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Abstract: Our work addresses one of the core issues related to Human Computer Interaction (HCI)
systems that use eye gaze as an inpus.i$sue is the sensor, transmission and other delays that exist in any eye
trackerbased system, reducing its performance. A delay effect can be compensated by an accurate prediction ¢
the eye movement trajectories. This paper introduces a mathematidal of the human eye that uses
anatomical properties of the Human Visual System to predict eye movement trajectories. The eye mathematica
model is transformed into a Kalman filter form to provide continuous eye position signal prediction during all
eye novement typesThe model pesented in this paper uses bsaiim control properties employed during
transitions between fagsaccadelnd slow(fixations, pursuitieye movements.Results presented in this
paper indicate that the proposed eye model inleia filter form improves the accuracy of eye movement
prediction and is capable of a re¢imhe performance. In addition to the HCI systems with the direct eye gaze
input, the proposed eye model can be immediately applied forrat®éitomputational redtion in reattime
gazecontingent systems
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1 Introduction that are burdened by bone weight. Additionally the
There has been a substantial amount of resediobrs inside of the extraocular muscles are fatigue
in the HCI community that investigated the use w@sistant within certain limits of the eye movement
the eye gaze information as a primary or auxiliaaynplitude[3]. It is noteworthy that limb muscles
input to computer systenid] [2]. This researchdo not possess such psspes, hence repetitive
indicates that such input is especially beneficial iamb movements cause fatigue and excess of such
target selection due to the following reasons: mpvements might cause repetitive stress injury. c)
people look at a target prior to selecting it with arhe eye can provide an additional channel of input
input device. Therefore when an eye gaze is usedituations where the use of limbs is restricted or
for selection, the selection @l introduced by anunavailable, such as surge where both hands are
auxiliary input device such as a mouse @cupied kaparoscopy user interfaces for the
eliminated[1]. b) Due to the fact that the eye glob®andicapped, etc.
rotates in a fluid inside of an eye socket, the eye hddespite all the benefits there are few challenges
the capability of moving much faster than the limlisat limit eye gaze input technologye., cost,
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accuracy, sensor and transmission defays mimics eye anatomy by consideringhysical
Our work specifically concentrates oproperties of the extraocular muscles and the eye
compensation of sensor and transmission delaysbe. The OPMMas six states that represent eye
Our hypothesis is that delay compensation wglbsition, velocity, muscle location and muscle
allow creating more responsive HCI systems aftiices.Ourmo d e | i's based1l0pn B;
provide higher level of compression imwith two major additions: the ability to start a
gazecontingent systemsThe delay compensatiorsaccade from any point in a horizontal plane and
approach we selected isdeal on prediction ofthe ability to direct a saccade in any direction in the
future eye movements. If the future eye gaherizontal plane. To ensure continuous eye
location is predicted accurately, target selection canvement prediction the mathematical equations
be premade, therefore increasing thguiding the OPMMweretransformed into a linear
responsiveness of the HCI system with direct estechastic difference equation required for a
gaze input. In a gazeontingent compressiorKalman filter. We call thignodelthe Oculomotor
system the accurate eye movement prediction ilant Kalman Filter(OPKF). The Kalman filter
allow to minimize the size of the high qualitframework is selected as d@assical reattime
codedRegion of InterefROI), therefore reducingpredictoro f t h e flguyesstateima® soisy
overall bandwidth or computational requirementsnvironment with the minimization of the error
[4], [5]. betweentheestimt ed and t he act uc:
The challenge of the accurate eye moveméit].
prediction lies in the fact that thduman Visual This papeis acontinuation of our previous work
System(HVS) exhibits a variety of eye movemeri8]. In the current paper we preserit) new
fixation, saccades, smooth pursuit, optokinetguations for muscular forces during fixatip@%
reflex, vestibuleocular reflexandvergencd6]. In  new equabns for brainstem control parameters
this paperwe concentrate on the first three due tluring saccades3) employmentof the brainstem
the observation that these eye movements eoatrol propertiesin cases when the eye goes
exhibited when a person works with a computénrough transitions between fast (saccades) and
With great simplificationtheir rdes are describedslow (fixation, pursuits) eye movementst)
as follows:1) fixation i eye movement that keepsiccurate initialization of the &man filter state
an eye gaze stable in regard to a stationary targaitor at the beginning of each saccgaded 5)
providing visual pictures with highest acuit®) tertiary (fixation, pursuit, saccade)elocity-based
saccadd very rapid eye rotation moving the eyeye movement classificationwith detection
from one fixation point to anotheand 3)pursuit thresholds provided byenirological literaturg6].
stabilizestheretina in regard to a moving object oDur experimental results indicate thabove
interest. mentioned additions improve the accuracy of
In our previous worl7] we created th&wo State prediction achieved by the OPKF modbsl 2-3%.
Kalman Filter (TSKF) eye movement predictioiThis improvement in accuracy is supported by
model. The TSKF model assumes that an eye Benulation resultsnvolving 21 subject@and three
two states, position and velociur tests indicate multimedia tests. It shoulde pointed out thate
that the TSKF allows accurate eye movemamedictionmodelremaindinear and can be used in
prediction during fixations and pursuits but has online system with reéilme performance
poor performance during saccadésimprove the constraints.
accuracy of the eye movement prediction duri@y Human Visual System
saccades, wieave developed a@@culomotor Plant 2.1  Control
Mechanical Mode{OPMM) [8], [9]. This model The eye globe rotates in its socket through the use
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of six musclesThese six muscles are: madand superior and inferior obliquesan participate in
lateral rectj superior and inferior recti; superiomtrusion, extortion depression, elevation,
and inferior obligué the muscles responsible foadductionandabductionof an eyg6].
eye rotations around its primary axis of sight; andDuring saccadeshe branstem controlsignal
for each nuscle resembles a
pulsestep function[12]. The eye
position during the onset of a
saccade and t h e saccaf
amplitude and direction define
pulse and step parameters of the
control signal. Once the
parameters of thebrainstem
control signal are calculated by
the brain, the control signal is
sent as a neuronal discharge at
the calculated frequency.

During eye fixationsneuronal
discharge is performed at a
constant rate that is linearly
related to the eye positig12].

Figure 1. Oculomotor PlanMechanicaModel. 2.2 Oculomotor Plant
Mechanical Model
vertical eye movements. HorizontalOculomotor Plant Mechanical Model

Thebrain sends arainstem contradignal to each (OPMM) is represented by the eye globe and tw
muscle to directite muscle to perform its work. Asyiraocular muscléslateral(LR) and media(MR)
brainstem  control signal is  anatomically recti Each muscle can play the role of the agonist
implemented as a neuronal discharge that is 5@(@) or the antagonigANT). The agonist muscle
through a nerve tomuscle[12]. The frequency of pulls the eye globe in the required directiand
this discharge determines the level of musgjg, antagonist muscle resists the péligure 1
innervdion and results in a specific amount ‘Hresentsthe OPMMdiagramduring rightward eye
work that a muscle perforsn movementsEach individual extraocular musdte

Each eye movemerntajectory can be Separatepepresented by a set of separate components
into horizontal and vertical componentThe generating a sp#ic force. These components

control signal for the horizontal component iBclude 1) active state tensiofi,, 7., modeled as
generated by the premotor neurons in the pads 8, jdeal force generator2) series elasticity

medulla[12] andprimarily executedby the medial Fupin» Fsewr, and lengthtension componest
an th.e lateral recti .muscleﬁ]. Th(_e rostral Fur 1n, B we modeled as ideal linear strimguith
midbrain generates larainstem controsignal for ~q«ficients Ky = 2.5 grams/°  and Ky =
the _vertlcal eye movement ru:qnonent[lIZ]. The 15 grams/o: and 3) force velocity relationship
vgrhca} eye moveme_‘nt com_pon_ent IS _exeCUtEQmponentsﬁg_LR,ﬁB_MR characterized bgamping
primarily by the superior, the inferior recti and thg,efficients B, = 0.04 grams —s/° Bayr =
SUperlor, the Inferlor ObllquE] MUSC'G rOIeS are 002 grams _S/o and the Ve|OC|ty of muscular
more complex.wheﬁ secondgry and .teyt@uscle contraction a6,z . 40,7 »z . The actual force
roles are considerede., superior and inferior reCt'appIied by lateraF,, and medialT, , recti to the
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eye globeis a summation of allthese forces. . (M)_NAG_ﬁx(Ae)KSE AOK e K, r 3

Passive elasticity components related to the eye™™ """~ Ky +Kyr Ko+ Kir

globe tissues combined with passive elasticity of Nant rix(00)Ksp  AOKgp K7 4
Tant_fix (A0) =

extraocular muscles generate forgg, and Ksg + Kir Ksg + K1
viscous elements of the orbital tissues generatieere K; = 2.5grams/° and K, = 1.2grams/° are

force  Fyp. Eye globe inertia is force coefficients of the series elasticaynd length
] = 0.000043 grams — s2/°. More detailed tensioncomponents.

description of the components presented aloave Solving the system of linear equations
be found i8], [9]. represented byl), (2), (3), (4) we comeup with

Eye globe rotation occurs as a result of brainstéme value of brainstem controlsignal during
control signabgenerating active state tensioside fixations:
of each muacle therefore allowing the contracting N, 7., (46) = (20.72 + 2.38|A6|)
muscleto rotate the eye globeThe nextsubsection  n,,, .. (A6) = (20.72 — 0.46]46])
presents brainstem contraignal equations for 5 3 5o gzccades

fixations and saccades. The neuronal control sign@dach gccade is generated byeainstem control

for pursuits is not presented in this paper. signal that looks like a pulse step functifir8].
2.3 Brainstem Control Signal This signal can be presented by the following
2.3.1 Fixations equations:

Scalar values for woscle force T,z , Tuz Nag sac(t) =
presented inFigure 1 were measured during
strabismus surgery a type of surgeryri which NG sac_puiser tac_sac puise onset =t < taG sac_pulse offset
muscles are detached and then reattached to (tN@ sac offsets tac sac puise ena < t < tsac offset
eyeball to correct muscle dislocation. Using the
values of those force8ahill [10] hasproposed a{

NAG_sac_onset' tsac_onset st< tAG_sac_pulse_onset

NT_sac (t) =

. . . NANT_sac_onsetr tsac_onset =t< tANT_sac_pulse_onset
Ilnear relat|0n5h|p between the fordélat eaCh NANT,sac,pulse:tANT,sac,pulse,onset =t< tANT,sac,pulse,offset

muscle applies to theye and the eye rotational Nuvr sac offsets tant sac puise offset < t < tsac offset

POSIioN A9 in its SOCKEL Tq ix(40) = 14+ t.ame CONStants present time parameters for each
08]461, Tanr rix(86) = 14 +03]46] whereAd is the yne of muscle andaction phase.t is the time
eye rotation measured in degregsd| is the giapsed from the beginning of the saccade. The

absolute value oAf. We proposechangingthe oppmm developed in thipaper usethe following
relationship between the tagonist force and thetjme constantst

sac_onset — 0

eye rotation tOT,yr ;,(A0) = 14 +0.5]A0] . This toac offset = (259 % |Byac amp| + 28.7) ms. )
modificationallows following the trend of the eye
positionforce relaonship identified by Bahillbut
allows avoiding negativébrainstem controsignal
values for eye positiongé| up to 45°.
Tac fix(00) = 14 + 0.8]A0) Q)
Tant fix(86) = 14 + 0.5|A6)| 2

b.0c amp 1S the amplitude of the saccade measured in
degreest . offser — tsac onser 1S the duration of the
saccade, calculated by the formula proposed by
Fioravanti and colleagued4]. The relationship
between saccade duration and the amplitude
together with the main sequence relationship
During a fixation statethescalar values dadctive (relationship between saccade amplitude and the
state tensio® F,,, Fy areassumed to be same aseak velocity) are representative characteristics of
the brainstem  control signal Ny ;(46), saccade eye movemefi6.
Nanr rix(46) sentto the muscl&nowing the scalar The agonist and antagonist muscle related time
values for the force components inside of eagbnstantsan be fand in[8], [9].

muscle[8], [9] we have The parameters such as amplitusigcade onset






