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Abstract -This paper builds a two dimensional Oculomotor
Plant Mathematical Model 2DOPMM) that is capable of
generating eye movement trace on a two dimensional plane.
The key difference between the proposed model and the models
presented previously is a design that is geared towards linearity
and capability of integration into a real-time Human Computer
Interaction system while providing force output for each
extraocular muscle with values close to physiological
measurements. The model is represented as a twelve order
system created by a set of linear mechanical components
representing major anatomical properties of extraocular
muscles and the eye globe: muscle location, elasticity, viscosity,
eye-globe rotational inertia, muscle active state tension, length
tension and force velocity relationships. Linearity is a key point
ensuring a real-time performance in an online implementation
of the model with twelve order representation providing close
match to the eye anatomical structure. Practical applications of
the proposed model lie in the area of extraocular muscle effort
estimation and Human Computer Interaction.

Keywords- Oculomotor Plant, Eye Movements, Human
Computer Interaction, Effort Estimation.

I. INTRODUCTION

Oculomotor plant mathematical model (OPMM)
development has provided an important impact on several
scientific fields. For example, oculomotor plant models have
been already employed in the medical field for the correction
of the eye pathology called strabismus [1]. A horizontal
OPMM was employed as a tool allowing reduction of sensor
and transmission delays in the eye-gaze driven systems,
through accurate eye movement prediction [2],[3]. Same
OPMM was suggested as an extraocular muscle estimator
for quantitative assessment of usability in graphical user
interfaces [4]. It should be noted that muscular effort
estimation appears to be an important problem in the
medical community [5], [6]. Muscle effort is usually
quantified by using the EMG signal analysis [5]. Such
technique estimates effort as a normalized recorded activity
of the EMG signal. An eye tracker can be employed to
provide extraocular muscle force output through the use of
the eye model presented in this paper. Eye tracking is
particularly an attractive technology due to its non
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invasiveness. Modern eye trackers are represented by web
camera-like devices without any parts affixed to the user’s
body.

The contribution of the 2DOPMM presented in this paper
is the ability to simulate two dimensional eye movements
and to provide muscle force values for each extraocular
muscle while maintaining linearity. Our model grows from a
horizontal OPMM presented in [2], [3] by addition of two
extraocular muscles (superior/inferior recti) and allowing
vertical eye movements. When compared to three
dimensional models [7], [8] our model accounts for
individual anatomical components (passive elasticity,
viscosity, eye-globe rotational inertia, muscle active state
tension, length tension characteristics, force velocity
relationships) and considers each extraocular muscle
separately, therefore allowing estimation of individual
extraocular muscle force values.

II. HUMAN VISUAL SYSTEM

This section provides the description for the anatomical
apparatus involved in execution of basic eye movement
types (fixations, saccades) and brainstem control mechanism
responsible for extraocular muscle innervations.

A. Oculomotor Plant Mechanics

The eye globe rotates in its socket through the use of six
muscles. These six muscles are the medial and the lateral
recti — the muscles mainly responsible for horizontal eye
movements; superior and inferior recti — the muscles mainly
responsible for vertical eye movements; superior and inferior
oblique — the muscles mainly responsible for eye rotations
around its primary axis of sight; and vertical eye
movements.

The brain sends a neuronal control signal to each muscle
to direct the muscle to perform its work. A neuronal control
signal is anatomically implemented as a neuronal discharge
that is sent through a nerve to a designated muscle from the
brain [9]. The frequency of this discharge determines the
level of muscle innervations and results in a specific amount
of work that a muscle will perform.

During an eye movement, movement trajectory can be
separated into horizontal and vertical components. The
neuronal control signal for the horizontal and the vertical
components is generated by different parts of the brain. The
control signal for the horizontal component is generated by
the premotor neurons in the pons and medulla [9], and
executed by the medial and the lateral recti muscles. The
rostral midbrain generates a neuronal control signal for the
vertical eye movement component [9]. The vertical eye
movement component is executed by superior/inferior recti
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and superior/inferior oblique. During saccades the neuronal
control signal for each muscle resembles a pulse-step
function. The eye position during the onset of a saccade, the
saccade’s amplitude and direction define pulse and step
parameters of the control signal. Once the parameters of the
neuronal control signal are calculated by the brain, the
control signal is sent as a neuronal discharge at the
calculated frequency. During eye fixations neuronal
discharge is performed at a constant rate that is linearly
related to the eye position.

B. 2D Oculomotor Plant Mathematical Model

Our Oculomotor plant model stirred by the work of
Komogortsev and Khan [2] where a linear horizontal
oculomotor plant mechanical model was developed. The
model consisted of the eye globe and two extraocular
muscles: lateral and medial recti, and modeled only the
horizontal movement of the right eye. Based on the
anatomical properties of the eye muscle properties, we found
the model can be easily extended to develop the eye
movements with both horizontal and vertical components in
them.

Our 2DOPMM is driven by the neuronal control signal
innervating four extraocular muscles lateral, medial, superior
and inferior recti that induce eye globe rotation. The
2DOPMM models resistive forces provided by surrounding
tissues. The lateral, medial, superior and the inferior recti are
modeled through a system of mechanical components
described in latter subsections. Each muscle plays the role of
the agonist or the antagonist. The agonist muscle contracts
and pulls the eye globe in the required direction and the
antagonist muscle stretches and resists the pull [2].

Fig. 1. Oculomotor Plant Mathematical Model with four muscle forces

Latter subsections describe the 2DOPMM based on the
role that each muscle plays in a particular situation. We
present a detailed example when the eye globe rotates Right
Upward, and lateral/superior recti induce the movement and
medial/inferior recti resist movement. We can say that
lateral/superior recti play the agonist and medial/inferior
recti play the antagonist role in this particular situation.
Evoked by muscle movement, an eye can move in eight
different directions: Right Horizontal, Left Horizontal, Top
Vertical, Bottom Vertical, Right Upward, Left Upward,
Right Downward and Left Downward. This paper discusses
in detail only Right Upward and Left Downward movement

as examples, but the model can be modified to simulate eye
globe movements in all directions.

Our 2DOPMM is implemented with four contour points
located around the eye globe. Each point is attached to the
corresponding extraocular muscle inducing a required
rotation of the eye through generation of forces Tz, Ty Tsr
and Ty. Fig. 1 presents the diagram of the 2DOPMM in its
primary position with coordinates (0, 0). The subscript
notation identifies LR with lateral rectus, MR with medial
rectus, SR with superior rectus and IR with inferior rectus.
Later in the paper the agonist muscle’s parameters are
identified with AG subscript (example Nag, Bag), antagonist
with ANT. Subscripts HR and VR will represent horizontal
and vertical components of the oculomotor plant
respectively. The force direction of a particular muscle is
represented by T (Top), B (Bottom), R (Right), and L (Left)
subscript notations. In our work, Right and Top force
directions are regarded as positive for eye movements in any
direction. Subscript notation MF is used to represent the
force applied by a muscle to the eye globe. Parameters
without those subscripts are identical to both types of
muscles.

C. Individual Muscle Properties

Detailed computation of muscle forces requires accurate
modeling of each component inside of an extraocular
muscle. These components are passive elasticity, an active
state tension, series elasticity, a length-tension component
and a force velocity relationship [10], [11], [12]. Combined
these components create a Muscle Mechanical Model
(MMM).

Passive Elasticity: Each body muscle in the rest state is
elastic. The rested muscle can be stretched by applying
force, the extension being proportional to the force applied.
The passive muscle component is nonlinear, but in this paper
it is modeled as an ideal linear spring. The numerical value
for the spring coefficient representing passive elasticity was
estimated by Collins [10] to be K,=0.5 grams of tension per
degree.

Active State Tension: Each muscle produces active state
tension when it is stimulated. If stimulated by a single wave
of neurons a muscle twitches then relaxes. A muscle goes
into the tetanic state, when it is stimulated by neurons at a
specific frequency continuously [13]. When a tetanic
stimulation occurs, a muscle develops tension, trying to
contract. The resulting tension is called the active state
tension. The intensity of the active state tension depends
upon the frequency of the neuronal discharge. An ideal force
generator component is used in the MMM to represent active
state tension [, with lateral rectus, F),; with medial rectus,
F with inferior rectus, and F, with superior rectus.

Length Tension Relationship: The tension that a muscle
develops as a result of neuronal stimulation partially
depends on its length. In this paper the length tension
relationship is modeled as an ideal linear spring. The linear
coefficient K7 of the spring was measured by Bahill [11] to
be 1.2 grams of tension per degree.

Series Elasticity: The series elasticity is in series with the
active force generator, hence the name. In the MMM, the
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series elasticity component is modeled as an ideal linear
spring. The linear coefficient K of the spring was measured
by Collins [10] to be 2.5 grams of tension per degree.

Force Velocity Relationship: This relationship shows
that a muscle is capable of producing larger forces at lower
velocities. This dependency of force upon velocity varies for
different levels of a neuronal control signal and depends on
whether a muscle shortens or being stretched. In this
research, the velocity of muscle contraction is connected to a
change of length in the length tension component of the
muscle and represented by the following variables employed
either in horizontal or vertical plane: A6ume 7 1z - lateral
rectus, A6pane 17 mr- medial rectus, A6 1 sp- Superior
rectus, A0,y 11 k- inferior rectus. The values for the viscous
elements are, B,; = 0.04 grams-sec/° and B,yr= 0.02 grams-
sec [11].

1. RIGHT UPWARD EYE MOVEMENT

When human eye rotates to a new target axis due to
visual stimuli, each eye muscle is innervated by a neuronal
control signal producing necessary muscle forces for eye
globe rotation with required direction and magnitude. In
this subsection we will compute Horizontal Right,
Horizontal Left, Vertical Top and Vertical Bottom muscle
forces. Similar to each extraocular muscle, these forces can
be classified as agonist or antagonist. Computation of these
forces will allow us computing individual extraocular
muscle forces later.

T,

vr_1 mr=Tsp Cos Ogp

=T,z Cos @, Tyur_1_yr=Thr €05 Opp + T g Sin Ogp +T 1 Sin Oy

Tr_r_mr

.

=T g Cos O+ T, Sin @, +T, . Sin O,

TFR B MF MR

Fig. 2. Right Upward eye movement with vertically and horizontally
projected muscle forces.

During Right Upward movement of the right eye (eye
executing a saccade between two fixations) the lateral rectus
and the superior rectus as agonists move the eye to its
destination stretching the medial and inferior recti. New
destination (fixation point) results in equilibrium of
extraocular muscle forces and the forces associated with the
eye globe. @ represents horizontal component of eye globe
rotation measured in degrees while @, represents vertical
component. Each of the four muscles of our 2DOPMM
becomes tilted to a respective angles, Oz, Osg, Opr and O

When mapped to the horizontal and vertical planes, each
extraocular muscle provides a projection of its force. Those
projections are directed according to original two
dimensional movements, therefore creating four equations of
forces in horizontal and vertical planes:

Horizontal Right Muscle Force (Tyg g mp): T1.rC0sOpz
Horizontal Left Muscle Force (Tyg 1 mr) : TyrCosOpp +
TspSinOsp+ TirSin@Opr

Vertical Top Muscle Force (Tyz 7 mr) : TsrCos@Ogp
Vertical Bottom Muscle Force (Tyz g yr) : TirCosOp +
TurSinOpyp + T1aSin@p g

A. Horizontal Right Muscle Force (Tyg g mr)

During Right Upward eye movement Right Muscle Force
(HR R MF), pulls the eye-globe in positive direction and
can be classified as the agonist. According to diagram
presented in Fig. 2, lateral rectus is the only muscle
contributing to the Ty g a4 force.

Lets assume that prior to the eye movement, the length of
the displacement in the series elasticity and the length
tension spring components in the horizontal direction added
together was 6z 1. Considering that the right eye moves to
the right by Afy the original Gux ;x displacement in the
lateral rectus is reduced making the resulting displacement
Our 1r - ABug 1z The displacement A6y ;1 can be broken into
the displacements inside of series elastic and the length
tension componenets as: Afug (k=AOur st 1r - AOur 17 1k
Muscle contraction expands the series elastic component
making the resulting displacement 6yg sz 1r+AOkR s Lr-
Muscle contraction shortens the length tension component
making the resulting displacement Oug 17 1r-AOkg 17 1z The
damping component modeling the force velocity relationship
BacAByug 7 1r Tesists the muscle contraction. The amount of
resistive force produced by the damping component is based
upon the velocity of contraction of the length tension
component.
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Fig. 3. Horizontal Right Muscle force. Forces generated by individual
MMM components are marked with arrows.

Using Fig. 3, we can write the equation of force with
which the part of the diagram responsible for contraction by
the lateral rectus (active state tension, damping component,
length tension component) pulls the series elasticity
component.

THR_R_!WF = Fpcos6p + KLT(BHR_LT_LR - AGHR_LT_LR) cos O — 1)
BycABhp 11 1k €OS Opp

Authorized licensed use limited to: Texas State University. Downloaded on March 20, 2009 at 09:35 from IEEE Xplore. Restrictions apply.



Resisting the contraction, the series elasticity components
of lateral rectus propagates the contractile force by pulling
the eye globe with the same force Ty x as-

Tur_kmr = Kse(Our_se_r + DOur_se_ir) €OS 01z 2)

Equations (1), and (2), can be used to calculate the force
Tur & m- in terms of the eye rotation A6y, and displacement
AByg 17 1z Of the length tension component of the muscle [14].

FrKse AbypKsg - .
T, = - — B,cA6
HRRME = g Kop + Ky ACTCHRATIR

&)

Where, Fip = Fip — Ksg (Onrir — Ouririr) + KirOurir i
Turrmr = Kse (AOHR_LT_LR - ABHR) ()]

Fig. 3 presents a detailed diagram of the lateral rectus
pulling the eye globe during Right Upward rotation.

B. Horizontal Left Muscle Force (Tyg | s1)

Three muscles, inferior (antagonist), medial (antagonist)
and superior (agonist) recti contribute to the Horizontal Left
Muscle force which can be classified as the antagonist.

Considering movement dynamics of medial rectus, we
can say that prior to the eye rotation, the length of the
displacement in the series elasticity and the length tension
springs added together was 6y \z. Horizontal eye rotation
by A8y, degrees causes change in the displacement 6y yx by
increasing it by Afyx px making the resulting displacement
Our mr + ABpg vr Both length tension and series elasticity
components lengthen as a result of the agonist pull by the
horizontal right force. A6z ux can be split into the
displacement of the series elasticity component and the
length tension component: AOug pw=A0ug s prTAOuk 17 M-
The resulting displacement for the series elasticity
component is Gy s st AOur si: s and for the length tension
component is Oyg 17 pr+AOux 17 mr The damping component
modeling the force velocity relationship B,yrA84z 11 wg resists
the muscle stretching. The amount of resistive force is based
upon the velocity of stretching of the length tension
component.

During Right Upward rotation, inferior rectus MMM
mirros the behaviour of the medial rectus but behaves in the
vertical plane.

During Right Upward movement, dynamics inside of
superior rectus are as follows: as result of the verical eye
rotation by A6, degrees, the original displacement 6,5 g is
reduced to 0 - ABg. The displacement Abgg can be broken
into Afgx =Afyx s sk - AOyx 17 sr. Muscle contraction expands
the series elastic component making the resulting
displacement 6,y g sx*AOix : se. Muscle  contraction
shortens the length tension component making the resulting
displacement 0z ;7 s - A% 17 sx. The damping component
modeling the force velocity relationship B,;A8y, ;1 sx resists
the muscle contraction. The amount of resistive force
produced by the damping component is based upon the
velocity of contraction of the length tension component [14].
We can write equation of forces with which the part of the
diagram responsible for the contraction (active state
tensions, damping components, length tension components)
pulls the series elasticity components,

Tur = __FMR cos Oyr — Kir (BHR_LT‘MR + ABHR_LT_MR) oS Oyr — )
BuntAOyg 17 MR €OS Opg

T = —_FIR sin i — Kyr (BVR_LT_IR + AGVR_LT_IR) sin 6 — (6)
BanrQByg 11 1p SIN O

T = _—FSR sin 6sg — Kir (GVR,LT_SR - AGVR,LT,SR) sin fsg + @)
BaAByp i1 sr Sin Bsp

Tur = —Ksg (BHR,SE,MR + AGHR_SE_MR) cos Our ®
Tir = =Ksp (Bvr_se_ir + BOyr se_ir) Sin O )

10)

Top = —Ksg (GVR,SEASR + AeVR_SE_SR) sin Osp

Kir(Oun 1 i~ A6un 1 su ) Sin€gy
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Fig. 4. Horizontal Left Muscle force. Forces generated by individual
MMM components are marked with arrows.

Equations (5), (6), (7), (8), (9), and (10) can be used to
calculate forces Ty Tjx and Ty , in terms of the eye rotation
AByg. A6y, and displacements Ab,p 11wz, AByr v v, DOyg ir sk OF
the length tension components of each muscle respectively
[14].

FurKse AOurKse ; an
Tur = — - — Bunr A6
MR Kee + Ky Kop + K,y oanTAOurur mr
Where, Fyyp = Fug + Ksg(8ur_ormr — Onrmr) + KirOup i mr
Tur = _KSE(ABHR - ABHR‘LT_MR) a 2)
FirKsg AbypKse ; 13)
IR Keg + Ky Kop + K, aNTA0vRLTIR
Where, Fiz = Fig + Kse(8vp_i71z — Oveir) + Kirbvr i r
Tir= _KSE(AGVR - ABVR_LT_IR) 14)
FopKse A6y rKsp ; a1s)
Tep = — B,cA
SR Kee T Ko | Kop + Koy + BucBOyr 7 sk

Where’ FSR = FSR—KSE(QVR_SR - 0VR_LT_SR) + KLTGVR_LT_SR

Authorized licensed use limited to: Texas State University. Downloaded on March 20, 2009 at 09:35 from IEEE Xplore. Restrictions apply.



Tp = _KSE(ABVR_LT_SR - ABVR) (16)

By using equations (11) (12) ,(13), (14), (15) (16) on each
muscle forces Ty Tig Tsk We can formulate the Tyg 4, pr in
the following way [14].

Turamr = Tur + Tir + Tsr
Using equations (11), (13), and (15),

T — (Fur + Fir + Fr) - AByrKse an
Kse + Kir Kse + Kir
- BANTAGHR_LT_MR - EANTAE.VR_LT_'R
+ BugAbyp i1 sr
Using equations (12), (14), and (16),
THR_L_MF = _KSE (AoﬁR - AGHR_LT_MR - AOVR_LT_IR + AGVR_LT_SR) (18)

C. Vertical Top Muscle Force (Tyg 1 mr)

In Right Upward movement, the Vertical Top Muscle
Force can be classified as the agonist. According to Fig. 2,
the only muscle contributing to the Tyz 7ur is superior
rectus. Superior rectus MMM works in the vertical plane
with similar dynamics as MMM of lateral rectus. Following
the logic presented for lateral rectus in Section ILA
(Horizontal Right Muscle Force section) equations
describing the MMM of the superior rectus can be derived.
For detailed calculations refer to [14].

FspKsp AbyKse : 19)
VRIMF = R K Ko + Ky AGOOVRLTSR
Where, Fsp = Fsg—Ksg (Byr_sr — GVR_L'I‘_SR) + KirOyr_ir sk
Tyrrmr = Ksg(BOyr_ir_sr — BOyg) (20)

D. Vertical Bottom Muscle Force (Tyg 5 mr)

Assuming that the projecttions of medial rectus, and
inferor rectus play the role of the antagonist, and lateral
rectus plays the agonist, the MMM of the Vertical Bottom
Muscle Force in the positive direction resembles with Fig.
4, muscles replaced by appropreate subscript notations and
movement in an appropreate horizontal or/and vertical plane.

This shows a similar formation of muscle forces Ty and
Tz as in horizontal left muscle force section and Tj; as in
horizontal right muscle force section with opposite sign
value, and in all three muscle forces, changing the muscle
angles from cosine to sine or sine to cosine. 7;zin equations
(25), and (26), shows opposite sign values of the equations
(1) and (2), because they are in the bottom force direction
which is considered as negative in this research.

Tur = ._FMR sinOyp — KLT(OHR_LT_MR + AGHR_LT_MR) SinOyg — Q@1
BuntB6yg 11 MR Sin Oyp

Tur = —Ksg(Bur_semr + AOug se  Mz) Sin Oyg (22)
Tig = ~Fig 05 61 = Kir (Byr.urim + AByg 11 1r) €OS B1p — 23)
BunrlByg 17 15 €OS O15

Tir = —Ksz(Bvr_se_ir + AOyr_se_ir) €OS O 24)
Tix = ~Fia sinOup = Kir(Oun.ir 1r = ABnr 7 1a) Sin Oz + @5)
BycAOup i1 1r Sin OLp

Tir = —Kse (Onr_se_ir + ABur se_r) Sin O1p (26)

By equations (21), and (22), we can calculate the muscle
force T, which is as same as equations (11), and (12).

FupKsg  A0yKse , @7
Typ = — - — ByyrAd
MR Keg + Ky Ko + Kyy  ANTOOHRLT MR
Where, Fiyz = Fuzr + KSE(GHR_LT_MR - BHR_MR) + Ki10nr it MR
Tur = _KSE(ABHR - AeHR_LT_MR) (28)

By equations (23), and (24), we can calculate the muscle
force T, which is as same as equations (13), and (14).

Tir=- F’RKSE - AypHss - ANTAGVR LT_IR (29)
Kse + Kir  Kog + Kir -

Where, £, = Fp + KSE(GVR_LT_IR - HVR_IR) + Kir6yr 1R

Tr= _KSE(AGVR - AOVR_LT_IR) 30)

By equations (25), and (26), we can calculate T,; which is
the same except with opposite sign as of equations (3), and

.

FipKse AByrKse 5 @31
Tir=— + B,s08
LR Kee + K Kop + Kip A A0HR LT LR
Where, Fyr = Fip — Kgg (GHR_LR - GHR_LT_LR) + KirOurir ir
Tip = —Kse (AGHR_LT_LR - A9HR) 32)

By using equations (27), (28), (29), (30), (31), and (32) on
each muscle forces Ty T and T;x we can formulate the
Tyr B MF,

Tyrsmr =Tur + Tir + Tir

Using equations (27), (29), and (31),

T - (Fur + Fir + Fiz) _ AbyrKse 33)
VR-BME Kse +Kir F Ko + Kir .
- EANTA'BHR_LT_MR — BanrB6va 11 ir
+ BuoABup i ir
Using equations (28), (30), and (32),
Tynsmr = —Kse(88yr — AByg 111k — DOyg it mr + ABur it 1r) (34)

E. Active State Tension

Active state tension appears as a result of the neuronal
control signal sent by the brain. Though the neuronal control
signals N, (t) , Nur(t), for the agonist and the antagonist
muscles rise and drop instantaneously, neither the forces that
muscles apply to the eye globe nor active state tensions rise
to their maximum values immediately [11]. This happens
due to the anatomical characteristics of the neuronal
signaling.

In our 2DOPMM model, the active state tension is a result
of a low pass filtering process performed upon the neuronal
control signal. Active state tension dynamics can be
represented with the following differential equations at each
time interval both in horizontal and vertical planes [14],

: _Nig— Fir(®) (35)

Fr® = — e

; Nyr — R 36

Bun (©) = MR TMRMR )] (36)
37

ﬁsn ®) = Nsg ;Sim ()
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Nig — Fir(t) (38)

Tir

ﬁlR ®=

Tir Tmr» Tsr» Tig,are functions that define the low pass
filtering process; they are defined by the activation and
deactivation time constants that are selected empirically to
match human physiological data [11].

IV. LEFT DOWNWARD EYE MOVEMENT

In our Right Upward eye movement model, we found that
the eye movement in the Right Upward direction can be
explicitly expressed using eight model equations. In this
section we extended the knowledge of Right Upward model
to build equations for Left Downward eye movement, which
can be used to compare equations and generalize four model
equations to identify eye movement in any direction.

Consider a Left Downward movement of the right eye,
which moves the eye visual axis from the initial coordination
position (0, 0). The medial rectus and the inferior rectus
contracts and provide forces to rotate the eye globe to its
destination. The muscle lateral rectus and superior rectus
stretches and contest the movement in the required direction.
When the eye fixates upon the visual target, agonist muscles
forces are compensated by the antagonist muscle forces and
the elastic/viscous properties of the eye globe, as in Right
Upward eye movement. During Left Downward eye
movement, medial, inferior rectus muscles play the agonist
role and lateral, superior muscles play the antagonist role.

Each muscle provides projections of its forces activated
by the neuronal control signal, at each point in the eye globe
in the Left Downward eye movement. The projections of
each muscle force is directed according to the force direction
of its basic movement and this provides four basic muscle
force equations at each point of connection at the eye globe
as,

Horizontal Left Muscle Force (Tug 1 mr) : TvrCosOpr
Horizontal Right Muscle Force (Tyg g mr) : T1rC0sOx +
TspSin@sp+ TipSin@p

Vertical Bottom Muscle Force (Tyz 5 mr)
Vertical Top Muscle Force (Tyz 7 mr)
TyrSin@Opg + T rSin@pp

. T]RCOSGIR
: TspCosOgp +

Each of four muscle forces; Horizontal Left, Horizontal
Right, Vertical Top and Vertical Bottom consisist of two
equations, each describing its formation as in the section
describing the Right Upward eye movement. Right Upward
eye movement equations (3), (4), (17), (18), (19), (20), (33),
(34), each illustrates the eye movements Horizontal Right,
Horizontal Left, Vertical Top and Vertical Bottom muscle
forces respectively.

By applying the same methodology as in Right Upward
eye movement, we can obtain eight more equations in order
to express the eye movement in the Left Downward [14].

THR_L_MF = —Kse (ABHR_LT_MR - AGHR) (39)
FurKse A0yrKsE ; (40)
T, =-
HR_L_MF Kee + K | Kop + Koy + BuoAOup i1 ur

Turamr = Kse(80ur — A8up_i7 1k + DOy i1 1k — My irsr) (41)
T - (Fug + Fip + FSR)K + B D 42)
HRRMF =~ T ! se t Bant HR_LT:_LR
— Bu8byg i1 r + Banr BBy i sk
Tyrsmr = —Kse(A8yg 17 1r — AByg) 43)
FirKse AbypKse ; 44)
T, =- + B,;00
VR_B_MF Kep + Koy | Kop + Kyp | AGOOVRATIR
Tyrrmr = Kse(AByr — AByg i1 sr + A8 i1 mr — ABhg 17 17) 45)
(Fig + Fug + Fsr) A6y rKsp ; (46)
T, = K, Byyra8,
VR_T_MF Kep + Ko7 st Rk, | oavtAOuRLr ik

- BAGAGHR_LT_MR + EANTAG.VR_LT,SR

V. RESULTS

A. OPMM equations (Right Upward eye movement)

The dynamics of the Right Upward eye movement can be
described through a set of equations responsible for the
vertical component of the movement and the horizontal
component of the movement.

We describe horizontal component of the movement by
six differential equations. First equation relates to the
dynamics of the Right Muscle Force and can be derived by
combining (3), and (4),

KSE(AGHR_LT_LR - AoHR) = Kf::l—(j?” - I?S zH_:IfjfT

@

- gAG AG.HR_LT_LR

Second equation relates to the Left Muscle Force. Equations
(17), and (18), can be combined together,
K (ABHR — AByg it mr — BOyr T ir t AGVR_LT_SR) (48)
_ (Fur + Fir + Fs) AByrKse

B Kse + Kip S8 " K + Kir

+ EANTAGHR,LT,MR + Banr Ay i r

- AGAGVR_LT_SR

According to Newton’s second law, the sum of all forces
acting on the eye globe equals the acceleration of the eye
globe multiplied by the inertia of the eye globe. We can
apply this law to horizontal and vertical component of
movement separately.

JAGye = Tur_rmr — Tarimr — KpBOug — BpA9HR

] - Eye globe’s inertia, A6, — horizontal velocity of eye
rotation, Aé,, velocity of the eye rotation, Ady, eye rotation
acceleration. B,=0.06 grams-s/degrees — viscosity of the
tissues around the eye globe with Fig. 5 presents the case
when viscous and passive elastic forces are added to the
2DOPMM for horizontal and vertical component of
movement. Typ g mr, » and Tue, »r can be calculated by
equations (4) and (18) respectively:

] Aéme = Kse (AGHR_LT_LR - AOHR)
- Ksg (A9HR - ABHR_LT_MR - AGI./R_LT_IR
+ AByg i1 sr) — KpAOugr — By Ay

Following the logic presented above, we can write
equations related to the Vertical Top Muscle Force by

49)
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combining (19), and (20) and Vertical Bottom Muscle Force

by (33), and (34).

ﬁSRKSE AGVRKSE

Kse (A6, —AByg) = - -
SE ( VR_LT_SR VR ) KSE + KLT KSE + KLT

Kse(A8yx — AByg 11 1k — ABup i mr + AOur it 1r)
_ (Fug + Fix + Fiz) A8y Ksp
Kse + Kir 8" Ksg + Kir

(50)

EAG A9‘VR_LT_.S‘R

(51)

§46) ¢ 146, ¢

T,

HR_L_MF T,

|
HR_R_MF

T,

VR B MF VR T MF

K, 40,

Fig. 5. Eye globe's inertia, viscosity of the tissues around eye globe and
passive elasticity.

Applying Newton’s second law we write the equation for
the vertical component of movement involving eye globe
inertia and forces acting on the eye globe.

J Aévn = Tvrr.mr — Tvremr — KpA9VR - BpAgwa

Tyr r_mr» Can be calculated from equation (20), and Ty 5 4 can
be calculated from (34). Thus equation can be transformed
into:

JA6yg = Ksp (AGVR_LT_SR - Aavk) (52)
- KSE (AGVR - AGVR_LT_IR - AGHB_LT_MR
+ ABug i1 1r) — KpAByr — BpAbyg
Two more differential equations can be added as:
Adyp = Myp (53)
Ayp = BBy (54)

Assigning x; = A8yg ,x, = Ay, X3 = BBpg i1 1k,
X4 = DOpp it mp, Xs = BOypirsr, X6 = DOyririry X7 = Abpg,

Xg = Abyg, X9 =Fip, X10=Fup, X1 =Fx, x2= Fr,

and following these notations, we can rewrite equations (35),
(36), (37), (38), (47), (48), (49), (50), (51), (52),(53), and

(59,

XK x1Ksg . (55)
Keg(x3 —xy) = Keg + Ky - Keg + K17 — DggX3
Ksg(x; — x4 — x6 + X5) (56)
_ (g0 + 212 +214) X1 Kse
T KgtKir 8 " Koz + Kir
+ Banrks + Banri — Bags
] %7 = Ksg (X3 — %1) — Ksp (%1 — X4 — X6 + x5) — K, %1 — Byx, (57)

X11Kse X, Kse . (58)
Kep (s — ) = - -~
se(Xs — x2) K + K Kop + K7 Bygis
Kee(xz — %6 — x4 + X3) 59)
_ Crao + 255 + %) X2 Kse
_ Kse +Kir 8 " Ksg + Kir
+ Banris + Banris — Bugs
Jxg = Ksp(xs — x3) — Ksp (x2 — X6 — x4 + X3) — KpX; — Bpxg (60)
fo = Nig — %9 (61)
° TLR
. _Nyp—2x5 (62)
X10 = _—TMR
. _ Nsp— x4y (63)
X11 = ——TSR
. Np —xq (64)
X132 = _Tm
% =X (65)
Xy = Xg (66)

These twelve differential equations can be presented in a
matrix form,
Xx=Ax+u 67)

Where X,X,U are 1x12 vectors, A is a square 12x12
matrix. Equation (67), completely describes the Oculomotor
Plant mechanical model during saccades of the Right
Upward eye movement. The form of the equation (67) gives
us the opportunity to present oculomotor plant model in the
Kalman filter form , therefore providing us with an ability to
incorporate the 2DOPMM in a real-time online system with
direct eye gaze input as reliable and robust eye movement
prediction tool, therefore providing compensation for
detection/transmission delays [2], [3].

Once equation (67) is solved, individual forces T;z, Ty
Tz, and Tg; can be computed using equations (32), (12), (14),
and (16), respectively.

B. Muscle Model Equations

This section presents equations for extraocular muscle
forces during all directions of the eye globe. These equations
can be employed for extraocular muscle effort estimation.

With the use of Right Upward and Left Downward eye
movements, we found feature properties in each eight
equations of movements. These feature properties are used
to build muscle model equations, which can be used to
calculate eight equations in all four types of eye movements:
Right Upward, Right Downward, Left Upward, and Left
Downward. In order to calculate eight force equations for a
particular eye movement, muscle model properties needs to
be identified. In our model we found following model
properties in each of the eye movement to successfully
predict force equations [14].

Plane — Horizontal (HR) or Vertical (VR)

ForceDirection — Top (T), Bottom (B), Right (R), Left (L)
AgonistMuscles — Agonist Muscles of the eye movement.
AntagonistMuscles — Antagonist of the eye movement model.
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Sign — For this research, following ForceDirection sign
convention was used. ForceDirections (R). (T) as positive, and
ForceDirections (L). (B) as negative.

Above properties can be easily extracted with the use of a
muscle model diagram [14].

o Equations-(4), (20), (39), and (43), are used to formulate
muscle model equation 1,

Tplune_ForceDirection_MF = iKSE (Aeplane,LTJagunistMuscle - Aeplane) (68)

o Equations-(3), (19), (40), and (44), are used to formulate
following muscle model equation 2.
T

plane_ForceDirection_MF

(69)
FAgoniSLMuscleKSE _ Aeplane KSE
Kse + Kir Ksg + Kir

+ BAG AeplaneALTAAgonistMuscle

=+

e Equations-(18), (34), (41), and (45), are used to formulate
muscle model equation 3.

Tplune_ForceDirectian,MF

= iKSE (Aeplane

- Aaplane_LT_AntaganistMuslce

(70)

- AGPerpendicularPlune_LT,AnmganistMuscle
+ A9}’erpendicularPlaneiLTiAganistMuscle)
e Equations-(17), (33), (42), and (46), are used to formulate
muscle model equation 4.
T,

plane_ForceDiretion MF

1)
(PAgonis[MusCle + FAntagunistMuscle + FAnmganislMuscle)
Kse + Kir

=+

AeplaneKSE - B A 3
~ K + K, + AG ePerpendicularPlane,LT,AgonistMuscle
SE LT

KSE

+ gANTAaplane_LT,AntagonistMuscle

+ BANTAgPerpendicularPlane,LT,AntagonistMuscle

Equations (68), (69). (70), and (71). allow us to come to the
general matrix form represented by Equation (67) for all directions
of eye movements: Right Upward, Left Upward. Right Downward.
Left Downward, therefore providing the trajectories of movement
and the estimation of the individual muscle forces 7,z Ty Tin. Tsr-

VI. CONCLUSION

Eye mathematical modeling can be used to advance such
fast growing areas of research as medicine, human computer
interaction, and software usability. In this paper we have
created a two dimensional mechanical model of the human
eye that is capable of generating eye movement trajectories
with both vertical and horizontal components during fast eye
movements (saccades) given the coordinates of the onset
point, the direction of movement and the value of the
saccade amplitude.

The important contribution of the proposed model to the
field of bio engineering is the ability to compute individual
extraocular muscle forces during a saccade — something that
have not been done before to the best of our knowledge.

Our model evolved from a one dimensional version which
was successfully employed for eye movement prediction as
a tool for delay compensation in Human Computer
Interaction with direct eye-gaze input [2], [3] and suggested

for the effort estimation for improving the usability of the
graphical user interfaces [4]. Two dimensional version of the
model proposed in this paper extents those capabilities to a
two dimensional plane.

In our future work, we intend to provide experimental
evaluations of our model in terms of produced trajectories of
movement and estimated individual extraocular muscle
forces.
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