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Introduction

Smooth pursuit eye movements are normally made
when we track an object moving smoothly in the visual
environment. The role of the smooth pursuit system is
subsequently to match the eye velocity to the target
velocity and to keep the image of the object near the fovea,
the highest acuity zone in the retina. When target velocity
is too large, errors during pursuit are eliminated by
saccadic eye movements which in this case are called
catch-up saccades. It is necessary to point out that smooth
pursuit eye movements are controlled by visual feedback
contrary to catch-up saccades, which are executed without
visual feedback. The mechanisms that govern the decision
to switch from smooth pursuit eye movements to catch-up
saccades, which have very different dynamics, are still
poorly understood.

Saccades are fast, dart-like, conjugate eye movements
(maximum velocity 500 deg/s) used to position the fovea
of the eyes in a time optimal manner. The sensory
information, which the saccadic system uses, is the
difference between the target and eyesight positions, i.e.,
position error. Their control is based on an efference copy
of the commands of the oculomotor system. Contrary,
smooth pursuit eye movements are much slower than
saccades (eye velocity usually is smaller than 50 deg/s) and
are controlled by visual feedback. During smooth pursuit,
the oculomotor system cannot rely only on the position
error to orient toward moving target. The sensory
information is the relative motion of the target with respect
to the fovea, or retinal slip.

The goal of this study is to understand the sensory
conditions leading to the occurrence of catch-up saccades
during smooth pursuit.

Describing the task

The neural subsystem generating the rapid, saccadic
eye movements used to capture new object, is quite distinct
from that performing the pursuit, tracking movements. For
the refixation saccades to stationary targets, the sensory
signal is the position error between target projection in the

periphery of the retina and the fovea. Saccadic latency, or
reaction time, typically refers to the time from the onset of
the non-predictable step of target jump to the onset of the
saccadic eye movement initiated to foveate the displaced
target. It is approximately 180 to 200 msec, with standard
deviation of 30msec [1]. The relationship between the peak
velocity and the amplitude of the saccade, called the main
sequence, typically separate these movements from the
limb or head coordinated movements. Main sequence
illustrate that peak velocity is 410 deg/sec for 10 deg
amplitude of the saccade, 500 deg/sec for 15 deg amplitude
and 650 deg/sec for 20 deg amplitude [1]. When the target
is moving and the target and eye velocities are different,
retinal slip take place. To overcome these slip and delay in
the neural pathways the oculomotor system uses prediction
of future target motion to program catch-up saccades to
moving target.

Previous studies used artificially produced one-
dimensional short duration time-continuous trajectories
with target jump or changes of the target velocity included
to trigger catch-up saccades [2, 3,]. Due to short duration,
these experiments did not clearly distinguish the influence
of the integrated target velocity. The batches of catch-up
saccades, which were dominating in our experiments, were
never analyzed in the published literature (exception [4]).
This research let us more clearly understand the
programming of catch-up saccades during sustained
pursuit.

In this research we investigated quantitative
parameters of catch-up saccades such as: main sequence
(relationship between the peak velocity and the amplitude
of catch-up saccades), intersaccadic interval in the batch of
catch-up saccades, the relationship between the transient
and integral target velocities and the peak velocity of
catch-up saccades. We proposed model, which explains the
role of the position error and retinal slip and the target
velocity in the triggering of the bunch catch-up saccades.

Method
Movements of both eyes were recorded with eye

tracker EyeGaze System produced by LC Technologies
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Ltd. Among the five subjects, two authors participated in
the experiments. Two-dimensional target trajectories were
presented on the computer screen. Subjects were asked to
track the target (white spot) moving with a non-predictable
time-continuous trajectory. Two-dimensional identical
target trajectories performed with low (L), medium (M)
and high (H) velocities were used in all trials. The peak
velocities of the target movements were 12.5, 25 and 50
deg/s and durations of the trials - 66, 33 and 16s,
respectively. The trajectories as well as velocities of the
target and tracking eye movements were recorded and
analyzed. Quantitative parameters of catch-up saccades,
such as the amplitudes A, the peak velocities Ep, and the
intersaccadic intervals T, in the batch of catch-up saccades
were computed. The position errors Pg and retinal slips Rg
at the onset of catch-up saccades also were checked.

Experimental results

In the Fig. 1 a segment of the target and tracking eye
movement trajectories are shown. The duration of the
segment is 4 seconds and the peak velocity is 24deg/sec.
Time interval between two diamonds in the eyesight
trajectory is 16.6 msec. The larger intervals between two
diamonds (larger eye velocities) let us to find catch-up
saccades, which are marked by numbers from 1 to 10.
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Fig. 1. A segment of the target and tracking eye movement two-
dimensional trajectories. Catch-up saccades are marked by the
numbers from 1 to 10. The same numbers of the same catch-up
saccades are used in the Fig. 2

In the Fig. 2 the same segment as in the Fig. 1 of the
target and tracking eye movement trajectories (A), position
error (B) and eye velocity (C) in the horizontal direction as
a function of the time are plotted. In this figure (plot C) 10
catch-up saccades, shaped as bell-wave jerk, could be
clearly observed.

Furthermore, in the Fig. 2 we can see other
parameters, which take place in the catch-up saccades
programming: the position error (trace B), the retinal slip
Rs, the time interval T, between two catch-up saccades in
the batch of them, the amplitude A and the peak velocity
Ep of catch-up saccades. Each time, when the catch-up

saccade is elicited, the position error Pg is reduced by the
amount of catch-up saccade amplitude A.
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Fig. 2. A segment of the target T and tracking eye movement E
trajectories (A), position error (B) and eye movement velocity (C)
in the horizontal direction as a function of the time

To explain how the transient and integral target
velocities (Ty, Tyy) influence the parameters of catch-up
saccades and the parameters which trigger catch-up
saccades, time-continuous trajectories were repeated with 3
different target wvelocities L, M and H. Computed
experimental results are illustrated in the Fig. 3, 4, 5, 6.

In the Fig. 3, the retinal error Re and retinal slip Rs as
a function of the transient target velocity Ty for 3 integral
target velocities: low (L), medium (M) and high (H) are
shown.
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Fig. 3. Position error Pg, and retinal slip Rs as a function of the
transient target velocity for 3 integral target velocities L, M and H
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There we can see that the retinal errors and retinal
slips linearilly increase when the transient target velocity
increases and this linearity is not strongly influenced by the
different integral target velocities Ty, marked in the figure
by letters L, M and H.

The most interesting finding in the present study was
that the peak velocities of catch-up saccades Ep did not
depend on the integral target velocity Ty, and depend only
on the transient target velocity Ty. This relation is
presented in the Fig. 4.
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Fig. 4. Relationship between peak velocity of catch-up saccades
Er and transient target velocity Ty, for 3 integral target velocities
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Fig. 5. The distributions of the intersaccadic time intervals T,
between two catch-up saccades in the batch of them for 3 integral
target velocities L, M and H

The distributions of the intersaccadic time intervals T,
between two catch-up saccades in the batch of them for 3
integral target velocities are presented in the Fig. 5. There
we can see that the most regular time intervals in the range
of 0.15 — 0.2 sec are seen for higher integral target

velocities. Contrary to the low target velocity, when
oculomotor system has time for decision, when to elicit
catch-up saccade, during higher target velocities it is
forced to perform it as quickly as possible.

In the Fig. 6 a segment of the target and eyesight
velocity trajectories for two integral target velocities are
presented. These examples let us to understand that for
larger differences between the target and eye velocities
(smaller gain) catch-up saccades are elicited more
frequently and with larger peak velocities.
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Fig. 6. A segment of the target and eyesight velocity trajectories
for two integral target velocities: M (upper) and H (lower)

Discussion

Catch-up saccades correct for the position error that
accumulates during smooth pursuit tracking when the gain
of the pursuit (ratio of the eye and target velocities) is less
than 1.0. Due to small gain, the more the target velocity
increases, the more the position error increases [1],
therefore larger correction by catch-up saccades must be
made. Assuming that during pursuit, the eyesight should
not lose the target, it has to come the same way (distance
Dg) as the target D;. Therefore, for the time interval
between t; and t, we can define that

ty t
Dr = [Ty (t)dt =kDg =k [Ey (t)dt . (1)
t t
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In this equation, Ty(t) and Ey(t) are the target and eye
velocities, and k represent coefficient evaluating shorter
distance for the eyesight way when the trajectory of the
target is predictable.

Equation 1 represents general idea of our research and
explains what programming strategy oculomotor system
uses eliciting batches of the catch-up saccade inclusions
during smooth pursuit. First of all, we have to have in mind
that the shortest time interval between two catch-up
saccades in the batch of them is 150ms. Because of the
suppression of vision during saccades, this time interval
between two catch-up saccades is necessary for the vision
to get new information about the real target position and to
anticipate the direction of the next catch-up saccade.
Second rule is that for a given gain of less than 1.0,
oculomotor system prefers to make many corrective catch-
up saccades with small amplitude instead of a few large.
Small amplitude catch-up saccades have a shorter duration
and overcome smaller distance, therefore there are less
dangerous for vision to lose the target. For the larger target
velocities due to a shortage of the time, the oculomotor
system instead if making many small catch-up saccades is
forced to make only one or a few large amplitude catch-up
saccades as seen in the figure 6. To compensate position
error and retinal slip, which appears due to a difference of
the target and eye velocities, catch-up saccades with larger
peak velocity and amplitude are needed. The model of this
assumption during the time interval from t; to t, (between
two catch-up saccades) is

ty ty 3
[Ty (tydt— [Ey (t)dt =k ZVP D. 2)
Y i1

Because of the clear relationship between the peak
velocity Vp and duration D of catch-up saccades, equation
2 let us to find parameters of catch-up saccades according
to the target and eye velocities. If the trajectory of the
target movement is predictable and vision is sure that the
target will be not lost, vision lets to the oculomotor system
to make shorter way (coefficient k <1).
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V. Laurutis, G. Daunys, R. Zemblys. Quantitative Analysis of Catch-up Saccades Executed during Two-dimensional Smooth
Pursuit // Electronics and Electrical Engineering. — Kaunas: Technologija, 2010. — No. 2(98). — P. 83-86.

The purpose of this research was to investigate quantitatively the catch-up saccades occurring during smooth pursuit. In our
experiment, to evoke catch-up saccades we used two-dimensional non-predictable time-continuous target trajectories submitted with 3
peak velocities: 12.5, 25 and 50deg/s. From the experimental results we computed the relationships of the parameters of catch-up
saccades: the amplitude, the peak velocity, the time interval between two-saccades in the bunch of them with the parameters such as the
position error, the retinal slip and the transient and integral target velocities. On the basis of the analysis of these relationships, we
proposed the model how catch-up saccades are programmed and how the slow (smooth pursuit) and the rapid (saccadic) eye movements
interact. 111. 6, bibl. 5 (in English; summaries in English, Russian and Lithuanian).

B. Jlaypytuc, I'. laynuc, P. 3emoauc. KoinuyecTBeHHoe ucc/ieloBaHie ABYXKOOPAUHATHBIX CXBATBHIBAIOIIUX CAKKAAMYECKHX
JABHIKEHHIl IJ1a3, MOJIy4aeMbIX BO Bpesl IUIABHBIX TPAaeKTOPHii ee ABM:KeHHs // DJIEKTPOHHKA M dieKTpoTexHuka. — KayHac:
Texuouiorus, 2010. — Ne 2(98). — C. 83-86.

OmnuchIBaeTcsl KOJIMYECTBEHHOE MCCIIEIOBAaHNE CXBATHIBAIOIINX CAKKaJMYECKUX JBIDKCHUS IJia3, MOJIy4aeMbIX BO BPeMs IUIABHOTO
IOBIKCHHS Leidd. B HauleM OKCIEPUMEHTE CXBATBHIBAIOIME CAaKKaJbl ObUIM BBI3BAHBI INPHUMEHHB [0 HEIPOTHO3HUPYEMOI,
JIByXKOOPAMHATHOW TPAEKTOPHH TUIABHO ABIKYIOIIYIOCIO LIENb cOo CKOpocThio 12.5, 25 u 50 rpan/cex. Ha ocHOBe SKcieprMEHTaIbHBIX
pE3y/bTaTOB OBUIM BBIYMCICHBI 3aBHCHMOCTH MEXAY IapaMeTpaMH CXBATHIBAIOLIMX CAKKaJ: aMIUIUTYIOW, NMHUKOBOW CKOPOCTH,
MHTEpBaJla BPEMEHN MEXKIy IBYMs CaKKaJaMH B HX MayKe M TAKHX MapaMeTpOB KaK OLIMOKA MOJOXKEHHS LENH Ha CeT4aTKe, CKOPOCTh
CKOJIBKEHHMS IeJIM Ha CeTyarke, a TakKe MOMEHTHAsi M MHTerpaibHas CKopocTH 1eni. Ha ocHOBe aHanM3a 3THX 3aBHCHMOCTEil Oblia
Npe/UIo’KeHa MOJENb, Kak INPOrpaMHUpPYIOTCS CXBATBHIBAIOUIME CaKKagbl M KaK MeJJIeHHble (IUIaBHBIE CIeIsnme) u ObICTphle
(cakamuueckue) B3aMMOJAEHCTBYIOT Mexay coOoi. Min. 6, 6ubn. 5 (Ha aHrimiickoM si3bIke, pedepaTsl Ha aHTIHMICKOM, PYCCKOM M
JINTOBCKOM $1310).

V. Laurutis, G. Daunys, R. Zemblys. Dviejy koordinadiy pagaunanfiyjy sakady, atsirandanéiy tolydinés taikinio judesio
trajektorijos metu, kiekybiné analizé // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2010. — Nr. 2(98). — P. 83-86.

ApraSomos kiekybinés pagaunanéiyjy sakady, atsirandandiy taikiniui judant tolydine trajektorija, charakteristikos. Eksperimento
metu pagaunanciosios sakados buvo gautos panaudojus tolyding nezinomu désningumu judanéio taikinio trajektorija, kurios pikinis
greitis buvo 12, 25 ir 50 laipsn/s. I8 gauty eksperimentiniy rezultaty buvo nustatytos priklausomybés tarp pagaunanéiyju sakady
parametry: amplitudés, pikinio greiio bei laiko intervalo tarp dviejuy gretimy sakady ju pakete ir tokiy parametry kaip padéties (sekimo)
paklaida akies tinklaingje, paklaidos greitis (slydimas akies tinklainéje) bei momentinis ir integralus taikinio greitis. 13analizavus Sias
priklausomybes, pasitlytas modelis, kaip pagaunanciosios sakados yra programuojamos ir kaip léti (Svelnaus sekimo) ir greiti
(sakadiniai) akies judesiai saveikauja tarpusavyje. 1l. 6, bibl. 5 (angly kalba, santrauka angly, rusy ir lietuviy k.).
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