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A New Method for Eye Location Tracking

Eugene Paperno* and Dmitry Semyonov

Abstract—A standard scleral search coil (SSC) system is sup-
plied with a single three-axial transmitter (or with a triad of trans- Fieid coif box
mitters) and the directmagnetic coupling between the transmitting
coils and the SSC is used for computing the eye location. The SSC'’s
orientation components measured by the SSC system are involved
in the location-tracking algorithm as well. The suggested method
differs from traditional ones where the eye location is computed Trans#tional
indirectly, relative to the measured location and orientation of a ree-axial
transitional three-axial magnetic sensor attached to the subject's **™* \@ s,
head. The new method eliminates systematic errors caused by in- zh .
accurate situating the transitional sensor relative to the eye. It also i
eliminates systematic errors caused by imperfect orthogonality of
the transitional sensor.

It is found that an accurate location tracking with a single
transmitter is possible only if orientation freedom of the eye is r; .. ...,

limited. To track the eye location with no orientation limitations,  ansmiter ~
gy
X
m,

a triad of transmitters is employed. The resulting accuracy can be
as good ast1 mm (in a 200-Hz bandwidth) over a relatively large
(0.5x 0.5x 0.5 m) operating region in the center of a Ix 1 x 1
m SSC system. The analytical results obtained are confirmed with /
the help of computer simulations. / /

Index Terms—Direct magnetic coupling, eye location tracking, Scleral search coil
scleral search coil, triad of there-axial transmitters. X

I. INTRODUCTION

/

HE magnetic scleral search coil (SSC) technique [1]-[¢ Contact fons Twisted wire pai

is a standard research tool used for monitoring eye move-

ments in man and experimental animals. A typical SSC systefg. 1. A typical SSC system. To track the eye location, a conventional
(see Fig. 1) consists of a field coil box and an SSC embeddedhiagnetic tracker consisting of the three-axial transmitter andrémsitional
modified contact lens. The field coil box is combined from twg‘lree-axial magnetic sensor is added to the system. The three-axial transmitter

h . find " il d he sid f is located outside the field coil box, and the transitional sensor is attached to the
ort r?e pairs o '.n uc.:tlon C(_)' S mounted to the sides of a Cuh‘.‘aubject’s head. The eye locatioh= (z, y, z), is calculatedndirectly, relative
The size of a typical field coil box ranges from 0.3t0 2 m.  to the measured location and orientation of the transitional magnetic sensor.

The SSC technique is based on amplitude detection of the

oltages induced in the SSC by the field coils. The amplitudes of
vottages incu ! y I : Py ﬁmsmitter located outside the field coil box anttansitional

the induced voltages are linear functions of the SSC'’s axis qu X . o
three-axial magnetic sensor attached to the subject’'s head (see

vector componentsy = (s1, s2, s3), and trigonometric func- _. h | oo lculated relati h d
tions of the azimuth and elevation anglésnd+ (see Fig. 1). Fig. ]_')' The eye location s calculated relative to the measure
ation and orientation of the transitional sensor.

The advantage of the SSC technique is that it provides a high"~. : :
It is important, however, to track the eye location bgtigect

t [(upto4kH d I t0 0.0 lution.
emporal (up to z)and angular (up to 0.008]) resolution thod. This should eliminate systematic errors caused by in-

This allows for effortless recording even the smallest types g R h tional lati h |
angular eye movements. accurate situating the transitional sensor relative to the eye. It

In many applications there is a need to measure not only t'ﬁféould also eliminate systematic errors caused by imperfect or-

eye orientation, but the eye location as well. It is traditionaIIﬁhogon‘"‘l'tyk_o'c thﬁ transn;onal_ss_nsorl. ith itional
done by arindirect method. The SSC system is supplied with For tracking the eye locatiodirectly, with no transitiona

a conventional magnetic tracker [5] consisting of a three-axigf NSO, We Investigate the possibility of e_mploymg _the direct
magnetic coupling between the three-axial transmitter—or a

number of transmitters—and the SSC itself.
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in the location-tracking algorithm the orientation components, To find theo,, o,, ando. errors, we suppose that uncorre-

§ = (s1, $2, s3), taken from the SSC system’s output. lated white-noise signals; and{y,, are superimposed on the
To find the SSC's location” = (z,y,z) in Fig. 1, we corresponding components of tandH,, vectors. We also as-

shall write equations for the quasistatic coupling between teame that the,, and¢y,, noise signals are relatively small and

individual transmitting coils and the SSC. Let us assume th@yeir rms values are equa;l =0, andoy,, = og..

number 1 ¢ directed), number 2i(directed), and number 3 To estimate the resultant noise we use the following partial

(= directed) transmitting coils are operated at different freterivatives. For example, for the SSG'soordinate:
quencies (time and phase sharing can also be used in practice). 3

3
Corresponding field amplituded/,;, seen by the SSC can L= 9z + Oz + oz . 6
be found in this case as the dot products of the vegtand ¢ ; OH; . = 95; 95,% T or ©
the dipole field vectorsH;, generated at the locatiohby the Where
corresponding transmitting coils [6]
1 [30h )7 ] . > or >, or
HS'L - H 47T T — 7«_3 - S (1) 67“ = £ EEHM — a_sjfsj- (7)
1= 1=

wherer = |7 is the magnitude of the vecter i, are the mag-
netic moments of the corresponding transmitting coils, indexThe substitution of (7) into (6) yields

runs from 1 to 3 and represents magnetic moments of different 3 P
T ) ~ . T or Ox ox or Ox
transmitting coils,n; = |m;| = NAI, N is the number of ¢, = ( +— > €.+ Z ( + — > &,
turns, A is the area, and is amplitude of the ac current flowing i=1 OHy;  OH; Or i=1 s s 0
through the each transmitting coils. (8)
Form; = m, (1) can be rewritten as follows: We assume that the SSC is not moving during each measuring
H., — m3z(@8)=sr? cycle. As aresult, the partial derivatives in (8) become constants
3 ir r and can be considered as independent. Thus, we can find the
Hop=m 3y('7"-§);52r2 (2) af components by applying Gauss’s error propagation rule
! _‘:‘ 2 ( 2 3 or x 2 3 ox or Ox 2
Hgs = %32(%?5_5& T2 =1[%H, i; (BH +3H W) T 321 (851 +a—5jm)

ferent components of the vectérand the dot produdf - 5) =

wheres; = |5;|, index;j runs from 1 to 3 and represents dif- 3 5 5
o 2 dy or 9Oy 2 dy or Oy
Oy = \/UH.; > (BH“- tam.; W) +o2 ) ((%J a5, W) .

rs1 + YSo + 283. i=1 j=1
The system of (2) can be solved first for 3 2
or oz or Oz
VRIS 8H2 + (H, - 5)2 3 Uz_%f?qs 'Zl(aH *oH 5) +ol Z (383 +3—%W)
= =775 . . \ 1= j=1
r= g e 9+ 81+ (57 @) ©
and then for the SSC'’s coordinates By taking the partial derivatives in (9) and considering (2),
i Am 3 H i 48 we obtain ther a7 as a function of the SSC’s true location
\/ﬁ\/ +4x(H,-5) and orientatior¥, see (10) at the bottom of the page. In a similar
y = %’I’SH 2+s2 4 way
VB (L 5) @ T o \2 5 o \?
iz p, 3+53 o = | o2 ( r > g <_T>
= \/3_1\/ +4z (A, -3) e ; OHs; T \0s;

where H,,, H,», and, H,3 are the components of a dummy )

vectorA, = (H,y, Hys, H,3),suchthafl? = H2 +H2,+H?2, _1 "
and the dot produdtH - §) = Hs181 + Hgo82 + Hzss. 9 (75 +1r?

Once the SSC's coordinates have been found, it is important 47\ 2
to estimate the location resolution (rms error) of the method X (E) 980y +[3(7-5)2 + o2 (11)

- 2 2 2
TlaF =4/0z + 0oy + 02 ®) To evaluate ther|7 quantitatively, we consider a prac-
wereao,, o,, ando, are the rms errors of the coordinate estitical case (see Table I) wherey, = 10=* (—80 dB)
mates. relative to the maximum field intensity measured at a 1-m
91AF
_ 1
O R 9P 407

x \/<%> 9276(7- 2{(F - H2[2(F - 2412 — 18] 414}02 + {(F- §)2[2(7- (97 §)? + 2202) + 2574] + 16} 2.

(10)
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TABLE | z
SIGNAL-TO-NOISE RATIO CALCULATION Field coil box
Transmitting coils* \
average diameter 10 cm
number of turns 400 )
o Scleral search coil
wire diameter 0.7 mm
resistance 58 Q
excitation current 1 AO-to-p
magnetic moment 3.1 Am?
excitation frequency 50 kHz
Scleral search coil (SSC)
average diameter IS mm
number of turns 10
wire diameter 50  pm
Bandwidth 200 Hz Three-axial
SSC thermal noise 1.8 nVrms transmitters
Preamplifier noise 34 nVrms >y
Atmospheric noise measured in a 1 Hz bandwidth 0.05 pA/m
Total noise measured at the amplifier input 344  nVrms
Maximum signal detected at a 1-m distance 0.35 mV 0-to-p
Signal-to-noise ratio, H .. loy, 80 dB
*The transmitter noise is neglected because its amplitude component is X
small relative to the signal level, and its phase component can be effectively
eliminated due to synchronous detection of the SSC output. Fig. 3. Eye location tracking with a triad of three-axial transmitters. Finding

the distances,, 2, 13 between the three-axial transmitters and the SSC allows
calculation of the eye location by applying the triangulation technique.

only if orientation freedom of the eye is limited, namelypif<
80° forao, = 1.7 10~* andy < 60° forac, = 8.7 107%.

It is important to note that employing an additional orthog-
onal search coil in the contact lens does not provide an escape
from the above problem. It is so because the two orthogonal
search coils can be oriented in such a way that their axes are
perpendicular to the vectat. The dot product$s” - Sgyst coil)
and(7- Ssecond coil) €Qual to zero in this case, and both systems
of (2) describing the corresponding coil’s location are degraded
simultaneously.

GIAFI (mm) 1 -

0 10° 20° 30° 40° 50° 60° 70° 80° 90°
o [1l. EYE LOCATION TRACKING WITH A TRIAD OF
¢ = arccos(r - 5) THREE-AXIAL TRANSMITTERS

. ) i i To track location of the SSCs with no orientation limitations,
Fig. 2. The location resolutiom » 7 as a function of the angle between the . . .
7 and3 vectors. The SSC is located at a 1-m distance from the transmitter, sY¥f¢ SUggest employing two more three-axial transmitters (three
thati™ = (\/1/3, /1/3,/1/3). transmitters in all). The triad of transmitters can be located, for
example, beneath the field coil box, as shown in Fig. 3. The
dist f the th ial t itter. Then f f djstances, r2, andrs between the SSC and each of the trans-
qls_ancel ;oml Se 1re3e-aX|ah trr?n;n] 1er. er|1 ?rt% "X€Qitters in the triad can be found according to (3). Having a triad
7= (V1/3,/1/3,4/1/3), such thar = 1, we calculated in of distancesy, we can localize the SSCs by the triangulation

Fig. 2 theo|a7 as a function of the angle = arccos(7- 5)  tachnique
between the and# vectors for two differentr, = 1.7 1074 gue. : . . .

do- — 8.7 104 that dt o 0 61" d To evaluate the location resolutian 7|, of the triangulation
ando, = o at correspond to @, = oy, = 0.01°aNnd - \ye shoyld first examine the resolution, of the distancesy,.

o9 = o = 0.05° angular resolution of the SSC system. Considering (11), we plotted in Fig. 4 tle, as a function of
Equation (10) and Fig. 2 make it clear that the location refe anglep = arccos(7- §) foranr = 1 m, oy, = 1074, and
olution o a7 is drastically degraded when the SSC'’s axis bewg differents, = 1.7 10~% ando, = 8.7 10~4.
comes orthogonal to the vectdr The dot producti™- §) in  Fig. 4 shows that the distance resolution —unlike the
the denominator of (10) comes close to zero in this case %m‘éviously evaluated location resolutian,y [see (10) and
all theo A components approach infinity. Inspecting (2), ongijg. 2]—is practically not degraded no matter what is the SSC’s
can see that the™ - 5) = 0 simply degrades it. A single-point grientations relative to its locatior?. Fig. 4 also shows tat the
solutionr = (z,y,2) fora (- §) # 0 turns into a sphere ;;  reaches its maximum value,, ..., when the dot product
x® +y? 4 2° = r? forany (7 - 5) = 0. (7 - §) becomes equal to zerg (= 90°). This corresponds
One can see from Fig. 2 that an accuratg\f; < 1 mm) to the worst orientation of the SSC. It is important to note
location tracking with a single three-axial transmitter is possibtbat the worst distance resolution,, max, iS from two to four
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o (mm)
Tk

0.08 0.14

0 45 ° 90 ° 0 45 ° 90 °

@ = arccos(r - §) @ = arccos (F - )
(a) (®

Fig. 4. The distance resoluti(m]. as a function of the angle between thé’
ands vectors foran = 1 m, o, = 10~*, and two different, = 1.7 10—*
ando, = 8.7 10—* that correspond to ay = ¢, = 0.01° andoy =

o, = 0.05° angular resolution of the SSC system. The dashed lines show t|
o, components that are related to the different types of errors: the error in t

coupling between the three-axial transmitter and the $S£. and the error
in the SSC'’s orientations,. One can see that they, error dominates in (a)
while theo, error dominates in (b).

z
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Operating
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N
\
- E
! Operating €
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I \ o
Three-axial ! \ PN
transmitters L_l’\\\\_ N\ N 1
N . & y
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P
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X

Fig. 5. Eye location tracking with a symmetrical triad of three-axial[i

transmitters.

times better than the best (see Fig. 2) location resolutiogy,
reached with the single three-axial transmitter.

Now we can investigate the location resolution,; of the

1177

0.4 \\\\ﬁ\

0.3

0.1

Operating
area

| (mm)

Operating 205m
area z=0.256m

(b)

Fig. 6. The location resolutiom » # of the triangulation as a function of the
SSC location (see Fig. 5) within the operating regiop ( = 10~* ando, =

oy = 0.01°).In (a), the triad of transmitters is asymmetrical (see Fig. 4). In (b),
the triad of transmitters is symmetrical (see Fig. 5). Note that in (b), the location
resolution is below 0.3 mm over the whole operating region. This corresponds
to a3o|ar =~ 1 mm accuracy.

be at the same time in its worst orientation relative to all the
transmitters in the triad.

To calculate ther| o7, we substituted all possible combina-
ons of thery, min = 7k — Orpay 8NATE max = Tk + 0ppayv iINthe
following triangulation equations:

triangulation as a function of the SSC's location within the op-

erating region in Fig. 5. We have done it considering for all the

transmitters the average values of the distance rms etrQr,.

2 =0.51472-r3)
§=0.5(1-r2+72)
2=05202 + r2—1) + 2r2(rZ + 13)—2rF —rd—rd

It should be a reasonable approximation because the SSC cannot (12)
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Fig. 7. The location tracker configuration used for the simulation of th¢
method (see Fig. 8).

where(z,9, 2) are estimates of the SSC'’s coordinates. Aft
finding all the possibl€z, ¢, 2) combinations, we calculated

oam = Max [\/(& =0 + G-+ G- 27| 19 . -
where(z,y, z) are the true SSC’s coordinates. O)ar| = 0-10 mm 05| = 0-04 mm
Fig. 6(a) shows the results of the above calculations obtain £
foracy, =10~*ando, = 1.7104 (0, = 0y = 0.01°). One  “1¥]m=
Ca.n see fro”.' this .f'g”re that asymmetric Iocatlon of the threlgi-q. 8. Simulation of the SSC'’s location estimates fora, = 1074,
axial transmitters in Fig. 3 causes an asymmetric, nonoptimal'— ;"= 0.01°. The SSC is situated in various locations throughout the
distribution of the rms erraF| Ay over the operating area. operating region (see Fig. 7). Each cube corresponds te 8 2 mm space
The above distribution of thelA?l can be improved [see around the true SSC's location. The black dots within the cubes represent the
. s . . . ocation estimates (500 total for each cube). The gray dots on the cubes’ facets
Fig. 6(b)] for a symmetric triad of transmitters ;hown in F!g. éare projections (shadows) of the dots within the cube.
One can see from Fig. 6(b) that the location resolution is

better than 0.3 mm throughout the operating region. This car- he ab d d . for th
responds to afio s & 1 mm accuracy of the method. Fig. 7). The above procedure was repeated 500 times for the

each location of the SSCs in Fig. 7.
Eventually, the location estimates were plotted in Fig. 8
IV. SIMULATION OF THE METHOD within a 2x 2x 2 mm cubic space around the true SSC'’s

Our final aim is to confirm with the help of computer simula-locatlon' Both the rmsr|az and maximumg|az,,, €rrors
ere calculated and are given in Fig. 8.

tions the analytical results obtained in the previous section. W . :
have done it for the SSC system whose configuration is shownA comparison betyveen .F|gs. 8 and 6(b) ShO.WS a good agree-
Yy g
in Fig. 7. ment between the simulations and the theoretical calculations.
Parameters of the three-axial transmitters and the SSC were
chosen in accordance with Table I. The SSC was situated in
various locations throughout the operating region as shown inSection || demonstrates that supplying a typical SSC system
Fig. 8. For the each location, we calculated the true componewii¢h a single three-axial transmitter allowsdarect location
of the H, vector according to (2). Then we added samples tfaicking of the eye. Analytical equations describing the eye co-
uncorrelated white noise signals with ac, = 1.710~* and ordinates; = (z,y,z), and the distance;, between the eye
¢m,, with aoym, = 10~ to the corresponding true componentand the three-axial transmitter involve the eye orientation com-
of the ¥ and H, vectors. Substituting the noisy components gionents3 = (sy, sa, s3), (measured by the SSC system) along
the above vectors into (3), we obtained the noisy distanges, with the componentst/, = (H,1, H,2, Hs3), of the magnetic
between the SSC and the transmitters. Then, we calculateddbapling between the three-axial transmitter and the SSC. The
SSC'’s coordinates by substituting the noigyinto the triangu- error analysis of the equations developed shows that the location
lation equations written for the chosen triad configuration (seesolution,o| A, is drastically degraded when the SSC's axis,

=0.25mm = 0.10 mm

glAFl max

V. CONCLUSION
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3, becomes orthogonal to the vectbit means that an accurate [2] R. S. Remmel, “An inexpensive eye movement monittEEE Trans.
location tracking with a single three-axial transmitter is possible - ﬁl%mﬁd- Eng-VO(;-gl\gE}fl, DPM388—§90, 198;1. | svstem for lnear d
. . . . P . J. Kasper an . J. Fess, agnetic search coll system f1or linear ae-
only if oru_entatlon fregdom of the eyeis limited. . tection of three-dimensional angular movemen&EE Trans. Biomed.
In Section Ill, we discover and take advantage of the impor-  Eng, vol. 38, pp. 466-475, May 1991.
tant fact that the resolution of the distaneepetween the eye  [4] Search Coil Eye Movement Monitors [Online]. Available: http://gray-
and the three-axial transmitter is hardly affected by the relative _ Pi€l-cc.brandeis.edu/coil.ntm .
. . i N . [5] [Online]. Available: http://www.ascension-tech.com/
orientation Of_ thes"and 7 vectors. M(_)reov_er, the average dis- [5] A. Matveyev, Principles of Electrodynamics New York: Reinhold,
tance resolutiony,., = o, .y, (See. Fig. 4) is found to be from 1966.
two (for o, = 1.7 10™%) to four (for o, = 8.7 10~%) times
better than the best location resolution, 7 (see. Fig. 2). Con-
sidering the above facts, we suggest supplying a typical SSC
system with a triad of three-axial transmitters and employ tk~ Eugene Papemoreceived the B.Sc. and M.Sc. de-
triangulation technique to track the eye location with no oriel grees in electrical engineering from the Minsk Insti-
tation limitations tute of Radio Engineering, Minsk, Republic of Be-
. ) . . . . y larus, in 1983. In 1997, he received the Ph.D. degree
In Section 1V, the Ipcanon resolutlop of the triangulation i (summa cum lauddrom the Ben-Gurion University
analyzed both analytically and numerically, and a good agre of the Negev, Beer-Sheva, Israel. _
ment between the analytical and numerical results is found. EIg(;g'gqn'i283gilgcﬁ’1’ssh:nwiiavc\ilgrr]ntheoflnsStlct'ltjatr?Cg;
. . . ics, ussi y i .
is shown_that the location trgckmg accuracy can be_ as good From 1992-1997, he was a Teaching Assistant
+1 mm (in a 200-Hz bandwidth) throughout a relatively larg: r with the Department of Electrical and Computer
(0.5x 0.5x 0.5 m) operating region in the centerof a L x 1 Engineering of the Ben-Gurion University of the
m SSC system Negev. From 1997-1999, he was a JSPS Postdoctoral Fellow with Kyushu
) . . . . University, Fukuoka-shi, Japan. Since 1999, he is with the Department of
It should be noted that in pra(_:tlcal |mplgmentatlons of tI'\Q.ectrical and Computer Engineering, Ben-Gurion University of the Negev.
proposed method, both the location resolution and the eye afis current interests include magnetic tracking systems for human computer

entation resolution can be reduced due to the inevitable crosstaiiface and virtual reality systems.
between the location-tracking transmitters and the SSC system

itself. The importance of the present paper is in finding the the-

oretical limits for the eye location resolution.
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