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Introduction

More than half of century scientists around the world
investigate eye movements control system which is called
oculomotor system. Being part of the vision this system
has exclusively important features. There are no other parts
of the body which has so well developed sensor and motor
subsystems than eye. Visual system gives largest part of
the information of the surrounding world. Sensors of the
eye scanning around one’'s room found object of interest
and muscles of the eye ball turns the gaze to the direction
until image of the object falls on the fovea which is most
sensitive part of the retina. Accuracy and large velocity of
eye movements brings to the idea to use visuo-oculomotor
system not only traditionally to accept visual information
but, measuring position of the gaze, perform control
commands. Most common tasks for the oculomotor system
are to find coordinates of the object of interest (searching
and pointing) and to write texts (typing) [1].

Investigation of the human beings oculomotor system
found severa types of eye movements which are
substentually analized [2]. Only a few of them are related
with target direction and enaugh accurate that could be
used for control tasks. They are saccadic, smooth pursuit
and fixational eye movements. Fixation of the target could
be assumed as smooth pursuit eye movements in situation
when target velocity is zero [3]. In this case there are only
two types: saccadic and smooth pursuit eye movements,
which could be used to find direction of the target position.
This is the reason why precision and velocity of saccades
and smooth pursuit eye movements are so widely analized
[4,5]. Accuracy of oculomotor system is defined as error
between target position and line of sight point on the
screen. Looking at the stationary target on the screen line
of sight postion and target position eliminatig fixational
micromovements fit each another. When the target is
jumping or moving, line of sight or eye movements are
lagging and difference between target and eye appears
causeing dynamic errors which would become bigger when
target velocity increases.

Target jumping from one position to another elicit
saccadic eye movements. Error in this situation could be
evaluated as difference between new target position and
line of sight initial coordinate after jump. Later eye
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eliminates this error performing one or sometimes two
corrective saccades.

When eye is following slowly moving target, smooth
purstit error could be defined as difference between target
and line of sight positions at the same time. This error
strongly depends on the type of trgjectory. When the
trajectory is predictable and/or repeatable eye movements
control system after couple of cycles defines the shape of
trajectory and substantially reduces the size of error.
Predictable trajectories have small information capacity
and in this research were not analyzed.

In this research we proposed quality of human's eye
movements control system evaluate using not accuracy, as
usualy, but investigating limit of the amount of infomation,
transmitted threw the oculomotor channel. Instead of
accuracy, this charateristic - channel information capacity-
has advantage because it defines eye movements control
system only by one parameter. Errors, measured during
experimental investigation, aways depends on the
amplitude of the target jump during saccades or type and
velocity of tragjectories during smooth pursuit and demads
to determinate and explicit target motion characteristics.

Using information theory characteristics eye
movements control system could be defined as follows.
Trgjectory of target movement T on the screen would be
defined as source or input information of the oculomotor
system, line of sight trgjectory on the screen A as output
information and difference between them as lost
information L. When the velocity of target would increase
or the target trajectory would become more complicated
the information rate of the source would increase, eye
movement control system is no more capable to follow the
target and difference between target and eye position or
lost information would be bigger. This let us formulate
conclusion that human smooth pursuit oculomotor system
has channel information capacity limit and could be used
as important characteristic to determinate eye movements
control system.

When the target is jumping randomly from one
position to another we have discreet source information
and lost information would be difference between target
and eye position after jump to the new target position. In
this behavior information rate transmitted threw
oculomotor channel would be difference between input and



lost information rates. When the frequency of target jumps
would be increased, saccadic oculomotor system would be
no more capable to elicit adequate jumps and lost
information at the threshold frequency substantially
increases. It means that saccadic oculomotor system also
has channel information capacity limit.

Theoretical background

We separately describe calculation of the channel
information capacity for smooth pursuit and saccadic eye
movements control systems. During smooth pursuit target
moves and eye follows by continuous-time analog
trajectories and we can apply information theory for analog
signals. Saccadic eye movements are elicited separately for
every new target position and in this case we can apply
information theory for discrete signals.

1. Channel information capacity of the oculomotor
system during smooth pursuit.

When the target moves by the continuous-time analog
trajectory T in the horizontal axis source information rate
determined as the target entropy H(T) depends on target
trajectory probability distribution p(T) by the equation:
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The largest information rate has trgjectory witch

probability distribution fits Gaussian law

P = e,
o Jor 202
where oy - standard deviation of the target T
trajectory. Solving 1 and 2 equations we can get

H (T) = 0,5In(27ec?). (3)

Mutual information between target trgjectory T as
source information H(T) and line of sight trajectory A as
accepted information Ip(T,L) during one moment of time
arerelated by the equation

Ip(T,L)=H(T)-H(/L), 4

Where H(T/L) conditional probability distribution
representing lost information or left uncertainty. If
difference between target and line of sight trajectories as
continuous-time analog noise signal would be defined by

o)

Gaussian  probability  distribution  with  standard
deviation o , information rate transmitted threw
oculomotor system would be
2
| ,(T,L)=05log(L+L) . (5)

oL
If duration of the smooth pursuit experiment would
be t and frequency threshold of the human's oculomotor
system would be F, the amount of information transmitted
threw it would be
2
O
I (T,L) = Ftlog(1+—T2) (6)
oL
and channel capacity of the one-dimension human's
oculomotor system when the duration of the experiment t
would be long enough
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If the target moves in two coordinates T, and T, eye
movements control system performs two-dimensional
smooth pursuits. Target or source information rate

H(Tx,Ty) in this case would be defined by two

dimensional probability distribution p(Tx,Ty). When the
target trajectories in the horizontal and vertical coordinates
are not correlated, two-dimensional probability distribution
would be completely determined by the sum of the target
horizontal and vertical probability distributions: p(Tx,Ty) =
p(Ty) + p(Ty). Assuming that two dimensional human
smooth pursuit eye movements control system works by
two separate horizontal and vertical neura circuits,
oculomotor system channel information capacity would be
approximately twice bigger.
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where oqy,07y,04,0, - Standard deviations of

target and error signals (trajectories) in the horizontal and
vertical directions respectively.

Last assumption could be experimentally approved
by measuring one and two-dimensional channels
information capacity of the human’s smooth pursuit eye
movements control system.

2. Channel information capacity of the oculomotor
system during saccadic eye movements.

When the target jumps from one position to another,
saccadic eye movements control systemisin action. In this
case we can assume that input or source information for
the oculomotor system is discrete. If all target positions
have equal probabilities p(T,Ty), two dimensional source
information rate would be

n m
H (Tx’Ty) = _ZZ p(Tx1Ty)|Og p(Tx’Ty) )
x=1 y=1
where n and m number of possible targets in the horizontal
and vertical coordinates. If we assume that horizontal and
vertical target coordinates are not correlated, source
information rate

H(T,,T,) = H(T)+ H(T,) ==>_ p(T,)log p(T,) -
x=1

(9)

m
=Y p(T,)log p(T,) . (10

y=1

Accuracy of the saccadic eye movements is limited.

Errors after eye jump E, and E could be assumed as lost
information, which could be defined by two conditional
probabilities of the independent horizontal and vertical eye
movement control channels H(T,/L,) and H(T,/L,).
Transmitted threw oculomotor system information rate
during one single saccade could be obtained as difference
between source information and lost information rates

lS(TvL): H(Tx)_H(Tx/Lx)J"H(Ty)_H(Ty/Ly)- (11)
Duration of the saccade depends on the amplitude of

saccade and together with preprogramming time is about
0.25 sec. So after one jump another target could be



presented only after time interval D, which approximately
is 0.5-1.5 sec. Channel information capacity during
saccadic eye movements, when duration of the experiment
tislong enough, could be obtained by the equation

1t
Cs= !LTO?[B Is(T,L)]= W

1
=—[log +log ].
D 0.41o, 0.41c,

In this equation k, | are range of amplitudes and oy ,
oy are standard deviations of errors of the saccadic eye
movements in the horizontal and vertical directions
respectively.

M ethod

Complete data were obtained from five subjects and
averaged. Eye movements in al experiments were
recorded using LC Technologies, Ltd produced eye
movements tracker EyeGaze System. During smooth
pursuit experiments subjects tracked stimulus which moves
on the computer screen by random trgectory in the 26
degrees range in the horizontal direction and 20 degreesin
the vertical. One-dimension tracking was performed only
in the horizontal direction and later two-dimensional
tracking was conducted keeping horizontal tragjectory the
same. Smooth pursuit errors were calculated as difference
between target position and gaze point on the screen at the
same time separately in the horizontal and vertical
directions. Channel information capacity C of the
oculomotor system was calculated using equation 8, where
frequency limit F was defined at the experimental situation
when ratio between target signal standard deviation o and
error signal (noise) standard deviation o, is around 10 and
calculated using Fourier transformation method. Results
obtained from the experimental data and calculated by the
equation 8 for all five subjects shown in the Table 1.

Table 1. Experimental and calculated data for five subjects
during smooth pursuit

Subject | FHz | o deg | o y.deg | Cp bytes/sec
DB 1.1 1.32 1.87 8.07
GD 1.0 1.38 2.02 5.35
RZ 12 | 085 1.13 9.62
AS 11 1.03 1.52 7.52
VL 1.0 1.43 2.13 517

For the experimental investigation and calculation of
the channel information capacity of the oculomotor system
during saccades one-dimension and two-dimension
discrete target jumps were used. Targets are placed in 1
degree distance between each another. Range of targets
amplitude is: 41 in horizontal direction and 31 in vertical.
Position of switched on targets is picked up in random way
with inter saccadic interval D. During experimental session
inter saccadic interval was tuned as small as possible until
responses to all switched on targets are correctly
performed. Accuracy of saccades was measured defining
standard deviations of errors o, and o, i.e. differences
between target position and eye position separately for
horizontal and vertical directions immediately after each
jump. Results obtained from experimental data and
calculated by the equation 12 for all five subjects placed in
the Table 2.

87

Table 2. Experimental and calculated data of saccadic eye

movements elicited to the random target jumps
Subjects | D,sec | oy,deg | o,.deg | Csbytes/sec
DB 0.85 | 0.65 0.78 6.96
GD 091 | 0.73 0.86 6.17
RZ 0.76 | 0.66 0.72 7.92
AS 0.87 | 0.78 0.82 6.42
VL 091 | 0.85 0.93 5.81

Results and discussion

Most recent investigations on smooth pursuit and
saccadic eye movements based on the oculomotor system
reactions to the predictable target jumps or movement
trajectories. Some of them used random direction of the
movement but target trajectories were sinusoidal or linear.
Those situations are artificial. Most real tasks for the
visuo-oculomotor system such as searching and pointing or
typing deal with random target jumps or unpredictable
movement trajectories. Investigation of the visuo-
oculomotor system as the information transfer channel
could not be based on predictable targets because of zero
information rate of the predictable position or trajectory.
Therefore, we used random analog time-continuous target
trajectory for smooth pursuit and jumps to random position
for saccades.

Obtained experimental and calculation results shows
that two-dimensional channel information capacity isin the
range from 5.2 to 9.6 bytes per second for smooth pursuit
and from 5.8 to 7.0 for saccadic eye movements.

It is necessary to point out that results presented in
this research obtained with a few assumptions.

1. Target trgectories in the horizontal and vertical
directions are independent and its probability distributions
fit Gaussian law.
2. Horizontal and vertical eye movements control channels
are independent.
3. Smooth pursuit and saccadic eye movement errors also
fit Gaussian law.
4, Duration of the experimental sessions is not longer than
three minutes therefore fatigue of the subjects during
experiments not eval uated.

Influence of these assumptions must be object of the
further investigation.

Conclusions

Theoretical and experimental investigation of the
channel information capacity of the human’'s oculomotor
system during smooth pursuit and saccadic eye movements
shows successful adoption of the information theory to the
bioengineering tasks.

Channel information capacity is useful parameter and
could be applied defining quantity parameters not only to
the visuo-oculomotor system but aso analyzing
information interaction and visuo-motor control in wide
variety man-machine structures.

Further investigation must be concentrated on the
comparison of channel information capacities of the visuo-
oculomotor and other sensomotor systems such as head,
arm and feet visuo-motor control subsystems. Information
transfer models must be analyzed separately for visualy
guided and memory guided visuo-motor behaviour.
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Most recent investigations on smooth pursuit and saccadic eye movements based on visuo-oculomotor system reaction to the
predictable target jumps or movement trajectories do not fit real working situation. Visuo-oculomotor system of the operator during man
and machine interaction and visuo-motor control is involved in searching and pointing or pursuing objects of interest witch position or
trajectories are random. Study was performed to evaluate capability limit of the visuo-oculomotor system to pursue not predictable
target or jump to random stimulus. For this task concept of the information theory was adopted. It was supposed that human visuo-
oculomotor system isinformation transfer channel where target movement trajectory or jump position is input or source information and
elicited smooth pursuit or saccadic eye movement errors are lost information. Information rate transferred through channel is defined as
difference between input and lost information. Channel information capacity of the visuo-oculomotor system is calculated as a limit of
transferred information threw channel during time unit. Experimenta investigation of the human visuo-oculomotor system during
smooth pursuit and saccadic eye movements was performed using LC Technology, Ltd. produced eye tracker “EyeGaze System”. After
testing five subjects and calculations it was found that channel information capacity of the human visuo-oculomotor system during
smooth pursuit is around 8 bites per second and around 7 bytes per second during saccadic eye movements. During calculations a few
theoretical assumptions were accepted such as independence between horizontal and vertical neural channels of the visuo-oculomotor
system and application of the Gaussian probability distribution for target and error signals. Bibl. 5 (in English; summaries in English,
Russian and Lithuanian).

B. Jlaypyruc. IIpomycknasi cmoco6HocTh HMHGOPMAIHMH CEHCOMOTOPHOI CHCTeMBbI IJIa3a 4ejoBeKa // DJeKTPOHHKA H
anekTporexnuka. — Kaynac: TexHosorus, 2007. — Ne 5(85). — C. 85-88.

BonmuHCTBO NpOBEAEHHBIX HCCICNAOBAHUN 10 aHAIM3y CHCTEM YIPAaBJICHHS IUIABHBIMU CICIAIIMMH M CaKKaAU4ECKUMU
JBWKEHHUSAMH TJ1a3 OCHOBAHbI HA PEAKIMU 3TUX JBHXKEHHH K PETyJISIpPHBIM IMONOKEHUSM CKAuKOB M MPOTHO3UPYEMBIM TPACKTOPHAM
neneil. Takue uccnenoBaHHs HE COOTBETCTBYIOT DPEalbHBIM YCIOBHAM JEATEIBHOCTH UeNOBeKa. 3PUTEIbHO-MOTOPHAsl CHCTEMa
oreparopa BO BPEMS B3aUMOJICHCTBUSI ¢ NMpUOOpaMHU U IIPU BBIOJHEHUH MOTOPHBIX KOMaH] JOJKHA HAWTH Hy>KHbBIE NMPEIMEThl U
CIIEIUTh 32 JBIXKYIOLIMUMCS LENSIMHU, TOJIOXKEHHS M TPAaeKTOPHM KOTOPBIX HE MOTYT OBITh 3apaHee mnpeaBuaeHbl. Hacrosimee
HCCIICIOBAHUE BBIIOIHEHO C LEJIBIO OIPEAECICHHUS IOPOrOBBIX BO3MOXHOCTEH 3pHUTEIIbHO-MOTOPHOM CHCTEMBI Y€JI0BEKa BO BpeMs
CJISKEHUS 32 110 IPOU3BOJILHOI TPAaGKTOPHUH JBIKYIIEHCS IIENBI0 M IPH BBHIIOJHEHUN CAKKaJ HA CIyJalHO IOSIBIIIOMINECS OOBEKTEHL
IlocraBnennast 3amaga ObUTa pelreHa IpU MOMOIIY METOROB MH(pOpManuoHHOW Teopuu. Ilpenmonaraercs, 4To 3pUTEIHHO-MOTOpPHAS
CHCTEMa SIBJISIETCS KaHAJIOM Iepeady HHPOPMALUH, B KOTOPOM BXOJIHOH MH(OPMAIMOHHEINA CUTHAJ 3TO TPAEKTOPHUS JBIKEHHS LIEJH, a
MOTPEHIHOCTh OTCIEKUBAHUS — MOTepsiHHAs uHpopMarms. [lepenaBaemast mo kaHamy.nHGOpPMaIMs OMpeneseTcss Kak pa3sHUIla MEKIY
BXOMIIIE M MOTepeHHo# wuHpopManusiMu. IIpomyckHas CrnocoOHOCTh HH(POPMALUHM 3PUTEIBHO-MOTOPHON CHCTEMBI YellOBEeKa
ompenensieTcs Kak IHOPOroBoe 3HAUCHHE IepelaBaeMol 10 KaHaly HHQOpManuu 3a eIUHHIY BPEMEHH. OKCICPUMEHTAIIbHBIC
UCCIIEI0OBaHNS 3PUTENBHO-MOTOPHOI CHCTEMBI NIPU BBINOIHEHUH IUIABHBIX CIEASIINX U CAKKaJAUUECKUX JBIDKCHUH OBLIM BBIMOIHEHBI
npu nomomn «LC Technology» kommanueii paspaboraHHOro perucrparopa nprmxeHuil ria3z «EyeGaze System». Ha ocHoBe
MIPOBEAEHHBIX C IIITHIO HCIBITYEMBIMU 3KCIEPUMEHTAIBHBIX HCCIEHOBAHUN M Pacu€ToB OMNpeJesIeHO, YTO MPOITyCKHAsl CIIOCOOHOCTh
HH(pOpPMAIIK 3pUTEITHHO-MOTOPHON CHCTEMBI YeJIOBEKA ITPU BBHITIOJHEHHHN CIISIIIINX JABUXCHUH SBIIETCS OKOJIO 8 OUTOB 3a CEKyHAY, a
NP CKAauKOOOpa3HBIX — OKOJIO / OWTOB 3a CeKyHAy. Pacu€rel BBHINOJHEHBI Npesoiaras, 4TO 3PHTEIbHO-MOTOPHBIC CHCTEMBI
TOPU3OHTAIPHOTO M BEPTHKAIBLHOTO KAaHAJIOB HE3aBHCHMBI, a 3aKOHBI DAaclpeieNeHuil BEpOATHOCTEH LEeNd U IOTpelIHOCTeN
COOTBETCTBYIOT 3aKOHY ['aycca. bu6i. 5 (Ha aHrmmiickoM si3eike, pedepaThl Ha aHIITMHCKOM 3bIKE, PYCCKOM M JIMTOBCKOM SI3.).

V. Laurutis. Zmogaus akies sensomotorinés sistemos informacijos praleidziamoji geba //Elektronika ir elektrotechnika—
Kaunas: Technologija, 2008. — Nr. 5(85). — P. 85-88.

Dauguma pastaruoju metu atlikty darby, skirty zmogaus svelniy sekamuyjy ir sakadiniy akiy judesiy sistemoms tirti, kuriuose
analizuojama, kaip regos motoriné sistema reaguoja i reguliarius taikinio suolius ir nuspéjamas bei pasikartojancias taikiniy trajektorijas,
neatitinka realiy zmogaus veiklos salygu. Operatoriaus regos motoriné sistema, saveikaujant su jrenginiais ir perduodant valdymo
komandas, turi surasti reikiamus daiktus arba sekti judancius objektus, kuriy padétis néra zinoma, o tragjektorijos néra nuspéjamos.
Tyrimas atliktas siekiant nustatyti Suoliniy ir sekimo akiuy judesiy valdymo sistemy ribines galimybes sekant neprognozuojama
trajektorija judancius taikinius bei pesokant nuo vieno taikinio prie atsitikting padéti turin¢io kito taikinio. Nagringjant problema
panaudota i nformacijos teorija. Zmogaus regos motoring sistema prilyginta informacijos perdavimo kanalui, kuriam taikinio trajektorija
arba nauja taikinio suolio padétis yra | kanala patenkanti informacija, o sekimo bel sakadiniu akiy judesiy paklaidos — prarasta
informacija. Per kanala perduotas informacijos kiekis apskaiciuojamas kaip i kanala patenkancios ir prarastos informacijos skirtumas.
Regos motorinés sistemos informacijos praleidziamoji geba apskaiciuojama kaip ribinis informacijos kiekis, perduodamas kanalu per
laiko vieneta. Eksperimentiniai regos motorines sistemos tyrimai sekimo ir sakadiniy akiy judesiy metu atlikti naudojant ,LC
Technology” kompanijos pagaminta akiy judesiy registravimo itaisa ,, EyeGaze System". Atlikus eksperimentus su penkiaistiriamaisiais
ir skai¢iavimus, nustatyta, kad zmogaus regos motorinés sistemos informacijos praleidziamoji geba sekant taikinj yra apie 8 bitai per
sekunde, 0 Suoliy metu — 7 bitai per sekunde. Skaiciuota laikant, kad regos maotorinés sistemos horizontalusis ir vertikalusis kanaai yra
nepriklausomi, o taikinio ir paklaidy signaly tankiy skirstiniai atitinka Gauso désnj. Bibl. 5, (anglu kalba, santraukos anglu, rusy ir
lietuviy k.).
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