn rodel tho socendic system acts as o pooition sorvo to
dircet the oyc ot the target, and the pursult oycton acte oo
a volocity oorvo to tecto&n tho oyo at the samo gngulor rate
6o tho torgot. Thoirs is a nonlinoar modeol and accurntoly

roproduced eye movomento in reopenso to diffcront ctimuldi.

Youns-Stark mcdol wne, in & vay, conduecive to furthor
rocooreh concorning variation in oye tracking rosponsos and for
gubocquont rodificd modolps uhcoleos ot al (36) have chown
¢hnt vhon tho otop input tinc is roducod from 200 mo dovnwardo
to 50 ro, in otepa, the caceads reoponoe [ radunclly foll from
Younyto postulate and coourrod looo ond logse. It con, thorofore
bo codid that vhon the oyoten obaoyves o pooition error it
ucito boforo schutting tho gote ond if tho pooition orror
chongos, the oyotom may (with doercacins probability ao tioo
£oco ¢n ) rofrain froo cetins unon thoe carlicot orror inforna-
tion bvut may choooe to act upon lator informotion. Thus an
inpuloc~oompling codel will not de and com? cort of probabilio-

ti6 Lfinito - pompling - tiro rodol 1o clooer to tho actunl encc.



Eoolor {2) and Lockor & Pucho (1) aloco otudicd

ooeendic variations for pulso acnd doublo ctep oticull.

{"urthy ond Dockshatulu (19) propoced o coro cophioti-
ccted ond neeuratc codel than Youns's (39). Young noglectod
snocle dynenico ond vorious non-linoaritico ouch ao dond con®
rnd paturation. lorcovor sconpled-dnto cystem io not portinont
$o coooth pursuit bocauso the poppling poricd must bBo leoo
than 60 mo in that cacc. Furthy end Dookohatulu toko into
account both, the mechunies of the muoclo and force devolopod
ond the oampled data nature of saceadic novezont. The purouit
gyotco was incorporated ac o eontinuous syutem in the modol

vhich vao oubooguontly confirmed by Irodioy and Jtark (4).

S5.1«4 Lzporimontal fiodcls

oot oignificant oxperimontal vork bac ®Bocn dono by
Nobincon (22, 23, 24). His modolo baced on hio own cxporinonto
obiorvotiono were also lincar ond did not concldor the ogoniot
ond ontosoniet muscles ccparntoly. Ho (22) wocd iocotonic,
icomotric ond locdod globo oxperimentc to goncrato a l4noor
roproocntition of oye dynamico during o caccado. In later
{23, 24) but similer oxporimento during gmooth purcuit ond
necortodative convergence covenonts, ho includod another
vioecs~clactic olemont. éna ovorall troncfor function of tho
oririnal codel wvac fourth ordor; the revised ono was fifth

ordcr. lo corrcctly concludod that tho oyo wap heavily
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ovordonped ond littleo affcctod by tho roaoo of tho cloba. It

had ¢ Gynamic caccadic band width vhich doercaced wvith incroosing
sacendic cnplitudo, nnd hod a tracking band vidth of 1.1 Hze

Thc {orcc gonoratod in the nctive tenoion source was a briof
oneccco foerce followed by o decreaso in forcs t¢ a tonic lovel.
Althoush thece reproscntations dopicted a wide varioty of oyo
rotations undor normal nond abnormol conditiono, thoy 4id not

roprocent velocity charactoristien corroctly.

Thomao (%2, 33) dovised an ipgeniows method for
peaouring accolorationo of the.oyo vhen 1t oos driven by a
goall cinucoidal force. He attachod an accoloromoter to a
contact lons on tho humnn eye and passod curront throush
oloetrocapgnot t0 causo the oye to oseillate. The rosulte
shovcd thot the syston gop undor-denped abovo 10 Lz and could bo
choroetorigod by & third order lincor oyoton. Thomas' nodcl
vno 1incar ond conciderod only ocuzall paceados (5°) wvhere
ovcrpchoot 1o conmon, largor oaceadcs do not haove thio charoetor-
ictfc ond appoar criticnlly dnppod. He did not comnsidor tho
_uganiot ~nd cntoconiot musclos coporately. It io doudbtful if
hic riodel ecn be uced for lorger sacctdes or for smooth pursuit

and vergenee movenonto.

t. Cyr & Pondor (30, 3t) rccorded oye movements of
cubjoetc and otudicd tho gnin and pheso of oyo tracking wvith

Tourdor analysio tochniqueo in rouponse t0 noice or to o oun of
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pinucoidnl functiono; they oboorvod variations in rooponses to
@ifforont coto of oinucoids and aloo propoced cn alternnto

oxplanation for anticipation in tormo of tiwmd dolayo.

Se1e5 Yogtidbulor Syctom

Lyoball ocorvomechcnism ao otudiod by idloun & Jonoo (18)
vith opocinl reforence to vestibular otobiliration has alroady

tcon diocusoed in 24242

Lobinson (25) hao ochown that all vorosion ecye movenentso,
puccuicy, guick phase pursuit and vegtibular atnrt‘as velocity
cozzando cnd entor o common procecsing circult vhich 1o nothing
but o noural integrotor and thisc converis the signals inte

cyc prooition commnnds,.

All four eyotoms of eye covenent, odoccadic, amooth

paroult, vergence and veotibular cyotom, utilige the oomo
comron path made up of tho ooulomotor nucloi; thoir craninl
NCrvos, oxtra ocular muocleo and orbitnl-glode susponcory
ticouocr. Thooe olcments oach forn o part of the ovor all
troncfor function batwuveon norvous activity in the motor
nouron pools of the six nusecloo of onch oye nnd the subsoguont
povencnt of the eyoball. Tho threo dicenoionnl aspoct of the
anotion of all oix oxtr-~ocular muselos hao boon eonsidered.

Attintion ic linmited to dynamices in vhich enoo it 10 oufficicnt
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to ecnoidor the action on the  lobo of o oingle antageniotic
pair of muocleo euch 0o the horirontal rocti inon dogroo

°£ fC{‘QOL‘l .

Childress ond Jonos (5) conjocturcd o modol Yased
on anotonical and physiological conoidorations ne woll as tho
charactoriotico of caccadic oye movemonto. Thoy considerod
tho agoniot ond antogoniot muscels aeparatoly and includod
tho coynmotrical foreo-voloeity relntionship of museles, but
thoy did not show ony simulatod resulto.

Cook and Stark (11, 12, 13) prescnted a non-lincor
nwodol similar to that of Childroos & Jonos (5). It dopieted
the position of volocity curves accurately ovor o wido rango
of oonceadic nmplitudes no vell noe matching Robinson's (22)
icotonic and ioometric rooultss Tho model consiot of an
agoniot and antagoniot muscle pulling on the globe im 1to
orbit. The globc orbit io ropreacnted by o parsllel opring-
geso-doohpot~combination, wvhile cach muscle conuioto of o
poooive elastieity in parallel with anothor clasticity

connooted to o tonoion oource oni o non-linoar viscous clomont.

Lator modols propocod by lobinoon (26) following
Coolr ond 8tark wore of hishor ordor ond considorably moro
complicatod. They incorzsoratod the asoniot ond ontagoniot
goporntely uvhilo including tho pon-linccr forco=velocity

rolationshinr of cetive unvacles. Thooo roproscntntions uero
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pot oiculoted to yield quantitotivoe rocultc; thoy only
prcocntod schorntic approximations to tho plant. Robincen {26)
ohouad that hio ropulto woro compatidle with Thomas' (38) by
potins that tho oyo scoms ovar damped undor 16 Hg amd undor

donpod abovo this froquoncy.

Cubnequontly Robinoon et el (27) conducted longth-tonoion
onéd quick rolease oxperiment on tho isolatod gloto and shovwod
that tho otoody otate tonic forcos ac woll os coximua availablo
forecn assumod by Cool & Stark (13) vore highor. This yicldod

a passive olaotic cocfficiont vhich wes too groat.

5.2 Jntogrntion of the Eycbnll ond ite Hugelon

Ilou that we havo coparate models of the oyoball
{Che IV) ond ito oxtrcocular musclos (Ch. III), wo may combiro
thczo cloronts and considor their interaction vhile conntrueting
a ~odocl for tho ovorall piant of oztraocular asyotenm for
voptical cyo movemonto. ig. 22 roppeeentu o compooito modol.
It ochous ocrorately the é;épéétioo cf pll tho clcmenta. Ono
cusclo ohorton: and io tho agoniot, while the othor longthons
and 16 tho antnzonist. Of courooc, in this dovolopment vo havo
rodneod the $vo museles ccncornod in vorgical oyo movenonto $0°
o ocingle cquivalont musclo (JSoce 343.3)s Tho munelos vhich

aro involvod hore arc sumnaricod btolovu.
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dgonisto Antogonioto

Clovation f. Suporior Rectuo . Inforior roctus
2. Imnforior obdliquo 2. Suporior obliquo

Daoprcooien (. Inforior roetuc 1. 3Supcrior roctus
2. 3Supcrior obliguc 2. Inforior obliguo

Cach ono of the abovo conbinationo of twoe wmuscleo hao boon

roduced to ono puscle ond thio hoo baon roproocented in Pis. 22.

Tho first important thing Lo vhothor we can roduco thio
r:0éol wvithout affeetins its funetional charactoriotica. Tho
active tcnsion genoratoro pﬁ@ ond FA? of tho pgonict ond
tho onta;oniot mucelos respoetively hovo difforont charnctor-
ictico ond, thoroforc, pnoy not bo combined. Tho sorico
oprin~o Bﬁg nnd'KAT nuot agouno the tonsiocn of FAG and FA?
in oteady otate. Thoeo ecannot therofeore bo simplified. Tho
forc.=veclocity rolationohip for shortoning sgonlotic muscle
ond longﬁhoning cntogonistic muscle io cloarly difforent;
Shuwo ULG ond nhT pay not bo combinod. Tho roeaining two
clenonts arce the pasoive olastieitico KP(&G)' KP(AT) of tho
cgoniot ond the ontagoniot. Thoy ropraéont the elnotie
rcolotaneo to ptendy doviation of the globe from the root
pooition. ARthough tho pasoive cocfficicnt for onch muocle
40 non=lincor, boconing approxicatoly sero for shottoning
rusele nnd incrcaocing to bocord foirly linoar at about 20°,

$10 0% cffoot of tho combincl passoivo clapticitics 1o
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roughly constant and equal to that of a single apring (7).
It will be further sssumed that the passive coefficient of

i”\
both muscles and the globe can be added to give a linear spring

conqtnnt .

= 02‘ X 036 » o'<5 = 0586 8/608.

#ith this simplification the model is réduced to the one shown

in Fig. 23, It has the following parameters.

;b -
Ky <586
4 K K £ 2 1.8 2 g/d
A = AT -3 AG = 24 X 1o s «43 8/G88L.
Byp = 1425 F,p/ (1000 : 93) Oy £ 0
wul.\\k'u\‘ L)

Byg = 125 FgA1000 + 52) 6, > ©

- 3 P M}/mcm 6, <0

d = 4.3 x 1072 8~ secz/deg.

Tact ™ 4 ms

LY
/ deact = Bms

The dynamic characteristics of this model shall be studied in

the next chapter.
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Activotion ond do-nctivation of the ruoclo in the modol
of Pin. 23 1o o tranciont proccce of which tho inputs aro tho
norvo oignolo, vhich we havo callod BAG and HAT and of vhich

tho outputo are lovelo of tho tcmeion FAG and FAT roopoetivel. .

uilkic (37) dooeribon an oxporiront dosignod to
i1lluotrate this procoso. The nupelo ueed waoc & frog'c
gartorius ot o temporaturo of 0% ¢, Wilkio's findingﬁiuera
thot the tlmo.conaxnnt for donctivation vno approximately }90 no
oand tho timo conotant for activation many timoo cshortor. It ig
dinficult to krow hou to adapt theso rooultc to our situation,
llo doubt the oxtroocular rusclos oporating at body tomporature
aro coch fostor thon thio. For lack of a bottor ontimation,
Cook & Stark (11) aooumod the timo constont for dooctivation
o of thec oxtroccular muoeleo as 10 mo and that for activation
h oo leoe than ono wo. -
‘.tﬁgf;;
r}“ Iator Clork & Stork (6) improved thoso timo constanto

\ )

e} ' co_g\no ond 4 mo recpoctively. Thooo valucs chall bo aseumod

i

"' horo too.

6.2 JDypanic bohnviocur of tho nodol
Hoving drawm up o complote and oinplificd modol (Pig. 23)

for the cyoc covomeont vochanien for vortienl oyo povonments, wo
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orce npov in o position to study tho dynomic charanctoristico of

tho rodcel.,

tiith roforence to Pilg. 23, wo nmay writo the syotoem

oquations aa follows
Pog = Kpl6, = 0,) ¢ B0 6, ves (6.1)
By @=05) = Pyo+ Boo 63 cee (6.2)
B, (8, -8) = K 8, < gb.é +d_©
+ K, (8, ~ 65) | ceue (6.3)

Roorranging Fqn. 6.5 and toking Laplace Trensforms

K 62(3) + 6.(3)

6,(6) = 3h=x - 2 , s (644)

a 2 . Lo
8% + (By/dg)s + (22A + KP)/JG AT
o
Aoouning that 62(8) + 93(3) a 7(8) hao no dynonica and can
. 7

’

chonzge to yicld o otop foroing funcition, vhich oo 6111 ba choun
oubsoquontly, 1o noarcot to nmorvous activity corrcopending to
voccadic movenents; and oubstituting the valuce for wvorious

constants o have

.432 T(3)
Gl = 6521075 Q15 3 86
' I x 212.432 + 5
2
8%+ 30 5, 109 + 4.3 1 10~5 )
. 10 _%(s) vee  (6.5)

82 + 350 8 + 33700
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Tho roots of tho Eqn. 82

aro 8 = =175+ 355

+ 350 9 + 33700 = O

Thuo thio ooccond ordor oystem ic having polos of - 175 + J 55,
antural froquoncy of ooccillations @, = 183.5 cnd donping
coofiiciont éi = 0.95. It 1o, thoroforo, a otable oyoten

wyidh 1o_§1éhi} overdompod. It 45 vell known froco data by
Robinoon (22) that the eye 1o ovordnnpodi incroacing the maso of
tho globe aAhundrod fold only causos slight coscillationo.

The highly cverdamped nature muot be causod by fast movemento
oithor in tho ontogoniot oo 93 chnngea_or in tho agoniot os Qz

chnngos . SVRLES

To decroase tho domping coofficiont &i » wo toke L¥_V
S=-175+ § 125. Thio gives (), = 215.3 and §; = 0.81.

k¥

[N

1
5¢til)l wve find thot damping coofficiont io high, so ve tnke . j oy
8 o=175 % 3 150. fovd wo got (), = 230 ona § = C.76. Thip

valuo of §, 1o moaror tho ono found by othor reccarchoro. ' C _
Looking back to cquation 6.4 vo oce that to got a propor valuo
of tho domping coofficiont tho valuoe of Ep and KA puot be

nodifiod. e, thoreforo, havo

2K, + K
—— = 53125
4.3 x 10
ZKA + KP = 2.284
2K, o 2.284 - K, 1.7
s Ik 0.85
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Yo hovo not altorod KP doliboratoly oo 4t ioc on oguivalont
opring cono tont ond largoly dopends upon tho opring consctants
of the globo. Tho offoct of thooo valuos of éi on dynamio'

chnractoristics will be shoun subsoquently.

A typical 10 dogrec osoceade tnkos 40 mo and tho overogoe
velocity 1o about 250 dog/s (7). A4goin roferring to Pig. 23

and from ocection 5.2 wo have

Byp = 1.25F,,/1000 - @;3 ' é3éo see (6.6)
= 3 P,,/1000 éB és >0 Ches (62D

B, = 1.252,,/1000 ¢ 6, 8,30 ces (6.8)
= 3 P,;/1000 éa £ 0 ves (6.9)

It may bo clarifiod thot olovation of tho eyo 1o
acouncd ano motion in the pooitivo diroction and doprossion
ot rotion in tho negntivo diroction. For olevation of tho
oyo ouporior roctus ond tho inforior obliquoe arc tho agonicta.
and inforior rectus ond suporilor oblique are onta-onists and
vico vorpa for deoproosion. Tho ngoniste are ohortoning

pupelos and the ontagoniots are lopgthoning muselos.

The tonsion in the nzonlist io about 100 g nnd in the

antosoniot abous 2 g (7). Uoing Egn. 6.8 and 6.7 wo got
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By o ~REEI0. . o4 4. o/aog
1000 + 250 )
) ses {(6.9)
BAT = - ix2 = 0.006 ¢ ~ o/dog.g
1000

The time congtanto for tho muccles can bo found by
dividing thoge valuos of Qng and B N by E td give on agonioct
time conatant grAG of 118 o and an antagoniot timo constnnt7Ar

of 7 no.
cu\\g QCC .

Clark nnd Stork (7) havo shown that the oquivulont timo
constant for tho ogoniot ruscio must include the deactivation

of tho antagoniot and 15 givon by the following relation

> “—
7r0q (a0) ~© \/7&03ot * [no

- 8 4+ 1182
‘:ﬁ' 118 o ‘hs (6010)
—

Sinilarly \T oq(AT) =, j T donet <+ [AT

S [E

= 10.5 nn. ase (6.11)

It con bo thus coom that tho ogonist is the part of
extrooeular cystom wvhich slovo dovn the reoponsc (oven
inopito of oxzceoo foreo prosrammo) and eaucos the plant

to0 bo ovardarpod.
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6.3 lorvoun nctivity for eyo econtrol

Ercinin (3) ohous a groph of intogranted musclo potontial
vorouo oyo pooition for o human oxtraocular musele (lateral
roctus). Thioc graph hac boon rodroawm in Pig. 24. ﬁogativo
onglos moon thot tho oyo woo turncd nooolly that 4o awny fronm
lotoral roctuoc and positivo anglos nmoan that the eyo woo

surnod tomrorarily 4.c. touvards thé latoral roctuse.

iwocle potential ioc nonourod by meone of oloctrodos
innortod in tho musclo. If the probdo is bipolar, the signel
vhich 1o moacurod 1o quito loealipod and may or may not roproson!
tho overall mucelo bchavicur. A conopolar probe insorted into ti
Buecle wvith o raforbnco attachod to pomo diotant portion of
tho body giveo o leoo loenlicod moasurcmont than the bipolar
probo; but novertholecos, it do oocovhat loealigod.

Another dicadvontage of thoso wmeasurcnonts is tho
dif{icult; in reading the rocordo. The raw olectromyograph
looks much liko o onu torth with varying emplitude and froquoney
I% lcavos o geod donl to tho innginntion of tho rondor. Howovor
if tho ens 106 roctifiod, integratod and choppod at rogular
intorvals, wo got o moro rondablo graphe. Tho ponks of the
intograted and choppod ong oro proportionsl to tho £roquency
ond onvolope amplitude of tho pulsoo compooing tho emg.

I$ hao boon shown cloowhoro (11) that a linoar rolation-
ochip oziotn botucon intogratod (and chopped) oupelo potentinl

/698) 3
CROAL TI909Y UTUERSTYY OF ROGRKEE
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and steady-state tension with fixed muscle length and gzero
velocity., DBut our muscle model says that at fixed length and
goro velocity the tension is egual to the tension sources.

In steady state conditions HAG and NAT are resspectively equal
to ’AG and PAT’ Hence K,; and HAT are proportional to

integrated muscle potential.

A direct proportion between tensicn and integrated muscle
potential was found by Biglad and Lippold (Bibvliogrephy),
during constant velocity of shortening or lengthening. These
measurements were nmade with the tension at,ateady-atato.

Under this condition, the elastic component was at fixed
length or else the tension would have been chang;ng. Thue we
know that the velooity of the contractile component was equal
to the velocity of muscle shortening or lengthening and
therefore congtant. The equation for tension in a shortening
(egonist) muscle is :

? .so(t——-lﬁi-é | (6.12)

Py ) 'R
‘AG . b+ 92 2

wher:, F_ is saximum isometric force at L . This equation
is the same as equation 3.2, Similarly for a lengthening
{(antagonist) muscle

fg ?52 = Fo (1 \"' b 03) 200 (6013)

Since the terms within the brackete are constants (velocity
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10 conptant hore) F is proportionnal to Fo' 14th F aloo

pro ortional to intogratod ruoelo potontial Fo ia proportional
to intcgratod muoclo petontial. Houover, in otoady otato

PAG ond Fﬁ? rospectively oqual‘UAG ond HAT tthich meano that -
#AG ané N,n aro proportional to intogratod muocle potontial.
Thic providos us with a means of meacuring dircctly tho
control signalo. In interpretiing the unintegrated elootro~
myogran. H,a and I, are proportional to the density of the
pulodo on the omg record and to the peak $o peck oamplitudes

of thooe puleo onvolopoc.

Roferring ogain to Pig. 24, we can say how tho tonsion
of tho tonoion sourcos vary with stondy octato oype pooition.
According to our modol (Fig. 23), for cyo to bo hold €° grom
centro, o tension difforcntial of KP.Q g 3o requircd from
tho toncion sourcos. UHo upo the lincarigoed opprozimntion
of Fig. 24 vhich tollo usc that the incroasc in tencicn in
tho muoele which hao shortcenod i qual to thoe docreaso in
tonpion in the muscle w:rich hoo boon 1ongthcnoa} @hioc »&oo

givas tho linoariention a olope of Rflz a/dog.

If vo aooumc + §0° ao liniting oyo peeition for
vortical movement and thoat longthone& muscle is completoly
inhibitod at this ongle, thon our curvo for intogratod muscle
potontial should go to goro ot - 40°. The tension at zoro

degrocs 1o thon
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4
Fo(oo) @ 40 2P 8 ees (6:‘4)

Uith E;, oqual to 0.58 g /aog.

h 3

P, (0°) a ~39~3~§45§§~ 12 @ (6.15)

In gonoral the otendy otate tongion of the scources for

o rooting rooition io given by the follouing:

For ohortoning muscle

e
PAQ = t2 + KP ﬁ/a . XY ‘6.‘6)

For longthening musclo

F

AT = 12 - K, 0/2 e (6.37)

thoro & 1is tho oxtont of oyc movcomont from primary position.
Bquationo 6.16 and 6.17 shoqﬁ that resting tonoion of an
oxtreocular musclo i in contrant to thot of o skeletal mpucle,
ouch ao log or arm muscle vhich have zoro or nocarly goro

rcoting tension.

Roecent rcocearch has dooeribod the norveous activity of
tho oxtraocular motor nuclei during a wido varioty of
difforent oye movomento. Thoogo rooulto halp ono to model
the norvous netivity rooponsiblo for rotating the cye. A
nunbor of rosocarchors have studiod LG astivity during the
oaccﬁdo. Robinaon) Puche cnd Luschoi,ond Hoég ond Cohon

otudicd oingle unit activity in tho oxtra ooular/got’
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notornourons during oyo movoments (10). All chowed o

briof optimal burst 4in ozonict firing rato ceccompanied by an
inhibvition of the ontaronistic firing rate. The duration of
thic pulpe determined the smplitude of tho saccedo. Tho
ogoniot thon reduced its oactivity while tho antagonist
incroanod its firing rate to lovels reproccentative of the

not tonic position. Pig., 25(a) shows the resultpo graphically.

Robinson (23) otoervod tho feomotric force of the
huzan oyo in reeponsc to a ramp ostimulus He found an initiﬁl
but briof oxceos foreo about that maintaincd subsoquently
to movo the oye at a conctant velocity. Ho postulated a
oimilar initiol oxcoos burst rato t0 nccount for the
oxecoo forece dovelopmont. Robinson (Bibliography) aleo
obborvod oinsle unit firing in rooponge $0 o smoothly moving
targot ard found o smoothly chanping firing rate.

Pin. 25(d) ohous the integratod norvous activity asooumed

durins tho reoponse to o ramp.

\( L
6.4 ZEonition Ropponge of tho Igdol Caer 't 1
, ’ &D,ﬂ‘c&\o A r'ﬂ _\\
$.Get Hogondic Hovement "‘{r\i@ "1: i\:t\hwffr 'x\ | "\;\"
. A AN »
Convider ognation 6.5 ZL *% B
4 — \" S\r\)‘\" . b
91 (8) = 10 m) o ol
82 + 350 8 + 33700
4
8,(3) = 10_2(3) oo (6.18)

(s + o) (3 + 1)
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vhoeoy, 0o = 175 - § 55
anéd b = 175 + 355

Ao hne boon ohown in Pig. 25(c) and onplninod in
Socs 6.3 tho norvous signals li,, ond §,, corresponding to
saccndic oyo movement moy be opproximatod by tho first~ordor
timo optimal comtrol ocignalo. At Bho otart of a oaccade 0
achicven a high lovol of aotivity and HA@ dropo to o lovel
of almont zoro nctivity. Condining tho two activiticso, we got
a ptop iiko ﬁnpht to the oye rmovomont syotem, 80 roplaecing

?2(8) by a otop function of anplitudo A

4
a,(s) = 10% . A

8(9+a) (8xb)

Takins invoroe laplaco Transfors

A 108 L ent ~bt
91(15) e (1 + P (b - 0e ))

gubgstituting for o ond b and ocimplifying uvo got

. |
9 (1 -0~ %75 % (5.2 84n 55 ¢ + Cos 55 ¢))

A
8 (%) = 3350

LA N J (6019)

llowve the only unknovn in thio cquation 1o A the
anplitude of the ptop input forece., TFor a sncende force in
tho agoniot 10 100 g cnd thoat in tho antagonist is 2 g. Thuo
tho not forec 10 98 g. Ue c:'n thoroforce tnlko A opproximately

100.
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A conputor progromne (300 Appondin) wvno proparcd for
tho above equation to plot eyo poscition Q‘ vorgus tine.
The time wao variod from O to <1 & in otops of 001 o. The
programre woao run on TDC-12 digitol computor. The result io
plotted in Fig. 26. Also plottod on the come graph are tho
curvds corrosponding to (,CQ = +81 and &- +76. Tho output
doto of computor ochowo (though it 1o not prominmont in tho
¢urves) that lovoring demping coofficiont introducoo
cocillations. Uo thercfore conclude that 4t is not dosirablo
to rcduco tho demping coofficiont and tho vortical oyo movemont

pyotem io highly ovordampod.

6o 408 3&02112 FPursuit HQ!QQGEt

Again tako oquation 6.18

4

(3 + 0)(8 + b)

fhe norvous activisy corrooponding to cmooth purscuit movoment
of tho coyo is like & romp a8 phovn in Fig. 25(b). sc replacing

7({3) by o ranp function

108
52(8 + 6){(3 + 1)

1
82(v=0) (8+a)

= 10%C =2t (1/0 + 1/B)(1/8) + '"Zi"'” &

+ ! )

bz(a - b) (3 + b)
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Taking inverse laplace tranefornm.

- ~at
91(t) = iO‘ ( "~;%"”( % +<% ) + ;%~ t :32;1:—;; ot

-bt

»° (a ~ b)
Substituting for a & b and sinplifying

o, (t) = - 0031 + .01 o~ 175% (.%08 Cos 55 ¢

Imt“
34365
+ .445 81n 55 t) cee (6.20)

This equation tooc was programmed and run on TDC-12
to plot eye position versus time Fig. 26(a) shows smooth

purauit curves for various values of .

6.5 Yelocity Curve

We have 6.18 as

8
§0% 7(8)
0, (3) = HBITIG I

4
. oY 8 T{8)
91(3) = {8 +a)(sS + 1)

To plot veloclty curve for saccadic movement wve

replace T(S) by a step function

. | A ot
o o 61(3) - m
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Takins invoroo laplaco TYrancform

4
A 10° A -0t _ _~bt
Q‘(%) o b~ o ( o o )
4, =175 ¢
o ’O Ao R 34in 55 t s ses (6021)
55

Thio curvo 1.0. volocity vorsuc time has boen
Plottod in Pige 27 for all valuos £ &« Ue find thet lover
valuwos of E; give @ vory high value of volocity, vhereao
voluoo of volocity for éi = 0.95 gre comparablo to those found
by Clark ond Stark (8, 10). It is ngain confirmed that cyo
. movencnt mochaniom for vertical movement is highly ovordampod.
It vay bo notod thot the mogal dopicts an asynmetry in accolo-
ration and docoleration phasos, vith a gquick acceloration
folloucd by @ longor docoloration. This is in conformity vith

cxporinental results of Hyde quoted by Clark & Stark (8).

6.6 Aecolorption Curvo

Bquation 6.18 io

8y (8) - ‘T§l%ﬁ5§%§lI"ET

R (ke

Roplacing 7(8) by o stop function for euccadio oyo movomonts

104 5 &
{3 +a){8 + V)
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Polking invorsc laplace transforns

o0 4 - -
8, () ==L (po® . oo™

o 10% 4 06™175% (Coo 55 ¢ ~ 3.2 940 55 £) ... (5.22)

Saceadic accolorntion vorous tino 1o plottod in Pig. 28 for

all valueo of donping coofficiont.

6.7 Fhave Plono Rolationohip

Prom Pigo. 26 and 27 we onn dorive a rolation
botveon saccndic veloeity and pooition. This is ealled
phaso planc curvo and 1o ohown in Pig. 29, It is evidont
from these ploto that tho peak wvelocity of saccades inecreanes
na the nmplitﬁde of the saccados incroases, but beyond a
cortoin point of saccadic smplitudoe, the pesk velocity
otorts docronsing. This ohows that tho ocular plant io fast
for nacendos of cortain amplitudes only and not for vory large

ooecadod. Larger saccadoo take longor time.
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7. SACCADES ARB TINE OFZINAL

Optinnl control theory tokos into account conotrainto
cuch 08 onorgy ond timo oconomico which arc rolovent to the
understanding of blological dooigzgne The versional oyo trocking
gyotem rogponsiblo for tho oxtromoly rapid and procioco movomonto-
ococondes, cecmo o likoly biologieal oyotom in which to tost for
tiﬁe optimality.

7.1 Spneceadon

»SQcaadic oyo movomonts arc producod by an ¢xcoodingly
clogant control syotom vhioh drivos conjugate oyoball rotations
with volocitioo of upto 1000 dog/o in veroiono lasting less than
o twontioth of a goecond. Vorious roocarechors, uuch_aa,
‘Phyolologiots, Poychistriots and Clinicians have all boon
intrigucd by thooo movomonts rosponoidblo for positioning tho
irngo of on objeet on tho high rooolution fovonl rogion of the
rodina. Tho oacendo ic charaetoricod by o rapid acceleration
to n rolatively conotant high veclocity folloued by o lcos ropid
doneecloration to tho nov oyo pooition. Thoso movemonto are
vory quick; a 10 deg. ooccado may teko as little as .04 a (9).
Thio timo excludoo tho woll known random deley time of 150 - 200
no. Tbioc lotoncy moy bo nogloctod boeauco it dooo not affock
the ohopo of tho dynonie trajoctory, (15, 35, 38). A nonlinoar
rolotionohip oxioto botvcon ocaccadic amplitudo and voloeity with

n coturotion of 1000 dog/c ot about 50 dog (9); thuo larger oyo
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noveronto toko o longor timo. Ooceados vhieh roduco slip
botvoon tho imnge and the rotina, ore outputo of o dunl-rodo
control cyocton in the bdroin which ic rosponsidle for tho

0
ozocut%gg of complox voroionnl oyo woveronto.

Rocently, the tochniguoo of ayotom anolycie havo
bocn cnploycd to dovelop rodels wvhich approzimante the dynanic
trojoctorics, of onccndic oyo movenents (5, 11, 12, 22, 23, 32,
35). Ao diocuspod in 5.1 uoing physiological date alonguith
povorful ongincering tools such ao f£roguency and time-domain
onnlyoic, soveral cochanical nnalpgo to the extraocular muocloo
and the oyoball havo hocn.conaﬁructod. Onc branch of analysis,
onide from modelling, oynthesin, ocimulation or otability, is
thot of optimal control theory (Bivliorraphy) whieh io
privarily concorned with the minimization or marimiention of
such guontitios ao tino, onergy, or distanco in order to achlcw
o eortain objoctiva. To thio end, tho tochniquos of optinnl
control thoory have boon oppliod %0 o wmodol for saccades to
poc 1f ¢hoso oye novemonto aro tinc optical. The only
provioun appliention of timo optimal control theory inm vlology
ara by Smith (°8) for hond movomont ond Cook & 3tark (11) for
oyo covemont. Coolk and Stork ucod on crroncous asoumption
o0 to marximum muoole foroe and drow the faloo conclusion thot

tho oyo movenents voro not timo optical.
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Daporicontol rooulto oo hﬁman and oninal nour&ﬁhyoio-
logy havo chouvm that the norvous oignalso ﬁﬁ@ and nA@ ooy bo
approzniratod by the firot-ordor timo optimnl control signals
oo ohotm in Pig. 30 (10) (Soo aleo Soc. 6.3). At the otort of
8 o~eerdo, ﬁﬂG aehiovos o high lovol of activity and HAQ dropo
$o 0 lovel of almopnt sero activity. This is complotely
conpatible with the timo optimal control signal for a first-
ordor cyotem vhoro ono vould usnt oo large & driving forece and
as orall o rooioting foree no poooiblo to move the syston
quickly. Aftor a eertain’timo, HAG decrenscs and HAT ineronscos
ito octivity to a otoady tonic lovel required to maintain the
eyo ot 1to nov position; Dachod lincs in Fig. 30 ohow
tyrical norvoun oignonls obﬂorvod onxporimentnlly. Tho oclight

dol y botuocon the cnd of F, ., ond tho ond of ﬁﬁ? is an

AQ
intorcoting cudtlety of cocondic control reflected in nouro-
phyciological data (27). Thic norvous cotivity wvas first
nenourcd by Tamlor ot al (Dibliogrophy), but Cook rnd Stark (11)
pootulatod the followvin: relationchip botwcon tonie aciivity

end otcady otatc oyo pooition 6 for horizontel oyo movement as 3

AT o 37.5 - & KP/Q

Yor vortieal coye covemont wo have oarlior dovoloped oinilar

rclotiono in O~ce 6.5, Theoo oro iven by oquationo 6416 and
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6.17 uliich are roproducod bolou t
PAG o 12 + KP e/2

?he fact thot tho controllor signels are vory similar to tho
optioal control for o first~ordor syotom hae lod sovoral
roooarchors (22, 23, 32, 33, 35) to utiligo a first ordor
approzinntion for modolling the plant. This has proved quite
patiofactory in modols of the ovorall vorsional eye control
oyotom whoro the controller is spuch slowvor than the plant;

tho plant 1o thon simply ropresented. Howevor, in 2 model

of tho plant alono vhore minuto facdts of ite dynumic rosponsos
aro of intorecot, one muot reegmnice and includo o more ascurate
ronlication which includec the noycmeotrieal nonlinonrities of

tho ontraoccular munclces.

T+3 [Inthomatienl Roprogsontntion

In ordor to nchiove a timo optimal rosponsc, ono
nuct conoidor the proporticc of the control aot EAG and NAT
oo voll ao tho elemento of the ceular motility nddod. The
podifiod modol (Pig. 23) 1o bacicnlly a nonlinocar sixzth-order
oyotca econsioting of TrAG’ '729. o cocond-order globe orbit

podol and $wo firot-ordor mucclo npproximation.

Tho bacic form of tho optimal controllor signalo

for tho oioulaotionc dopond on @
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(1) Tho difforontinl oquations daoeribing tho
gaccadic syotom, tho Homiltonion funotionnl fornmod from tho

difforontinl ocquoationo and thoir adjoint forn and

(41) The porformonce critorion, wvhich in our ecape

io minimun tinc.

Tho nathomatical equntions govorning the oxtraocular

syoctoem of Fig. 23 arao givon bholow 1

Lot 91 = ©, tho angle of tho oyo in dogroocs.

92 « %the anglc of tho ngoniotie nonlinocar force -
velocity relationship in dogroes.

€, = the anglo of tho antngonistie nonlincar foreco -
velocity relationohip in degroes

8, = 64 » the oye volocity in dqg/m

r

a¢g = T

o ©

AG 5

r 0

AT B Ypp B 3

Tho govorning oquations aro

&, = 6, e (7.1)
6, = 1000 ( X, (8, - 6,) + 65) / (0.25 6,

s Ey(e, = 8) ) aee (7.2)
8
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94 o KA(SZ + 93) - D8, - (2 K, © 5:9)9:)/"’ (7.4)

95 =3 (‘/TAG)( - 95 + HAG ) see (7-5)
8 = (1/ 0 1)(- 85 + 1) (7.6)
6, 76, > 65 , P Fao © B 2Panb20 , >0 ... (7.7)
A

[ a6 = Tact é'.i>/0 ;
) vee (7.8)

< T\doact é5< )

TM‘ = T aot 95203
, ) ses (7.9)

= T&onot é6<”° )

Tho paramoters for theso oquationc are alroady given

in Joceoe 5.2

The activation-denctivationtine eonctants ore
initiolly omitted in this dovelopmont thuo'o = Tpn =20
Tho optical policy with thoir incluvion will thon bo developed
hourictieally. The adjoint cquations for this simplificd fourth
ordor arc formed from the Jancobian A of the original equation

71 to 7.4 in the folloving wmannor 3

Bo s ——— 7p0

VR ] fyicoy N Y fOGY 7



where,

0 Q
b/c2 ~b/c2 0
333 K, - %33 EA
¥ 0 7
AT AT
2!!‘ + KI’ El! . I!
J J J
b = 1000(1.25)K,F,. “\ \.
0 h/ea .222-5&.
Fpr
(¢] -b/c? 0
o 0 ~3%53 5
rAT
1 0 0
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o' Py e = 1.25 (10C0) K, Pg P2/(0.25 Pyg = K, 8 , KA92)2
- 333 K, PBIFAT + (2 K, +Ky) B/d vee (Te11)
B, = 1.25(1000) B, P,; P,/(0.25 ¥, + K,6, = K,8,)
- KAP4/J ees (7.12)
53 © 333 K, By/T,q - K, P, /3 eee (7413)
§4 = P, B/ - P, ces C ves (7.14)

Tho Hamiltoniah functional is tho inner product of tho voctors
é and P, pluc the porfornancc critorien; thic functional
pupt bo maximigod and ogqual to coro in ordor for optimality

| €0 bo achiovod,

H = 1+ ?194 + 1‘25(?000)FA3_P2§(0.25 FAG + K8, - nae,)

~ 1000 P, + 333 (KA91 - KAQB) Pj/PaT - 333 93

L

+ (KA(QQ +05 -2 8,) - K0, - nbec) Ph/J ees (7.15)

In ordor for H to b0 optimnl, lot uo conoider it no o function
of FAG ond FAT' aondinicing tho Homiltonion implico

Fnan _ Paj> o

P .
zin 924(,0
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Pmax P3 Z0

pmin E@ >’°

Tho numbor of ewitchingo of P, ond Py dotornine
tho orxaet force programme. I$ enn bo chovn that P4 ddos not
chango oign (9). Thuo tho coofficiont of P’ onro pooitivo.
Thuo 4f - rﬁ(o) and Pz(o) or - Pﬁ(o) ond Pﬁ(o) are of
oppooito sign, then oithor P2 oy P3 can chango sign. Howevor,
ongo - P4 and P2 beeomo of tho came oign, thoy do not chango
6ign egain. Thus Pz and 93 oan chango oign only onco

inplying F,p ond FAG chango only once.

It can bo furthﬁr shovr (9) that the propor ohtinal
control oignalo arc of tko osame form ac in Fig. 36(b). Tho
asetivation denctivation timo conotants add onc morc owitehing
of oach controller oignal so that tho tonoion sources FAT and
FAG approxinate 08 clooecly ao poooible the optimal controlo
dopioted in Fig. 30b. This 40 showvn in P4is. 30¢ wvhere the
toenoion sourcoo oro shovn with dottod linen; noto how thoy
opprozicate the aignals ehown in Pig. 30b vhon acetivation

deoctivation is ignoraod.

Tho rosponsos of tho codol t0 firot ordor ceontrol
oignal havo already boen given in Chaptor VI. Ao has boen
choun thoero, theso rosponcos closoly mnteh tho obhaorvod

onporimontal humon oyo movomento. I¢ is, thoroforo, hypothosigoc
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that human saccades are time optizmal. The control pattern
found in human electromyograms and animal nerve signals

during saccadic eye movemsnts aleo appear to be the eame

fivst order time-optimal sequence.
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8., €ODCLUSIOD

A nodel for the hunan oyc trncking nochanion for
vortienl oyo movoment hoo beon dovelopod which includos tho
.?gnlinoar and acyormotrical dynanie charactorictics of tho

\ﬁnégéniat - antogoniot muoelo paiyr (ouporior roctus plus
inferior obligquo -~ inforior roctus plue ouporior oblique)
driven by norvous oign-lo from thb oztraoocular nucloi and
thich moveﬁ the eyo to ovorcone orbital viccoclastic foreoo.
The tacic otructuro and function of this oystecm was obtainod
from anatomical and phyoniologieal rasults on the oxtraocular

muscles, tho globe nnd the orbit.
L
., (I -

' of tho cye tracking mochanionmo in which cach paramotor{of tho

The model 45 o roaliotic mathomatical roprosentation

., nodel) can be identifiod with a phycic:l counterpart. Its
roononoos accurately dopiet the rosition, velocity and
accoloration of saccnloo. It oleo roproducos, faithfully,
tho woll nown"cain cogquonco® diograms of sacendie volofity
voerous amplitudo. Snocoth pursuit movemont has clso boon

cucceonfully simulnted.

Laotly 4t has boon ohown that tho hunon oyo oonceadic

novenent 1o time-optinnl.
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8.2 Seopo for Puturo Vorlk 3

Tho model prooontod can aloo b0 tootod for
vorgoneo oye movemonto and rolovont dynanic charactorictics

can bo studicd.

The comparison oo for given in thio dioocortotion,
of tho model results, was in respoct o0f data portaining to
horigontal oyo movemonto. Data on rocording of vortical oyé
noveronto 16 non-oxietent in litoraturo. The modol can,
-tharofore, be tested againet actual datn of vertienl eyo

movernents.

Tre model con also bo tontod for dynamic stability

by 'innors' tochniguo{Bivliography).

A mord necurato modol Jor vortical oyo movoment con bo
conotructod by conoidoring the four oxntra oculor musclos
concornod separatoly, inctoad ¢of lumping them togothor to
roduce thenm to tvo offoctive cuocloo, ao hos boon donmoe in ¢hic

diooortation.
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APPENDIX

cc ASHWINI KUMAR  SACCADIC
READ ARM, X @, X¢M, DgX
11 CONTINUE

Z = (AKN/3.365) * (1, = EXPP(~175, * X ¢J) »
(3.2 * SINF (55, * @) + CO3 F (55. * X ¢)))
IF (X ¢ - Xﬁﬂ) 50 50 20

5 % '~ WRITE 10, 2, x¢
103 pervatT ( / , E, E)
X¢ = X¢ + DEX

GU TC 1

201 8T02

END

1.0¢ » QOO' [ 001 » .001

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