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Figure 1 Feature extraction process
(a) Pupil edge; (b) corneal reflex contour; (c¢) pupil edge (after filtering); (d) fitted pupil ellipse; (e) the pupil

center and corneal reflex center; (f) results
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l (Ax", Ay™)

Gaze mapping function
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Figure 2 Gaze estimation flowchart

Screen plane

Camera /2 axis 2(gy)
Image plane ! 2

(a) (b)
3 ARMERTEE
Figure 3 A schematic diagram of the individual differences of cornea

(a) The angle of optical axis and gaze; (b) individual difference of corneal spherical radius
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584



TEEY FERE 4L H 5

g5
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Comea
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Sereen plane

Screen plane )
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Figure 4 The impact of head position on gaze feature vectors

& 4

(a) Space diagram; (b) side view; (c) top view
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Figure 5 The impact of head position on interpupillary distance

(a) The impact of head distance on interpupillary distance; (b) the relation between the pupil angle and distance;

(c) the impact of head position on the pupil angle; (d) the impact of head rotation on interpupillary distance

zr, = arlLlq \/1/[L%(aR — aL)2 + L2(L2(CLR + CLL)/22’1)2],

2
’2:L1 ZL?ZR = . 21 .
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221 cosyy’
2l
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TEAR ST RIAEIE ER R GE T, 0 AS FH AL 3 AR Al v 2 R AT T A, Bl 72 vh R ek
SEIN ISR N T % S S, ISR A 2 R REAS B AR G — e N N T TR AL B E.
FEE AT FARMLIIAL BEAS R, T8 ERS FE AR AR R, PR A AR R e T LA J 5 LA
B AR ER BN R A ARPR R T (B mm), HYEAE (0, 0, 0) ALRIAREAL B AL, ZEHUHALE I H 1)
FEI bR s A5 B AN SRR 22, AR5 40 303 (100, 0, 0) A1 (0, 50, 0) 4b, EA143 590 K P R8s H 5
) 1E Sk B A S B2 2 (0, 0, —100) Ab, BB B 52 BAHNLESE AL a3 (0, 0, 100) 4k, 1Xj&
BN A

SRR AT B 2R A3, 193 7 AT A LML FORTHT AR E AT 6 G IR 3B R B T 387K F,
W 1 PR, AT R BE 140 2oty B H 5 0 FRAIREEE 1.6° Zedq. Bl 6 A 3 78 (100, 0,
0) IR A48 L.

4.2 SEMREMA TR LR

XFJURRRERAL T b AT TXELE. B 7 25 AR T A Al v 8 R S S A R 2. il 7
L, (a) AEARENLE, JURM LA IEMAS THLL; (b) B8 2 Skl s g A E, STk [9, 17] 5
IREANREAETELEL, (H45 R OB A HAER, A SONEAEREA e shid fE b, #AE— ELORKEXT AL
L RE M THREST; (o) AN T-3CHR [17) Fp RSB LR Al v 7 iR AN STk 9] FP FLA = R Al
VA, ASCHR 572 RE SO0 vERA AN RS E R 55 H b, JLBRER S5 R H A ELSUAL B IR 2, 56
A BET AL SN PR IB BAR R R 2K,

4.3 ANNXERZ%

AR CFETILIB BRI R MRS H AN B R G 8 Frow. wl LAt sk Nl i 2R IB B &
G AC HLPASEAS B K =F & e 5 P Y. RGPS = NSk ) e g5 48 A 47 &, Skl ez
Hill7s AL, s BOKES . RIS . SRIEHLE K & I R E. S5 HhfEmf 27
95%LA_I.
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Table 1 Average gaze estimation accuracy for seven subjects

User Horizontal accuracy (A, o) Vertical accuracy (A, o)

1 (12.00+7.54) mm (0.86° + 0.54°) (14.24+8.65) mm (1.02° £ 0.62°)

2 (26.11£10.19) mm (1.87° + 0.73°) (32.83412.42) mm (2.35° 4 0.89°)

3 (26.81+5.58) mm (1.92° + 0.40°) (19.83£6.28) mm (1.42° + 0.45°)

4 (16.8946.42) mm (1.21° + 0.46°) (23.46+7.40) mm (1.68° + 0.53°)

5 (18.43+4.18) mm (1.32° + 0.30°) (24.024£5.72) mm (1.72° + 0.41°)

6 (21.7849.21) mm (1.56° £ 0.66°) (37.44412.98) mm (2.68° £ 0.93°)

7 (20.1144.74) mm (1.44° + 0.34°) (26.81-£7.26) mm (1.92° + 0.52°)
1024 N i e +¢- I:;]L—Il’m|\:1.\ul‘:|lc1ll1ml == Methodin [ 17]+*= Method inl|0|'j
£ 640 . B £ o #75
§ sinf s w® ' s st 3/,/ ]
8 B4 n ’ i
5 384r g I P 7 o
2 256r e % 2:‘."--..o:?S-.-;"_j..’...._.-'---""""--.." b —
P R B B e,
[)U lé?‘l 31%6 3Er§4 5]'2 (:i[i 7(;3 3(}61{),’1“ [32]23{} 0{:) ’ 4;0 ’ 3’[] ’ |_:gg ’ I(;U I 2{}[] ’ 24(] ’ 2{«] ’

X coordinates (pixels)

6 fEitM&SETNLLILR

Figure 6 Gaze estimation results

Distance away from the calibration position (mm)

7 MEMHERSELNEKRIRE

Figure 7 The angle error of the user’s gaze

estimation result and the real gaze

i
.
H3

AR ES

MESA

B |
03]
i}

i

8 ETFHLKEBIRMANRERS

Figure 8 A human-machine interaction system for disabled individuals based on gaze tracking

4.4 ESEHMAEFZRILLE

LA LB B R G LU A R IR 2, TR B, ASCER T AU REI 4 BN, 5
JURRRE R, AT L ACVRSL SO BB 3 i), e P LA B R o s 5.
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Table 2 Comparison with other systems?®):P)

Head movement vol- . . .
Methods . Average accuracy Configuration Calibration
ume (Camera Z axis)

[21] 70 mm 1.0° One stereo camera and multiple lights ~ One-point calibration
[20] N/A, but >70 mm 0.6 (only one person) Two stereo cameras and multiple lights ~ One-point calibration
9] 200 mm 1.6° One stereo cameras and two lights One-point calibration
(7] 500 mm 5° Single camera and single light Multiple-point calibration
8] 40 mm 0.9° Single camera and two lights Multiple-point calibration
[12] 100 mm 1.0° Single camera and four lights One-point calibration
Ours 400 mm 1.5° Single camera and single light One-point calibration

a) SR [8, 12] T L5 HMBC B SLARARML, HIARARERIBL, SC USRI 73 ) 2 1) = 2
b) ARSIPELERIBIZFN /N T 50 mm I, SEIAEREAE 1.00 Aot

5 Zit5RE

BT FABLREIR A P IR ER R GAAAE LU N LA L (a) KA. (b) kB IR. () 5
SERZR. ARSCER G — PP ATL O IR A A N LB BRI PR LAl R T 56, ATVE BAT LU R LA A
(a) AL vy TR R LA DN S BRER, RS EE LAl TR it T 2 MU, (b) AEAIHILILEF A, Skl
TULA R 3)), Skl A i R AL TERG M R FF. (o) MR 22 5 AN, S0 T 5 Al
HURDGIRAAT TS bn . A I iR A Tk, TR LB ER R GRS LA 2] T
i AL SE I AP LA EL IR K

5% ik
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Gaze estimation in a gaze tracking system
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Abstract This article presents a gaze estimation method (GEMHSSO) based on the pupil center cornea reflec-
tion (PCCR) technique. Existing PCCR systems suffer from several problems, including the restriction of users’
head movement, and the requirement of individual calibration. This paper presents a head position compensation
model using a single camera and a single light source, which realizes the analytic compensation of head motion
effects on pupil-glint vectors. We then present a transformation model for individual differences to simplify the
calibration process to a one-point calibration. On this basis, we establish a novel gaze estimation method that
reduces the minimum hardware requirements for accurate estimation to a single camera (not calibrated) and a
single light source. Without the need for a complex system, our method has the ability to estimate gaze during
natural head movement, and to substantially simplify user calibration. Each step of the proposed method in
this paper makes real-time implementation possible, which provides an effective solution for eye-gaze tracking in

human-computer interaction systems.

Keywords gaze tracking, gaze estimation, pupil center cornea reflection (PCCR), head compensation, individ-
ual calibration
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