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Abstract

When the hea is unrestrained, the large amplitude gaze shifts
are composed of coordinated eye and head movements. The
position of the e/es at the onset of the gaze shift can ater the
eye and heal contributionsto the mowement. The mowements of
the eyesand tea duing the unregrained-head gaze shift foll ow
well-defined relationships. It is possble to predict the
displacement of the e/e and head components of the gaze shift,
if the positi on of the target signal in the retinaandtheinitial eye
position in the orbit are known. In the present study we provide
a quantitative analysis for decomposing the gaze displacement
signa and popose a mathematical model to predict the
displacement of the e/e and head components of the gaze shift.
We conclude that the displacements of the e/e and the head
components are determined by five factors: the current gaze
displacement, the initial eye position, the upper limit of the
range in which the e/es move fredy without head contribution,
the lower limit of the range in which the head moves only, and
the maximal displacement of the visual target (maximal initial
retinal error). The results of our proposed model are inline with
data observed physiologically.
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1 Introduction

Behavioural studies using monkeys and humans as
subjeds sow that the gaze shift are accomplished by
moving bath the g/es and the head in the same diredion
toward the target when the head is unrestrained (Bizz et
al. 1972 Barnes 1979 Guitton and Volle, 1987 Monoz
et al. 1991 Sparks and Groh, 1995 Misdisch et al.
1998. The movements of the g/es and head duing the
unrestrained-head gaze shift follow a tight linear
relationship linking head contribution and gaze
amplitude. In general, these results are similar to those
reported previoudy for unrestrained-head gaze shifts in
the primate, direded along the horizontal meridian (Bizz
et al. 1972 Philli ps et a. 1995 Tomlinson 199Q Gresty
1974 Guitton and Volle 1987 Tweed et al. 1995
Zangmeiser and Stark 1982. The head and eye
movement amplitudes are influenced by the initia
position of the g/es in orbit (Bedker, 1992. Freedman
and Sparks (1997 have reported experimental data
concluding that it is possble to accaurately predict the
amplitudes of the eye and head components of the gaze
shift if the displacement of the target and the initial
position of the ees in the orbits are known. The
prediction model we describe here is based on this
experimental data.
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For simplicity, the following dscusson is restricted to
horizontal gaze shift, and negledsthe other two rotational
degrees of freedom of the eyes. It iswell known that the
gaze shift is the sum of the g/e-in-head movement and
head-in-space movement (Bizz et a. 1972. Considering
the dfed of theinitial position of an eye in the orbit, we
have

G=E(p)+H(p) 0

where G is the gaze displacanent; p, theinitial position
of the gre in the orbit; E, the ee displacement; H, the
head movement contribution. The head contribution to
the gaze shift is defined as the amplitude of the head
movement that occurred between head movement onset
and gaz movement-end (Freedman and Sparks, 1997).

The purpose of the present model is to predict the g/e
displacament E(p) and the head movement contribution
H(p) if the gaze displacament G and theinitial position p
of the g/esin the orbits are known.

2 Modds

2.1 Horizontal gaze shift with eyes centred

When the ees are initially centered in orbit, the
relationship between the e/e amplitude and the gaze
amplitude is characterized by two linear functions, shown
in Figure 1, (Freedman and Sparks, 1997).
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Figure 1. Left, a piecavise linear relationship between the e/e
amplitude and the gaze amplitude, and right, a piecavise linear
relationship between the head contribution and gaze amplitude, when
the ges are initialy centered in abits E, eye amplitude; H, head
contribution; G, gaze amplitude. The top gaphs are derived from Figure
14, Freedman and Sparks (1997).



When the gaze amplitude G < 25°, the eyes move without
head contributions. The e/e amplitude increases equally
with increasing gaze amplitude, and the dope of the
linear relationship between the eye and gazeamplitudes is
equal to 1.

E=G, and kg :gzl When G<25

3

where E is the /e amplitude; G, the gaze amplitude; ke,
the dope of the linear relationship between eye and gaze
amplitudes.

The head movement does not contribute to change in
gaze postion, and the dope of the linear relationship
(ratio) between head contribution and gaze amplitude
equal to 0.

When the gaze amplitude G > 25°, the head begins to
contribute to the gaze shift. Asaming a subjed has a
maximal visual target offset of 80° (maximal initia
retinal error), the head contribution increases linearly
with increasing gaze amplitude for movements between
25° and 8C°. Becuse the horizontal gaze amplitude is
approximately equal to the target displacement amplitude
(Freedman and Sparks, 1997, we describe here the
maximal gaze amplitude using maximal offset of visua
target. The maximal gaze amplitude involves only the
eyes and head movements.

When the gaze amplitude D reaches its maximum 80°,
the /e movement amplitude saturates at amplitude 35°,
shown in the left graph in Figure 1 (Freedman and
Sparks, 1997). When the gaze amplitude is between 25°
and 80, Kgis

E eye amplitude

_ BN -CN _ BC

k. =—= =
® G gaze amplitude @ ON -OL AC ©)
=35 10 g when 25 <G <80
80 - 25 55

where BN = 35°, the maximal amplitude of theeye; ON =
80°, the maximal displacement of the gaze; CN = AL =
OL = 25°, the position from which the head begins to
contribute to the gaze shift.

When the gaze amplitude G is equal to 80°, the head
reaches its maximal position. The maximal contribution
of the head is the difference between the maximal
amplitude of the gaze and the maximal amplitude of the
eye, and isequal to 80-35=45, shown in theright graphin
Figure 1. The dope, Ky, of the linear ratio o the head
contribution and the gaze amplitudeis

K :i:the maximum of head contribution
"G gaze amplitude @
_MN _80-35_ 45 _
LN 80-25 55

when 25<G <80

where MN = (the maximal amplitude of the gaze) — (the
maxima amplitude of the e€); LN = (the maximal
amplitude of the gaz) — ( the position from which the
head beginsto contribute to the gaze shift).

As the gaze amplitude is the sum of the eye anplitude and the
head contribution, it isclea that

kE+kH :E+E:E:1 (5)
G G G

When the e/es are initially centered in orbit, the gaze
shift can be described as

G=E(0)+H(0) (6)
0 E when G < 25

T 5+ Kk, (G-25)+k,(G-25) when 25<G <80

The e/e amplitude and the head contribution can be
respedively described as

E(O):D G when G <25
D5+ K, (0)[{G - 25) when 25< G < 80

H(O):D 0 when G <25
H.(0)1G-25)  when 25<G <80 0

2.2 Horizontal gaze shift with contralateral
position of the eye

When theinitial position of the g/esin theorbitsisat 10°
contralateral to the diredion of the gaze shift, the
relationship between eye amplitude and gazeamplitude is
characterized by two linear functions, shown in Figure 2
(Freedman and Sparks, 1997).
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Figure 2. Left, a piecavise linear relationship between the e/e

amplitude and the gaze amplitude, and right, a piecavise linear
relationship between the head contribution and gaze amplitude, when
the initial pastion d the ee in the orbits is at 10° contralateral to the
diredion d the gaze shift. E, eye amplitude; H, head contribution; G,
gaze amplitude. The top gaphs are derived from Figure 14, Freedman
and Sparks (1997).

When the gaze amplitude G < 35°, the eyes move without
head contributions. The e/e amplitude is equal to gaze
amplitude, and the dope of the linear relationship
between eye amplitude and gazeamplitude isequal to 1.

E=G, and kEzgzl When G<35 ®)
The head movement does not contribute to changes in
gaze postion, and the dope of the linear relationship

between head contribution and gaze amplitude is equd to
0.

When the gaze amplitude G > 35°, the head begins to
contribute to the gaze shift, asauming a subjed has a
maximal gaze displacement 80°.



When the gaze amplitude G = 80°, the g/e movement
amplitude saturates at 45°. Because the range of the gaze
amplitude is from 35° to 80°, the dope of the linear
relationship between eye amplitude and gazeamplitude is

_E _ eyeamplitude _ BN-CN _ BC
ke(10)=== : (9)
G gazeamplitude " ON-OL AC
-45-35 _10 =0.22 when35<G <80
T 80-35 45

When the gaze amplitude G = 80°, the head reaches its
maximal position. The maximal contribution of the head
is equal to 80-45=35, shown in the right graph of Figure
2. The dope of the linear relationship between head
contribution and gazeamplitude is

H _ the maximum of head contribution

ky(10)= 0 = - MN
gaze amplitude

LN

(10)

_80-45_35

=—=0.78 when 35<G <80
80-25 55

When the initial eyes postion in the orbits is at 10°
contralateral to the diredion of the gaze shift, the gaze
shift can be described as

G=E(10)+H(10)
= E when G < 35
"5 +k (G-35)+k,(G-35) when 35<G <80

(11)

The gre amplitude and the head contribution can be
described as

E(10) = G when G<35
%35+k (10)[{G - 35) when 35<G <80 @2
H(10) = when G<35
_B<H(10)EGG—35) when 35 <G < 80
E H
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Figure 1. Kg (left) and Ky (right) when the initial position d the g/e in
theorbitsisat 20° contralateral to thediredionof the gaze shift.

Similarly, Equations 13 and 14 describe the slope ke and
ky when the eyesinitia deviation in orbit are 20° and 30°

contralateral to the diredion of the gaze shift
respedively, shown in Figure 3 and Figure 4.
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Figure 4. Ke (left) and Ky (right) when the initial position d the e/e in
theorbitsisat 30° cortralateral to thediredionof the gaze shift.
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The results of the euations are dose to the observed
physiological data (Freedman and Sparks, 1997, shown
in Table 1 and Figure 5.
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Figure 5. Compare the results of the modd with the physiological
data. The dark line and Hue line are the data reported by Freedman
and Sparks (1997). The red thick line is the result of our Equatiors.
ent”, the e/es are initially centred in the orbit. “Con’, the e/e
postionin the orbit is contralaerd to the diredion of the gaze shift.

Eye amplitude Head contribution
0 10 | 20 | 30 0 10 | 20 | 30
T |024]|027|{034(042|0.76]| 0.73| 0.66 | 0.58
Eq. | 0.18 | 0.22 | 0.29 | 0.40 | 0.82 | 0.78 | 0.71 | 0.60
S |012|0.18(025|044)|088|0.82| 0.75| 0.56

Table 1 Comparison tetween results of the mode and physiological
data. T and S correspondto data from monkeys T and S (Freedman and
Sparks, 1997, and Eq. corresponds to the results of our proposed
mode!.

The data in Table 1 are the dopes of the linear
relationship between eye amplitude and gaze amplitude
(Ieft column), and between head contribution and gaze
amplitude (right column). The numbers 10, 20, 30,




correspond to the initial eye position in orbit of 10°, 20°,
30° contralateral to the diredion of the gaze shift. Note
that the data of the head contribution of the monkey Sin
the last column in the Table 2 reported by Freedman and
Sparks (1997, may have a typographical error (it is
shown as 0.56 but might be 0.44 as the sum of ky and kg
isequal to 1).

If the range of the initial position of the e/es in orbit is
from 0° to 30° contralateral to the diredion of the gaze
shift, we have:

k(p)= 01 when G<25+p 15
P)=0o/s5-p) when G>25+p

kH(p)=1-k(p)
1 when G<25+p
E(45 P)/(55-p) when G>25+p %

where p is the initial eye position contralateraly to the
diredion of the gaze shift.

Slope

0 5 10 15 20 25 30 35

Initial eye position contralaterally to the gazeshift.

Figure 6. The dope of the linear relationship between head contribution
and gaze amplitude deaeases as the eges initia pogtion in arbit is at
increasing contralateral positions.

The airve of Equation 16isshown in Figure 6. The slope
of the linear relationship between head contribution and
gaze amplitude deaeases as the g/es initial positions in
orbit are at increasing contralateral positions. This result
is smilar to the data reported by Freedman and Sparks
(1999.
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Figure 7. Eye postion at the end d the gaze shift plotted as a function
of gaze amplitude for movements initiated with the e/es in dfferent
initial pogtions. In the left graph, data reported by Freedman and Sparks
(1997. Intheright graph, data from our model.

The e/e amplitude and the head contribution can be
respedively described by the Eye Amplitude Equation
and the Head Contribution Equation:

when G<25+p

E(G.p)= %5+p+k(p)[ﬂG -(25+p)) when G>25+p
when G<25+p
%5+p+ me (25+ p)) when G>25+ p
@7
H(G,p)= ad when G<25+p
“H( p)[qe (25+p))  whenG>25+p
H when G<25+p
D45 EﬂG (25+p)) when G >25+p
5= (8)

Equation 17 and 18 pedict the g/e amplitude E and the
head contribution H if the gaze displacement G and the
initial eye position p are known.

The gaze amplitude is the sum of eye amplitude and head
contribution. We have the Gaze Decompositi on Equation:
G=E(p)+H(p)

_o E when G<25+p

T 5+ prke(G(25+ p))+ky (G=(25+p) WhenG>25+p (19)

If the initial position of the g/es and the g/e amplitude
are known, the eye position at the end of the gaze shift is
their algebraic sum:

Pe=E+(-p)=E-p 20)

From Equation 20, the g/e position at the end of the gaze
shift is described by the Eye Position Equation:

PE:EG—p when G <25+ p
25+k. [{G-(25+p)) whenG >25+p
G-p when G <25+ p
= o+ when G > 25+ p
55-p (21)

where Pe isthe eye position at the end of the gaze shift; p,
theinitia position of the eyes; G, the gaze amplitude. The
position of the ees at the end of the gaze shift
necessrily depends on bath the initial eye position in
orbit and the amplitude of the gaze shift. As Figure 7
shows, the results produced by our model (Equation 21)
are qualitatively and quantitatively very close to the
recorded physiological data of Freedman and Sparks
(1999.
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Figure 8. MEXO, range of the maximum eye-movement-ony; d,
upper limit of MEXO (typically between 25° and 35° for monkey).
MIHO, range of the head-movement-only; (3, the lower limit of the
range (typically between 35° and 45° for monkey). The head moves
only if the g/es initial pogtions in the orbits are at 3 ipslateral to the
diredion d the gaze shift. MIRE, range of the maximal initial retinal
error. D, the maximal initial retinal error (typically between 80° and
90°). O, the center of the rtina.



2.3 Factorsdetermining gaze decomposition

Besides the airrent gaze displacement G and the initia
eye position p there are other three factors have to be
considered in gaz demmpostion in the gaz
decomposition model:

MXEO and a. For the horizontal gaze shifts with eyes
centered and gaze shifts gnaler than about 25°,
experimental data indicate that the head movement does
not contribute to the thange in gaze position (Sparks and
Groh, 1995 Twedal et al. 1995 Freedman and Sparks,
1997. The range between -25° and 25 is caled the
maximum eye-movement-only (MXEO), shown in Figure
8, because within this range the g/es move fredy without
head contributions. The upper limit of the rangeis noted
a, which value is typically between 25° and 35° for
monkey.

MIHO and B. For gaze shifts larger than about 35°, eye
position at the end of the gaze shift does not exceed 35,
and the maximal contribution of the eyes is below 45°
(Guitton and Valle, 1987). The range that is greater than
35° iscall ed the minimum head-movement-only (MIHO),
because the head moves only if the e/es initial positions
in the orbits are at 35° ipsilatera to the diredion of the
gaze shift (Beder, 1992. The lower limit of therangeis
noted B. The value of Bistypically between 35° and 45
for monkey.

MIRE and D. When a visual target is beyond about 80°
from the center of the retina, we @nnot seeit. The range
within 80° is caled the maximal initial retina error
(MIRE) or maximal gaze amplitude. The maximal initial
retinal error is noted D, which valueis typically between
80° and 90C°.

The value of a, 3, and D are fixed for a subjed even
though they may have +5° errors. However, different
subjeds may have different a, 8, and D, depending on
their habits, the size of their eye-orbits, and their vision
capabiliti es.

24 A summary of the Equations

Slope Equation
1 when G=a+p
ke(p)=0 B-a
E B-p-a when G>a+p 22
1 when G<a+p
kH(p)=EB:7r;-_§ when G>a+p
(23
Eye Amplitude Equétion
o G when Gsa +p
E(pr)—%ﬂ_p+kE(p)D[G_(g+p)) when G>a + p
E G when G<a +p
:§7’+p+ﬁﬂfe-(a+m) when G>a+p  (24)

Head Contribution Equation

when G<sa+p

H(G.p)= when G>a + p

o o
i (p) UG - (a + p))
0 when G<a+p

=§B:E:§[‘G‘(“+m)

when G>a +p

@9

Gaze Demomposition Equation

G=E(G, p)+H(G,p)
_OE when G<a +p
TER5+ prke(G-(@+ p)+k, (G-(@+p) when G>a+p

26)
Eye Position Equation
0 G-p
= otk OG- (@ +p))
He-ep
Eﬂﬂme—(zm p)
D-p-a

when G<sa+p

when G >a + p

when G<sa+p
whenG>a +p

@7

Note the head contribution is only an epiphenomenon of
eye amplitude, total head amplitude, and the relative
timing of the two platforms. The neural system drivesthe
total head movement and may not deal with spedfic head
contribution (Freedman and Sparks, 1997).

2.5 A Graphic method for gaze decomposition

We eplain our graphic method using Figure 9. In this
figure, the length D is the maximal displacement of the
gaze shift, and determines the outer square OSTW. The
diagonal line OT and the side OS are known from the
OSTW sguare. From p, a, and 3, we @n oltain the line
PQ. For any gaze displacement G, the fourth line AB is
defined, and the length of AB is G. If G > p + a, the
intersedion M of AB and PQ divides AB into two
segments AM and MB. From Equation 24, AM = H, the
head contribution; MB = E, the gfe amplitude. If Gsp +
a, then AM = 0, MB = G. This means the g/es move
without head contribution.
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Figure 9. Graphic method for the gaze-decompastion. AM = H and MB
= E are the reaults of the gaze-decompaosition. In the square OSTW, OU
= QV = p+a, where p, the initial eye pastion; a, the upper limit of the
range in which the e/es move fredy without head cortribution. OR =
p+ B, where B, the lower limit of the range in which the head moves
only; OS = D, the maximal initial retinal error. Threelines OT, PQ and
OS are determined by a, B, p, and D. For any OB = G, the gaze
displacement, the line AB is crosed by PQ at M. Then AM = H, the
head contribution, and MB = E, the eye amplit ude.



3 Discussion

3.1 Comparison with other models

A number of models have been proposed to describe the
relationship between eye and gaze amplitude of heal-freegaze
shifts. However, most of these models have only considered a
qualitative liner relationship. Our proposed model provides a
quantitative aralysis for the gaze decomposition.

The results of the quantitative analysis indicate that the
distribution of the /e amplitude and head contribution is
determined not only by the current gaze displacenent and
the initial eye position, but also by the maximum eye-
movement-only (MXEO), the minimum head-movement-
only (MIHO) and the maximal initial retinal error
(MIRE). The minimum head-movement-only and the
effedive oculomotor range have been well studied. Our
model emphasizes that the MXEO and the MIRE play
esentia role for the gaze decomposition in head-free
gaze shift.

3.2 Fitting errors between the modd and
physiological data

To assssthe acauracy of our model we have studied the
fitting error with resped to the physiological data (see
Figure5 and Table 1, Freedman and Sparks, 1997). When
we sat o =25°, =35°, and D=80°, the absolute aror
between the result of Equation 22 and the average value
of monkey T and S for kg are: (0.24+0.18)/2 —0.18=0
(Cent), (0.27+0.18)/2—0.22=0.005(Con 10°), (0.34+0.25)
/2-0.29=0.005 (Con 20°), (0.42+0.44)/2 -0.4=0.03 (Con
30°).

If we compare the above results of the model with data of
individual monkey, for example monkey T, there is rather
largefitting error: 0.24-0.18=0.06 (Cent), 0.27-0.22=0.05
(Conl0®), 0.34-0.29=0.05 (Con 20°), 0.42-0.40=0.02
(Con 30°). However, different monkeys would have
different a, B, and D. If we set a=23°, 3=37° and D=85°
for monkey T in Equation 22, the fitting error will be:
0.24-0.23=0.01, 0.27-0.274=-0.004, 0.34-0.341=-0.001,
0.42-0.45=-0.03. Therelative aror islessthan 7%.

3.3 Prediction of the characteristic of individual
monkey

Another new feature of the model is that it provides a
method to predict the visual characteristic of individua
monkeys guch as: the upper limit of the range in which
the eyes move fredy without head contribution; the lower
limit of the range in which the head moves only; and the
maximal initial retinal error, if the arrent gaze
displacement, theinitial eye position and the results of the
gaze demposition are known. For example, from the
data reported in table 2 by Freedman and Sparks (1997,
we @n deduce the mefficient 0=23°, 3=37°, D=85° for
monkey T, and a=39°, 3=45°, D=83" for monkey Susing
Equation 22 and Equation 23 in our modd. As the range
of eyes-movement-only of monkey Sis greater than that
of monkey T, we may predict that the monkey S prefer to
move its eyes rather than its head for a visual target. For
example, for a 30° horizontal visual target when the eyes
areinitially centered in orbits, Monkey S only moves its

eyes to seeit, but Monkey T has to move bath eyes and
head to seeit.

3.4 Why thereis liner relationship between eye
amplitude and gaze displacement?

Horizontal eye position is mainly controlled by two
extraocular muscles, the lateral and medial redi. When
the ee is dill in the range of MXEO, it is at the
medhanical equili brium point at which the net torque de
to the muscles and passve orbital tissies vanishes When
eyes move within the range between MXEO and MIHO,
the eyes are gtill i n an increasingly ipsilateral position to
the diredion of the gaze shift, and the strength of the
muscles increases. If the strength of the muscles is
diredly proportional to its length, the property of the
muscle may lead to the linear relationship between eye
amplitude and gaze displacement. Another reason for the
linear relationship may be that the saturation of the eg/e
position prevents the eye from running at full speed tothe
end of its leash, a manoeuvre that might overstretch the
muscles or damage the globe. Further, saturation prevents
errors that might arise if the muscles were given
commands they could not exeaute.

4  Conclusion

In the present study we have presented a quantitative
model for gaze decmposition in a head-free gaze shift.
The model has the potential of dealing with the gaze
decomposition under other conditions, for example, the
initial eye postion ipsilaterally to the diredion of the
gaze shift, or when the diredion of the gaz shift is
extended to the vertical or oblique diredion. The results
of the quantitative analysis may benefit the study of eye
velociti es and head movement components, for example,
the velocity of the e/e may be mnsidered as the function
of the dope of the linear relationship between eye
amplitude and gazeamplitude.
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