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A Review of Feature-based Gaze Tracking Methods
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Abstract In this paper, the feature-based gaze tracking methods are reviewed. Firstly, the development, the related

works and the research status of gaze tracking technology are introduced. Then, the feature-based gaze tracking methods

are classified into two categories: Two-dimensional gaze tracking methods and three-dimensional gaze tracking methods.

These two kinds of gaze tracking methods are emphatically analyzed in terms of hardware system configuration, main error

sources, head movement, advantages and disadvantages, etc. Some of the existing feature-based gaze tracking methods

in recent five years are compared, and several key issues in two-dimensional gaze tracking systems and three-dimensional

gaze tracking systems are discussed. Moreover, the applications of gaze tracking technology in many fields, such as human-

computer interaction, medicine, military, intelligent transportation, etc. are introduced. Finally, the development trends

and research topics of feature-based gaze tracking methods are summarized.

Key words Feature-based, gaze tracking, two-dimensional mapping model, three-dimensional gaze estimation

Citation Liu Jia-Hui, Chi Jian-Nan, Yin Yi-Xin. A review of feature-based gaze tracking methods. Acta Automatica

Sinica, 2021, 47(2): 252−277À��l´|^Å�!>f!1Æ�yk��«uÿ�ã¼�ÉÁö�
 “5À��” �Eâ[1].À��l�ïÄå
uk'ú«$Ä5Æ�ïÄ,�Ï%nÆ[´^Sú½/Ï{ü�¤ì5*	úÄ�¹, X: *	{!Å�P¹{!�¡P¹{�, �5Åì&¢Ñ
>6P¹{!>^��{!�1PÂvFÏ 2018-12-20 ¹^FÏ 2019-04-19
Manuscript received December 20, 2018; accepted April 19,

2019I[­:ïuOy (2018YFC2001700), �®½g,�ÆÄ7
(4172040), �®�E�Æ^�ïÄ)��EM#;�℄7, ¥
p�Ä��ï�Ö¤;�℄7 (FRF-GF-20-04A) ℄Ï
Supported by National Key R&D Program of China

(2018YFC2001700), Beijing Municipal Natural Science Founda-
tion (4172040), Scientific and Technological Innovation Founda-
tion of Shunde Graduate School, USTB, the Fundamental Re-
search Funds for the Central Universities (FRF-GF-20-04A)�©I??� ��²
Recommended by Associate Editor HUANG Qing-Ming
1. �®�E�ÆgÄzÆ��® 100083 2. �®�E�Æ^�ïÄ)� �ì 528399
1. School of Automation and Electrical Engineering, University

of Science and Technology Beijing, Beijing 100083 2.Shunde
Graduate School of University Of Science and Technology Bei-
jing, Foshan 528399

¹{!VÊ���{!Æ���{�õ«úÄ©Û�{. �XúÄEâïÄ�Øä�\Úu�, ÙA^�+�Ǒ�5�2�. <�Ø2´üX/©Ûú¥�$Ä, 
´ò§^uÀ��©Û��l, l<�ú«AÆD�<�òÜAÆ¥n)����"ÚI�.X8À��lEâ®2�A^u<Å�p!J[y¢!�ý9Ïf¨!<Ï©ÛÚ%nïÄ�õ�+�, ké��A^
µ.À��lXÚUìXÚ�¤Úæ^�uÿ�{�±oÑy©Ǒ�\ªÚ��\ª[1] , q¡ǑB�ªÚ�ÿª. B�ªXÚI�^r��A����k1ÆXÚ���, æ^Cú��Å¼�ú«ã�,Ïd, À���uÿ°Ý�p, �ÙA^ØÉÞÜ$Ä (ÞÜ�B�C��m��éwÄØ	) �Z6,Ì�A^uJ[y¢Þ»!�^Þ»Ú�Uúº�.�ÿªXÚK|^	Ü���Å¼�<òÚ<úã�, ÏLé<òÚ<úã�?1?n�©Û, ��ÑÀ���½À�'5:. �ÿª�{ØI���?Û���, é<�Z6�, kX2��ïÄÚA^
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, éÀ��lEâ�ïÄÌ�©Ǒü�a:ÄuAÆ�À��l�{ÚÄu	*�À��O�{. ÄuAÆ�À��l�{��´læ8�ã�¥uÿú«��
�ÀAÆ, X: Ò�!��!úÆÚÆ���:�, ¿J��'À�ëê, ÏLN��.�OÀ�á:½ÏLAÛ�.�On�À���.ÄuAÆ�À��l�{3JpÀ�°ÝÚ?nÞÜgd$Ä¯Kþké��`³[2] . 
Äu	*�À��O�{´��ò<úã�&E�ǑÑ\, ÏL�|��Ôö��ò<úã�¥�N�<ú	*�¶4À�á:�m�N��.ÔöÑ5, l
ÏLæ8��#ã�¥�<ú	*, éÑéA�¶4À�á:. Äu	*�À��O�{�I�ü8�Å5¼�<ú�	*, æ^�ÚO��&Eþ�, �°�5'ÄuAÆ�À��l�{r, �´ØUk�/)ûÞÜgd$ÄÚ1ì^�Cz�¯K[2−3] .�'uÄuAÆ��{, Äu	*�À��O�{ål¢^z���
.�©Ì��éÄuAÆ�À��l�{?1
�[�ïÄÚ©Û. (�Xe: Äk, 1 1 !éÀ��lEâ?1
�ã, �): À��lEâ�u�!IS	�'ïÄó�±9À��lEâ�ïÄyGnÜ©; ,�, òÄuAÆ�À��l�{©¤
��À��l�{Ún�À��l�{ü�a, ©OØã
��À��l�{Ún�À��l�{¥��
²;�{, ¿lM�XÚ��!Ø�Ì�5
!ÞÜ$ÄKǑ!̀ ":�õ��¡éù
�{?1
'�; d	, lXÚI½!̂ rI½!À�°Ý!ÞÜ$Ä9A^|µ��¡é��À��l�{Ún�À��l�{?1
o(, ¿é'©Û
CÊ
yk�Ü©ÄuAÆ�À��l�{; �X, 1 3 !éÄuAÆ�À��lXÚ¥�A�'�¯K?1
&?; 1 4 !0�
À��lEâ3õ�+��A^; ��, éÄuAÆ�À��l�{�ïÄª³?1
o(��".

1 À��lEâ
1.1 u�VãÀ��lEâ3¼�À���½À�'5:�L§¥, I�ïÄú«�)n(�Ú<ú$ÄA:!J�<úAÆ¿¼�À�ëê, �â<ú¤��nïáÀ����.½À�á:N��., ÏdÀ��lEâ�ïÄSN�9)nÆ�%nÆ!)ÔAÆ£O!O�ÅÀú�õ�Æ�, Eâ�ãIKÜ<òÚ<úAÆuÿ��l!O�ÅÀún�­ï!ú1Æ�õ«Eâ, ´�«;.�õÆ���5ï

Ä�K.�Ï�À��lEâÌ�ÄuúÄuÿEâ.*	{{ü�B�´ö�, ��UéúÄk��oÑ�
). ��Ñy�Å�P¹{!�¡P¹{�ö�L§E,, �O(Ý$. 1958 
, Norman �O
Äu��>K��Å�À�Jlì, ùǑ�8À��lEâ�u�r�C½
Ä:.

20 ­V±�, ïÄöÏé#�U?1°(úÄÿþ��{, Åì&¢Ñ
ÏLú¥=Ä�ú«±��Ç�> ��Cz5¼�úÄ�¹�>6P¹{, T�{3 20 ­V 70 
�¥Ï´A^�2���«úÄïÄ�{. 1963 
, Ñy
Äu>^aA�n5©Ûú¥�$Ä�>^��{, Robinson �O
�«Ck&ÿ���Û/º¡, òÛ/º¡áN3ÉÁöú«þ, ��¥�)aA>Ø, ÏLé��¥aA>Ø�uÿ�°(�ÿþÉÁöú«$Ä��. ù
�{ÑI�<ú�C�k����>, ¬�^r�5Z6ÚØ·.�XO�ÅÀú!ã�?n!ÅìÆS�Eâ�u�, À��lEâǑk
é��?Ú[4−8] . 8
, úÄÚÀ�uÿ�{Ì�´ÄuêiÀª©Û
(Video oculographic, VOG) �À��lEâ, ÏL�Åû�<úã�, �â<úã�&E5©Ûú«�5À��. Äu VOG �À��lEâäk��\5, ö��B, ^rN���.

1.2 �'ïÄó�I	éÀ��lEâ�ïÄkX���ïÄ{¤, 3 2005 

�?u��p¸Ï, Ì�m�
ÄuAÆ�À��l�{ïÄ. ÄuØÓM�XÚ���À��O�{�þÑy, ÷v3ØÓA^|Üe?1�À��O�I�. 8
�égdÞÄ!I½E,�¯K�ïÄǑ3Øä�\[9−11], r?
À��lEâ�¯�u�. 3I	, Äu	*�À��l�{[12−17] �ïÄm©u 2009 
, 8
Ì��åu)ûT�{3ÞÜgd$Ä�¡�3�Û�5[14−17].ISéÀ��lEâ�ïÄåÚ��, C
5,�XO�ÅÀú!<Å�p!�ª£O��'Æ��u�, ISéÀ��lEâ�ïÄkþ,�ª³. XU9�Æ!ÜS>f�E�Æ!�®nó�Æ!¥I�ÆEâ�Æ!M�Tó��Æ!ÀH�Æ�Ñm�
À��lEâ�ïÄ[18−24] . 3ÄuAÆ�À��l�{�ïÄ+�, uHnó�Æ��uI�[25]ÚM�Tó§�Æ�p&�[26] éÞÄeÀ��O��'ó�?1
ïÄ. ¥��gÄz¤=SY��éü�ÅXÚü:I½?1
ïÄ[27]. ú��Æ� Sun �æ^ Kinect �ÝDaì?1À��O[28] ,
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IS�kAÚ�ïÄ. ��ù
ïÄ©O�éÞÜgd$Ä!{z^rI½L§Ú{zM�XÚ��n�ïÄ9:?1
�\ïÄ. CA
ISéÄu	*�À��l�{�ïÄ'�õ, X: �®Ê�ÊU�Æ!H®�Æ!�u�Æ�CA
Ñk�A�¤J[29−30].oN5`, ISÀ��lEâåÚ�, �Ø´A^Ä:ïÄ�´��zY², Ñ�I	�3�å. ��'uÆâ�¡�ïÄ, IS���zY²þ,�'�¯, 3À��lEâ���zA^ÿ��¡, �®Ô
´�&EEâk�úiÚþ°�ï�Ek�úi3K℄�|±e, 3,
a.��¬�¡�3ÅÚ ��I	úi��å.

1.3 ïÄyGn��À��lXÚATäkXeA:: 1) “=<=^”, �I�NI½; 2) ����gdÞÄe�p°ÝÀ��O; 3) {z�M�XÚ��; 4) ·Ü�«A^�¸.�8
, À��lXÚ�áu�«3A½|ÜA^�;^��, �
´¶Eâ��
ÙÊ·A^.3Ôé�!�êâ!�O��Eâp�u��8U,éÀ��lEâJÑ
�p�I�. ~X: {z^rI½ ($�3�y�½�À��O°Ý��¹e, �Ø^rI½) Ú¢yý���gdÞÄe�À��O, �±�ÄuúÄ�l�<Ï©Û!��;¾ç���ä��äÚ�êâ1Ǒý�¤Ǒ�U. 2~X:{zM�XÚ��, ���Äu	*��{��, æ^ü��ÅÒ�±¢y{z�^rI½!�gdÞÄe�À��O, 3£Äª!B�ª��2�A^�8U, kX�~­��¿Â, ùǑéÀ��lEâJÑ
#�℄Ô.

2 ÄuAÆ�À��l�{ÄuAÆ�À��lEâ´Äu VOG �À��lEâ�­�|¤Ü©, ÙÄ��n´|^,


3ú¥=Ä��é �ØC�úÜAÆ, òÙ�Ǒëì, ,��â�é �Cz�AÆÚù
ØCAÆ�m�'X, J�Cz�AÆëê, �Ǒ�OÀ����Ì��â. ÏdÀ��lEâ���)ü�Ü©: ã�?n�AÆJ�!À���½À�á:�O, Xã 1 ¤«. ã�?n�AÆJ�L§é�Åæ8�<òã�?1ã�?n�©Û, J�Ñ�OÀ�¤I��À�ëêAÆ; À���½À�á:�OL§�âÀ��O�.5�O¶4À�á:.ÄuAÆ�À��l�{��©Ǒ��À��l�{Ún�À��l�{, ��À��l�{lã�¥J�ú«���À�ëê, òÙ�\d^rI½(½�À�ëê�¶45À:�N�¼ê, ��¤À��¶4á:. 
n�À��l�{´ÏLïÄ<ú�¤��.Ú�mAÛ�., dã��À�AÆëêÚ1
 ��I5O�n�À���,3XÚI½Ñ¶4 ���¹e, À��¶4����¶4À�á:. e¡�©©Oé��À��l�{Ún�À��l�{?1
Øã.

2.1 ��À��l�{��À��l�{´òlæ8�ã�¥J����<úAÆëê�æ8ã��Ǒ^rú«�5À��½5À:ïáN��., ÏL¼�ã�þ^r���<úAÆëê, =��â<úAÆëê�5À:�m��.�OÑ^r�À�'5:[31−74].��À��l�{Ì�k: Ò� (½��) –úÆ{[35−42]!Ò� (½��) –Æ���{[1, 3, 43−56]!�'�{[57−66]!üA58�z (Homography normal-

ization, HN) {[67−74] �.

2.1.1 Ò� (½��) –úÆ{Ò� (½��) –úÆ{Ï~Äuü�Å�1
XÚ¼�^r�5À:, 3g,1ì�^�e, ǑØUòÒ����©m, ��±�½�ö´Ó%�,�3úÄL§¥´ÓÚCz�. Xã 2 ¤«, �Þ

ã 1 ÄuAÆ�À��l�{�n6§ã
Fig. 1 The flow diagram for feature-based gaze tracking methods



2Ï 4Z¨�: ÄuAÆ�À��l�{ïÄnã 255Ü�½ØÄ�, úÆ� �ØÄ, dú¥�=ÄUCÀ���. �ú¥=Ä�, Ò� (½��) ¥%� �¬u)Cz, K±úÆǑÄO, À���UC�dÒ� (½��) ¥%��úÆ�¥þ¬�Au)Cz. Ïd, ÏLl�Åæ8�ã�¥uÿÒ� (½��) ¥%� �, ±9úÆ� �, ��Ò� (½��) ¥% –úÆ�¥þ, �½�����N��.,ïáÒ� (½��) ¥% –úÆ¥þ�À��m�éA'X, ~^���N��.Xª (1) ¤«.

{

sx = a0 + a1vx + a2vy + a3vxvy + a4vx
2 + a5vy

2

sy = a6 + a7vx + a8vy + a9vxvy + a10vx
2 + a11vy

2

(1)Ù¥, sx, sy Ǒ¶4þÀ�á:�îp�I, vx, vyǑã�þéA�Ò� (½��) ¥% –úÆ¥þ�îp�I, a0 ∼ a11 ǑN��.�Xê. ^rI�ÏL^rI½L§��N��.¥����½Xê, ù
Xê�¹^r��N�É&E. eg�^TXÚ�, =��â#æ8�ã�¥J�Ñ�Ò� (½��) ¥% –úÆ¥þ�OÑ���À�&E.

ã 2 Ò� (½��) –úÆ{À��lXÚ«¿ã
Fig. 2 The gaze tracking system of pupil (or iris)-corner

technique

Zhu �[35] ïá
����¥% –úÆ¥þ�5ÀÆ�m����5N��., ÏL�5��O�ëYv�À���, 3ú«ã��©EÇǑ
320× 240 ��¹e, À�°Ý��� 1.4 ◦. T�{�A:3u: æ^��.'�{ü, JÑ
���¥%ÚúÆuÿ��æ��°Ý��{, l
3{ü��5�.¥���p�°Ý, �I��±ÞÜ·�. Shao �[36] kJÑ
DÚ�Ò�¥% –úÆ¥þ�¶4þ�À�'5:�m�N��., ,�JÑ
�«�â<ú�¶4���AÛ�.�OÀ���{, l¤I�XÚÑ\!I½:�ê!À�°ÝÚéÞÄ�KǑo��¡éùü«�{?1
é'©Û, (JL², �ö'
öäk�p�°Ý, ��

ö|^
��gCþǑÒ�¥% –úÆ¥þ�î�I�ng¼ê�ǑÀ�á:�Ø�Ö�¼ê, ��¤I��<úAÆ�õ, �I½:�õ. �ª (1) ¥N��.ØÓ�, Xia �[40] òN��.{zǑã�þÒ�¥%��I�¶45À:�m��5N��., (Jy²À�°Ý¿�Ï�.{üÉ�KǑ. ¿Äu³y�ÅC�Ú(�ÜþuÿúÆ:, (½a,��«�^uuÿÒ�¥%, ±dOr1ì^�u)Cz�ú«AÆuÿ(J�°�5, �TXÚ��
ÞÜ�gd$Ä.Ò� (½��) –úÆ{¤I�M���{ü,�I���ÊÏ�Å, Buö��¢y, AÆJ��é{ü, �I�J�Ò� (½��) ÚúÆ3ã�þ��I, �^rI½L§E,, I�ÏLõ�I½:O�<úAÆ�À��m�N��., Ñ���, ¿�Ǒ
�yÀ��°Ý, 3I½L§¥I��±ÞÜ�½, ¬��^ö�5ØB. �­��´, du3Æ�þvk1
/¤���, Ǒ
�ïú¥$Ä�ÄO:, �Uæ^úÆ��½:�ǑLãú¥$Ä�ÄO:, ÏLÒ� (½��) ¥%�úÆ�m�¥þ5£ãú¥$Ä. 
3g,1ì^�e, O(­½/©�úÆ:Ǒäk�½�℄Ô5.

2.1.2 Ò� (½��) – Æ���{�éÒ� (½��) –úÆ{A^uü�Å�1
XÚ¥�3�°(uÿúÆ:�J�¯K, Ò�
(½��) –Æ���{3XÚ¥O\
1
, ^1
ÏLÆ���/¤�Ê����OúÆ:, �Ǒú¥$Ä�ÄO:. �ÞÜ�½ØÄ�, ú¥�=ÄUCÀ����. duÆ�Cq¥/, �ú¥=Ä�, b�1
/¤�Ê���3Æ�þ� �ØÄ,±Ê���ǑÄO, KÀ���UC�dÒ� (½��) ¥%��Ê���¥%�¥þ¬�A/u)Cz. Ïd, òã�¥J�Ñ�Ò� (½��) ¥%ÚÊ���¥%�¤¥þ, �ǑÀ�ëê, �¶4þ�À�á:ïáN��. (�ª (1) aq), òTëê�\N��.=���À�3¶4þ�á:.æ^Ò� –Æ���{Ú�� –Æ���{��À��1
ØÓ. du3��1^�e, Ò��>Æ�����Ý���C, O(/½ Ò�¥%�J, 
3ù	1
ì�e, Ò�¥çÚAÆ, ���x, Ò�AÆ'�âÑ, ©�JÝ�$, Ïd3�^Ò�AÆ?1À��l��{¥, Ï~æ^�´ù	1
[1, 43−45], 
Ù´V�/ù	1
[1, 43, 45]. 3V�/ù	1
XÚ¥, S�1
31¶NC, Ì���^´^uuÿÒ�, 
ØéÀ��Oå�^, 	�1
Ǒ�1¶1
, 3Æ�þ/¤Ê���. V�/ÌÄù	1
XÚ?1À��Oæ^�´S�1
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Ú	�1
�O�«, Xã 3 ¤«. �S�1
:��, ã�¥¬�)²��Ò�, = “�Ò” y�, Bu°O/½ Ò�. �	�1
:��, Æ�L¡/¤�Ê���¬3�Å¥¤�, ^uuÿÊ����¥% �. é�Òã�ÚVÒã�?1�©, �±���/�3Ò�«�, �°(/uÿÒ�¿(½Ò��¥% �. ��/, ��	ý�ý�¥xÚ,3��^�e�±��ß/uÿÑ���Ó+, �3ù	1
^�e�', é'Ý�p, Ïd3�^��AÆ?1À��l��{¥��æ^��1
é�� –Æ���{?1©Û[3] .

ã 3 “�Ò” y�� “VÒ” y�[43]

Fig. 3 Bright pupil and dark pupil[43]

1) ü�Åü1
XÚæ^Ò� (½��) –Æ���{?1À��O���M�XÚ��Ǒü�Åü1
XÚ. 3yk�©z¥, ü�Åü1
XÚ�<úÀ�ëê�À�á:�N�'XÑ´æ^�|õ�ªN��.5£ã[1, 3, 43−48]. Blignaut[46] 3���ÅÚ��ù	1
�XÚ��eé'©Û
®k©z¥�ØÓ���N��., �ÑI½:�êǑ 9 ���Z���N��.Xª (1) ¤«, 
I½:�ê�u�u
14 �, �Z���N��.Xª (2) ¤«[48], À�°Ý�±�� 0.5 ◦ ±S, �Z�^rI½L§´z�^r·À¶4þ� 14 �I½:, ��Ñ� 20 �.











sx = a0 + a1vx + a2vx
2 + a3vx

3 + a4vy+

a5vxvy + a6vx
2vy + a7vx

3vy

sy = b0 + b1vx + b2vx
2 + b3vy + b4vxvy + b5vx

2vy

(2)Ù¥, sx, sy Ǒ¶4þÀ�á:�îp�I, vx, vyǑã�þéA�Ò� (½��) ¥% –Ê���¥þ�îp�I, a0 ∼ a7, b0 ∼ b5 ǑN��.�Xê.

Morimoto �[44] �Ñ��^ö�ÞÜ u^rI½ ��, ü�Åü1
XÚU
¼�°(�À�3¶4þ�á:; ��^öÞÜ lI½ ��, ü�Åü1
XÚ�À�á:�O°Ý¬wÍeü.

Sigut �[3] ÏL¢��[ïÄ
�æ^;.���5õ�ª�ǑN��.�, ÞÜ lI½ ��é

¶4À�á:°Ý�KǑ, (Ø´: ��^ö3þeÚ�m��£ÄÞÜ�, À�á:�°ÝCzØ�;�ÞÜ�lÚ�C�Å, =�éu¶4
�£Ä�,éÀ�á:�°ÝKǑ�~�. Ïd, |^��N��.3ü�Åü1
XÚe?1À��OÏ~I�^rÞÜ�±·�G�.Ǒ
)ûÒ� (½��) –Æ���{3ü�Åü1
XÚ��eéÞÜ lI½ ��KǑ,

Zhang �[1] 3ü�ÅV�/1
XÚ¥í�
ÞÄG�e�À�ëê�Ö��., ^5Ö�ÞÜ$Ä�)�À�ëê�Cz, òÀ�ëê?�£I½ ���A�ëê, ?
¼�O(�À�á:&E, �lÖ��.¥�±wÑ, I�®�^r�ý¢Òå.

Kim �[45] ÏLN�ü��1º�<ú3ÄÀ|Æ��Å¥¤�, ¿òü��1º�=Æ�<úAÆëê�å�Ǒ�.�Ñ\, Äu2Â£8 ²�äýÿÑ5, =�òÞÜ�$ÄÏL�1º�=Æ�"�À��.¥, ^u¢ygdÞÄG�e�À��O. T�{)û
ü�Åü1
XÚ�gdÞÄ¯K, °�5r, �3XÚ�ÙÛ (X: �1º���) Úö��¡���p, Ǒ�XÚLuE,, "�¢^d�.ü�Åü1
XÚ´8
A^�2�úÄ¤/ª, ÙXÚ���é{ü, éM������$, À�ëê��9�Ò� (½��) ±9Ê���¥%�uÿ, �ØI�é1
Ú¶4� �?1I½, |^Ö��{�±¢ygdÞÄe�À��O, �3����{¥, EI�^rÞÜ��U/ uI½ �, ���U/�±·�, I½L§�éE,, N��.¥���Xê�õ, E¤¤I�I½:�ê�õ.

2) ü�Åõ1
XÚ�Äuü�Åõ1
XÚU?Ò� (½��) –Æ���{[49−52] �, duü�1
3Ó��ú«þ¬/¤ü�Ê���, òü�Ê���� �'XÚ\N��.¥, �±k�/Uõü�Åü1
XÚ��N��.éÞÜ$Ä�¯a§Ý, 3�yÀ�°Ý��¹e, #N^r3�½��SÞÄ.

Cerrolaza �[53] rNéÒ� –Æ�¥þ?18�zk|u�y^r3ÞÄG�eÀ��O�°�5,Ïd, Sesma-Sanchez �[50] JÑ
n«8�zÏf�O��{, ©OǑ: Ó��ú«ü�Ê����m�ål!�múÒ��m�ål!±9ü�1
©O�)��múÊ����m�ål�²þ�, ¿3n�N��.¥?1
¢�, (JL², lÞÄG�e�XÚ°Ý9°�5©Û, Ó��ú«ü�Ê����m�ål´�Z8�zÏf, ùû½
XÚI��¹ü�1
, d	, Sesma-Sanchez ��Ñ



2Ï 4Z¨�: ÄuAÆ�À��l�{ïÄnã 257N��.�E,§Ýé^rÞÄG�e�À�°Ý�wÍKǑ, ǑÒ´`, �±æ^�é{ü�N��.5?1À��O. Ü�w�[51] JÑ�Äuü�ÅV1
XÚ���N��.¥, �âü�1
3Ó��ú«¥�)�ü�Ê���, O�ü�Ê����ë�¥%�I±9ü�Ê����m�Y²ål, ^��¥%�ü�Ê����ë�¥%�¤�¥þ!ü�Ê����ë�¥%±9ü�Ê����m�Y²ålùÊ�AÆþ�¶4À�á:�¤
���gõ�ª�., Xª (3) ¤«.
{

sx = c1 · Gx + c2 · Mx + c3·Gx

L

sy = d0 + d1 · Gy + d2 · My + d3·Gy

L

(3)Ù¥, sx, sy Ǒ¶4À�á:�îp�I, Gx, GyǑ^��¥%�ü�Ê����ë�¥%�¤�¥þ�îp�I, Mx,My Ǒü�Ê����ë�¥%�I, L Ǒü�Ê����m�Y²ål,

c1 ∼ c3, d0 ∼ d3 ǑN��.Xê. T�{#NÞÜ3�m� 15 cm!þe� 8 cm!=Ä� 10 ◦ ��S$Ä, {z
N��., ?
~�
¤I^rI½:��ê.�Äuü�Åü1
XÚ�Ò� (½��) –Æ���{�', Äuü�Åõ1
XÚ�U?�Ò� (½��) –Æ���{Ï~äk±e`:: 1) ü$
N��.éÞÜ$Ä�¯aÝ, �¢y�½��S�ÞÜgd$Ä; 2) 3�yÀ�°Ý��¹e,N��.�{ü, ¤II½:�ê��, $�þ��.

3) õ�ÅXÚ�éÄuü�ÅXÚ�N��.¥�3�gdÞÄKǑ!1ìØþ!é(J�KǑ�, Ǒk�
ïÄö3õ�ÅXÚ¥æ^Ò� (½��) –Ê���¥þ�À�á:�N��.[54−56] . Zhu �[54−55] |^V�ÅXÚéÞÜ$Ä
�Ò�¥% –Ê���¥%¥þ�Cz?1
í�, ògdÞÄe�Ò�¥% –Ê���¥%¥þ=��I½ �eéA�Ò�¥% –Ê���¥%¥þ, �\I½ �e���N��.¥O�À�á:, ±Ö�ÞÄéÀ��O�KǑ. Kim �[56] l¢^z�¬�ÆÝ, �O
Äun��Å�U
Ö�1ìØþ!�À��lÞ», Uõ
1ìØþ!éÒ�uÿ�KǑ, ¿ïá
ã�þ�Ò�¥%�I�¶4À�á:�m���õ�ªN��., ^u�OÀ�á:.|^õ�ÅXÚ?1��À��O�ïÄ��,Ì��Ïk: 1) |^õ�ÅXÚ�±p°Ý��On�À�, ���À��O�', ^rI½L§�{ü, U�¿©/|^õ�Å�`³, �B$/¢yÀ��O¥�ÞÜgd$Ä!Jp°Ý�. 2) �éü

�ÅXÚ¥���N��.�3�éÞÜ$Ä¯a�¯K, 8
®²kéõïÄö3ü�ÅXÚ¥?1�'�ïÄ, {zXÚ�M����ØlnØ�¡�´¢^ÆÝÑäk����¿Â.

2.1.3 �'�{Äu�'ØC5�¶4À�á:�O�{[57−66] A^
�KAÛÆ¥��'�KØC5,=: �m¥�^��²�mAÛC���±
��þéA:���'ØC, éu�m²¡õ>/, ÝKã�þ,�^>þ��'��AÛC�
²¡õ>/þéA>��'���.Xã 4 ¤«, �^�'�{�À��lXÚ�����¹o�1
, ©O��3¶4�o�Æþ,�^rw¶4þ�: SSS �, o�1
3Æ�þ/¤��, ��:Ǒ GGGi (i = 1, 2, 3, 4), K3Æ�ã�þ/¤o�Ê��� gggi. òÆ�Cqw���¥N,�L UUU :�3��J[��²¡, Xã 4 (a) ¤«.TJ[��²¡�o�1
 LLLi ÚÆ�¥% CCC �m�ë�¬k�: VVV i. du��:Ǒ GGGi �J[��²¡þ� VVV i Ø�Ó, 3¤�¡þ, VVV i ��:^

ã 4 �'�{À��O�.
Fig. 4 Cross-ratio based gaze estimation model
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vvvi = uuu + α(gggi − uuu) L«, Ù¥�'~Ïf α �ÏLI½¼�. ±J[��²¡Ǒx0, �â�'ØC5, ¶4þ LED 1
�¤�õ>/�,�>þ��'��¤�¡þ vvvi �¤�õ>/éA>þ�:��'���, Xã 4 (b) ¤«, ¶4�°Ǒ w, pǑ h,¶45À:Ǒ (sx, sy), K¶4þ��'�Ǒ:











CRx
screen =

sx

w − sx

CRy
screen =

sy

h − sy

(4)¤�¡þ, XJ vvvi = (xv
i , y

v
i ), �âÒ��:Ú vvvi �¤�õ>/�éÆ��:(½�9Ï:

ccci = (xc
i , y

c
i ), Kã�þ vvvi �¤�õ>/éA>þ�:��'�Ǒ:



















CRx
image =

(xv
1y

c
1 − xc

1y
v
1)(x

c
2y

v
2 − xv

2y
c
2)

(xv
1y

c
2 − xc

2y
v
1)(x

c
1y

v
2 − xv

2y
c
1)

CR
y
image =

(xv
2y

c
3 − xc

3y
v
2)(x

c
4y

v
3 − xv

3y
c
4)

(xv
2y

c
4 − xc

4y
v
2)(x

c
3y

v
3 − xv

3y
c
3)

(5)�âã�þ�¶4þ��'�éA��, �±)Ñ sx Ú sy, Xª (6) ¤«, =��
À�3¶4þ�'5:.














sx =
w · CRx

image

1 + CRx
image

sy =
h · CR

y
image

1 + CR
y
image

(6)

Kang �[58] X­©Û
|^ÝKAÛ�'�ØC�5�?1À��O�ü�Ì�Ø�5
: �´À¶�1¶Ø��, �3X��Y²��� �ÆÚ��R���� �Æ; �´ý¢�Ò�¥%Ø3Æ���²¡þ, ù� ��Ò�¥%�Æ�¥%�ål!Æ�­Ç�»�ëêk'. Coutinho�[59] éÄu�'ØC5��{?1
�þ�¢�,3®�Æ�­Ç�»!Æ�¥% �!1
 �!�Å ���¹e, é'©Û
n«®k�|^ÝKØC5�OÀ�á:��{, 3ùn«�{¥, þ©Û
�Ä1¶�À¶�YÆ±9Ø�Ä1¶�À¶�YÆü«�¹. ¿3ù
�{ÏLI½'~Ïf
α �Ê��� uJ[��²¡S�Ä:þ, ©O|^ 4 :I½Ú 9 :I½O�'~Ïf α, ^uÝKO�, ǑÏLù�I½L§O�
�� £�þ5Ö�1¶�À¶�YÆ. ÏL'�©Û, Ny
T�{�`�5. Ǒ
UõDÚ�'�{¥Ò�¥%Ø3J[��²¡SÚ\�O� �, Cheng �[62]JÑ
�^Ä�J[��²¡�g�, ÏLÄ�Ý
£ã1
��:�J[:�m�'X, À�°Ý��� 0.7 ◦. Yoo �[61] JÑ
3ü��ÅÚÊ�

ù	 LED 1
e¢y�Äu�'�{�À��O�{, ���C��Å^uÓP<úAÆ, ,��2Æ�Å^uuÿ<ò, ±¢y���ÞÄe�À��O, Ø��3¶4o�Æ�1
�	, �k��1
�u�C��Åþ�, ^uì�<ú, ±B���ß�<úã�, J�Ñ�O(�Ò�AÆ.�'�{�`:3u§�I�®�1
 �9¶4���, 
ØI���I½
��Å, Ò�±¢ygdÞÄG�e��°(�À�á:�O, �.{ü. �du¢S�Ò�¥%Ø3J[��²¡þ[58], Ïd�'�{´�«Cq��., �é1
 �I½Úã�?n°Ý����p. Ǒ
|^�'ØC5O�À�á:, XÚ¥�o�1
þI3<ú¥/¤��, ¿3�Å¥¤�, ùò��ÞÜ$Ä���. d	, Ǒ
Ö�1¶�À¶�m�YÆ,^rI½L§I�õ�I½:, O\
^rI½�E,Ý.

2.1.4 üA58�z{ÄuüA58�z��{[67−74] �M�XÚ����'�{aq, Ï~�¹���ÅÚ�u¶4o�Æþ�o�1
, À��O�.Xã 5 ¤«. T�{Ø�^ü��N�¼ê, 
´ÄuÒ�¥%�Æ���²¡�¡�b�, ÏLügÝK�=�'X�OÀ�á:, �±Ö�Ò� (½��) –Æ���{Ú�'�{�Ø�. Ä��n´: �â¤�¡
ΠI �Æ���²¡ ΠC, ±9Æ���²¡ ΠC �¶4²¡ ΠS �m�ü�ÝKN�'X, O�ÑéA�üA5Ý
 HC

IHC
IHC
I ±9HS

CHS
CHS
C. �OÀ�á:�, �â¤�¡þÒ�¥%� � ppp, |^¤�¡ ΠI �Æ���²¡ ΠC �üA5Ý
HC

IHC
IHC
I , k=��Æ���²¡ ΠC ¥�: PPP , 2|^Æ���²¡ ΠC �¶4²¡ ΠS �üA5Ý
 HS

CHS
CHS
C , =��¶4²¡ ΠSþ��: SSS, T:=Ǒ5À:.

ã 5 üA58�z{À��O�.
Fig. 5 HN based gaze estimation modeldu�éXÚ?1I½, Æ���²¡ ΠC �



2Ï 4Z¨�: ÄuAÆ�À��l�{ïÄnã 259n��I´���, Ïdb�Æ���²¡Ǒ��8�z²¡ ΠN, =��äký½Â�I�ü ��/, KHN
IHN
IHN
I �±ÏLÆ����)�o�Ê���Úý½Â�8�z²¡ ΠN �o�Æ:O�Ñ5.
ÏL^rI½L§�±(½8�z²¡ ΠN �¶4²¡ ΠS �m�ÝKÝ
 HS

NHS
NHS
N , I½:�êØ�u

4 �. �ª��l¤�¡�¶4�ÝK=�Ý
Ǒ:

HS
IHS
IHS
I = HN

I HS
NHN

I HS
NHN

I HS
N (7)ÄuüA58�zÀ��O�{3o�ù	1
�Ä:þ, ØI�O\�	�ù	1
, �duÚ\
8�z�m�A5, ØI���dù	1
/¤�¶4Ý/�º�, BuXÚ�¢y[70] . duùü�üA5Ý
3�OÀ��
éÞÜ$Ä?1
IOz, �Ö�
1¶�À¶�m�ÆÝ �, Ïd, T�{'Ò� (½��) –Æ���{!�'�{°�5�r, éÞÜ^�Cz�¯a5�$[69] . �Ǒ
�)ü�ÝK=�Ý
, XÚ¥�o�1
þI3<ú¥/¤��, ¿3�Å¥¤�, ùò��ÞÜ$Ä���É���. �ÝK�.¥CqÒ�¥%3o�Ê����¤�²¡S, Ú\
Ø�. d	, Ǒ
I½Ñ8�z²¡�¶4²¡�m�ÝKÝ
, ^rI½L§I��� 4 �I½:, O\
^rI½�E,Ý.

2.1.5 �(��À��l�{|^<ú��ÀAÆ, X: Ò�!��!úÆ!1
��/¤�Ê����, ÏL�[úÄCzAÆ�À�á:�m����.5?1À��l. �âþã��À��l�{, L 1 {üo(
ù
�{�XÚ��!Ø�Ì�5
!ÞÄ

KǑ!̀ ":�.dL 1 ��, 3ü�ÅXÚ¥, �Øæ^1
½�æ^��1
�, N��.�{�yÞÄØC5,���^rÞÜ�±�½. 
æ^ü�9ü�±þ1
�, �±�âØÓ1
3Æ�	L¡�)��/¤�Ê����m��é �'X, òÞÄÏ��Ä3S, ¢yÞÜ3�½��S�gd$Ä. Äuü�ÅXÚ���N��.¤IXÚ��{ü, ØI�I½�Å, �Bu¢y, 3ÞÜ�½Ú���ÞÄ��¹e�±���p�°Ý, �3¹kÞ�!j÷��½C����±9Þ»!�Uúº¥A^�2�. �3�ÿªXÚ¥, ÞÜgd$Ä¬��À�°Ý²wü$. 3õ�ÅXÚ¥, ÞÜgd$ÄÚ\�úÄCzAÆ�Czþ�±O�Ñ5, ^uÖ�ÞÄéÀ�á:�O�KǑ, �I�I½�Å�m� �'X, O\
XÚI½�E,Ý. ��À��l�{Ø�;��I�õ�I½:5�¤^rI½L§, ±(½úÜAÆ�À�á:�=�'X, L§�éE,, �¢yg,<Å�p���.

2.2 n�À��l�{n�À��l�{[28, 75−116] ´�âú¥�AÛ�.5�On�À�. <ú�.Xã 6 ¤«, ú«Cqu¥G, �»�Ǒ 12 mm. lú¥�	��S, �g´ý�, ��ÚÒ�. Æ�C3��	¡, ��¥%k���GN, ¡�Ò�, ^5N!?\ú«�1þ. ���¡´¬GN, ^5N!1�à83À��þ/¤ã�. À�� uú¥�¡, %¹�þa1[�. Æ�Ú¬GN�m´Y��N, ¬GNÚÀ���m´ÀæN. 1�?\ú«�²Lù�X��10�¿3���¡þ��Úò��â��À��.L 1 ��À��l�{�A:é'
Table 1 Comparison of the characteristics of two-dimensional gaze tracking methods�{ �Å 1
 Ø�Ì�5
 ÞÄKǑ `: ":Ò� (��) –úÆ{ 1 0

úÆuÿÞÜ lI½ � ÞÜ�½ XÚ{üBuö��¢y ^rI½E,ÞÜ�½�5�Ø·aÒ� (��) –Æ���{ 1 1 ÞÜ lI½ � ÞÜ�½ XÚ{ü�II½1
Ú¶4 � ^rI½E,ÞÜ�½�5�Ø·a
1 ≥2 Ê���uÿ ÞÜ�½��$Ä �II½1
Ú¶4 ��.�é{ü ^rI½E,
≥2 ≥1 õ��Å�=�'X ÞÜgd$Ä #NÞÜgd$Ä°Ý�p ^rI½E,!XÚI½E,�ÅI½E,�'�{ ≥1 ≥4 J[��²¡��ï ÞÜ�½��$Ä ��ÅI½�.{ü o�1
þI¤���ÞÜ$Ä��Iõ:^rI½Ö�1¶�À¶�YÆ

HN { 1 ≥4
CqÒ�3Ê����¤�²¡¥ ÞÜ�½��$Ä �I®�1
�¤�Ý/º��.{üÖ�
1¶�À¶�YÆ o�1
þI¤���ÞÜ$Ä��^rI½E,
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ã 6 <ú�.
Fig. 6 Eye model3À��þk��AÏ��«�, ¡Ǒ�℄. þ¡8¥
ý�Ü©�Ú¯a�[�, ^ua�µÔ[!. �℄¿ØO( uú¥�é¡¶þ, 
´�Æ�¥%�¤À¶. ú¥�é¡¶´1¶, ú¥�1¶�À¶�m�3��Ï<
É��½� Æ, ù�Æ�¡Ǒ kappa Æ, ��Ï~3 5 ◦ �m. À��l��´�OÀ¶���, ¿�â¤*	µÔ�&E(½5À:. À¶þk�℄ÚÆ�¥%, Æ�¥%´1¶�À¶����:, ��℄lú¥	ý�{¼�Ù�'&E, ¤±��O�À¶´�{¢y�. 8


~^�n�À��O�{Ï~k­ïÑú«�1¶, ,��â<úA½� kappaÆ, l1¶���À¶, ?
��5À:� �. Ïd, n�À��O�Ä�?Ö´1¶��).ú¥¥% EEE!Æ�¥% CCC!��¥% III ÚÒ�¥% PPP Ñ u1¶þ, d	, du3ú¥�=ÄL§¥, ú¥�1¶©ªR�uÒ�>Æ¤3�²¡,ǑÓ�R�u��>Æ¤3�²¡, �XJòÒ�½��w�´�m��/8I, K1¶����þ�±^Ò�½����m{�þL«. nþ, 3À��lXÚ¥, |^ú¥��ÀAÆ­ï1¶��{Xã 7 ¤«. 3Ò�½����m{�þ®���¹e, XJ®�ú¥¥% EEE!Æ�¥% CCC!��¥%
III!Ò�¥% PPP ¥�?¿�:��I, K�±|^:{ª�§­ï1¶; 
3Ò�½����m{�þ����¹e, KI�®�ú¥¥% EEE!Æ�¥%
CCC!��¥% III!Ò�¥% PPP ¥�?¿ü:��I,âU­ï1¶.

ã 7 1¶­ï�{«¿ã
Fig. 7 The methods of optical axis reconstruction3þã1¶­ï�{¥, duú¥¥%éJÏLú«�	Ü�ÀAÆO�Ñ5, Ø�ú¥=Ä, ·ÀØÓ:�â�±�Nú¥¥%�&E, Ïd3ú¥1¶­ï�.¥, ��Øæ^ú¥¥%�Ǒ­ï1¶�^�.n�À��O'�EâXã 8 ¤«, Ì��)n�Ü©: XÚI½Eâ!̂ rI½Eâ!n�À��OEâ, 
^rI½Ún�À��OÑ�¹ã�

ã 8 n�À��O'�Eâ�¤ã
Fig. 8 Key technologies of three-dimensional gaze estimation



2Ï 4Z¨�: ÄuAÆ�À��l�{ïÄnã 261�<úAÆuÿÜ©. n�À��OI�3^rI½�ã(½^r�ú¥ØCëê, ,�3À��l�ãÄuI½�ú¥ØCëêÚXÚëê�Oú¥�Czëê, ?
­ïú¥1¶ÚÀ¶. ú¥�ØCëê´z�^r�½ØC!�äk�N�É�ú¥ëê, XÆ�­Ç�»!���»!kappa Æ�, 
ú¥�Czëê´úÄL§¥�À������'�ú¥ëê, XÆ�¥%!Ò�¥%!��¥%�.�âæ^��Å«a�ØÓ, òÄuAÆ�n�À��l�{©Ǒ±eüa: Äu�Ý�Å�n�À��O�{ÚÄuÊÏ�Å�n�À��O�{.

2.2.1 Äu�Ý�Å�n�À��O�{Äu�Ý�Å�n�À��O�{[28, 88−97] Ï~�I����Ý�Å, X: Kinect �, 3¼�ã�&EÄ:þ�U¼��Ý&E. ÏL(Üã�&EÚ�Ý&E5é<ú?1n�ï�, ?
¢yn�À��O. ±|^ Kinect �n�À��l�{Ǒ~,Xã 9 ¤«.

ã 9 Äu Kinect �n�À��O�.
Fig. 9 3D gaze estimation model based on a kinectÙÄ�g´Ǒ: Äk, �âÞÜ^��l��ÞÜ�IX��Å�IX�m�=�'X, �): ÞÜ�IX�:3�Å�IXe��I±9ÞÜ�IX��Å�IX�m�=�Ý
. �âú¥¥%�éuÞÜ ��±�½ù�5�, ÏLI½L§O�ÑÞÜ�IXe�ú¥¥%�I, l
�±�â=�Ý
���Å�IXen��m¥�ú¥¥%�I EEE; ,��â��¥%�¤�'X, |^��¤��.O�Ñn��m¥��¥%��I III.|^ú¥¥%Ú��¥%ïá1¶ü ���þ

NNNooo = III−EEE

|III−EEE|
, ÏL^rI½O�Ñ1¶�À¶�m�=�'X (=�Ý
MMM ½Y²�ç����^=Æ α, β), =���À¶ü ���þ NNNvvv = MMMNNNooo

(½ f(NNNooo, α, β)). ���âú¥¥% EEE!ú¥¥%�Æ�¥%�¥þ!±9Æ�¥%�À�á:�¥þ, �±��L«ÑÀ�á: SSS �n��IǑ:

SSS = EEE + lNNNooo + λNNNvvv (8)Ù¥, l Ǒú¥¥%�Æ�¥%�ål, ��æ

^ 5.3 mm[98] ½�ÑØO; λ ǑÆ�¥%�À�á:�m�ål, �±^ú¥¥% EEE!1¶ü ���þ NNNooo!À¶ü ���þ NNNvvv ±9XÚI½Ñ�¶43�Å�IX� �'XL«Ǒ:

λ = − (EEE+lNNNooo)·NNNsss+n

NNNvvv·NNNsss

, éu¶4þ�?¿�: SSS, NNNsssÚ n ÷v SSS ·NNNsss = −n, NNNsss Ú n �±ÏLXÚI½¼�[28].Äu�Ý�Å�n�À��O�{I�XÚI½Ú^rI½, XÚI½�)�ÅëêI½9¶4 �I½, ^rI½�)ú¥¥%I½±91¶�À¶�m�=�'XI½. Sun �[28] Ǒ
JpÞÜ^��l�°Ý, /ÏSúÆ:5O�ú¥¥%�I, ^rI½L§�I�I½ú¥�»±9ú¥¥%�SúÆ:¥þ, �ªÀ��O�°ÝǑ
1.38 ◦ ∼ 2.71 ◦. T�{3��^�� Kinect �{üXÚ¥¢y
3gdÞÄG�e�À��O,�XÚI½¥�¶4I½��¡, I�^���Ǒ
1 800 mm �Ff, �Þ��¶4Æ:, ,�Þ���ÅÀ���S�,�:, ^5I½¶4Æ:, �I��¶4o�ØÓ�Æ:?1õg¢�; ¿�^rI½�ëê�õ, ïá��§�õ, O\
I½L§�E,5. Zhou �[89] |^Vú�.5JpÀ��O�°Ý, ¿JÑ
�«�I���I½:�^rI½�{, �ªÀ�°ÝǑ 1.99 ◦. T�{¥òÀ¶^��¥%�À�á:�ë�CqL«, ��À�°ÝØp.Äu�Ý�Å�n�À��O�{XÚ��{ü, �#NÞÜgd$Ä, �Ù$^�Ä��n´±ú¥¥%Ǒå:, �â®��Ý����þ�¥þU\, ������m¥�À�á:, ù�~�6uz��þ�°(uÿÚO�, XJú¥¥%!��¥%!1¶���þ½À¶���þ¥�?¿��þ l
�(�, Ñ¬E¤�ª�À�á:ØO(,ùǑ´T�{°ÝØp���Ì��Ï. ¢Sþ, Äu�Ý�Å�n�À��O�{I�æ8Úuÿ<ú½<ò�eZn�AÆ, ~X: úÆ:�n��I�. Ïd, p°Ý�n�À��O�©�6n�ÿþ���uÿ°Ý, XJn�¤����uÿ°Ýv
p, �â<ú�¤��., �±p°Ý­�<ú1¶.

2.2.2 ÄuÊÏ�Å�n�À��O�{ÄuÊÏ�Å�n�À��O�{Ï~|^1
��±9Ò�ò��AÛ¤�'X, �)�À��'��mn�&E, X: Æ�¥%!1¶���þ!1¶�À¶�=�'X�, �OÑn�À�, �¶4����À�á:. �âæ^�M�XÚ�E,§Ý�©Ǒ: ü�Åü1
XÚ!ü�Åõ1
XÚÚ
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XÚ, e¡©Oéùn«XÚ��e�n�À��O�{?1Øã.

1) ü�Åü1
XÚü�Åü1
XÚn�À��O�.Xã 10¤«, 1
 LLL 3Æ�	L¡/¤��, ��:Ǒ GGG,3�Å¤�¡þ¤�ǑÊ��� ggg, {�ǑÆ�¥%
CCC ���: GGG �ë�. �Æ�­Ç�»Ǒ R, K�3: |GGG−CCC| = R. �â��²¡��, 1
 LLL!��:GGG!�Å1% OOO ±9Æ�¥% CCC o:�¡, L«Ǒ:

(LLL −OOO) × (GGG −OOO) · (CCC −OOO) = 0 (9)Ù¥, ��: GGG ^¤�¡þ�Ê��� ggg L«Ǒ:

GGG = OOO + u(OOO − ggg), u Ǒ'~Xê.

ã 10 ü�Åü1
XÚn�À��O�.
Fig. 10 3D gaze estimation model based on

one-camera-one-light-source system�â\�Æ���Æ��, ��:

(LLL −GGG) · (GGG −CCC)

|LLL −GGG|
=

(OOO −GGG) · (GGG −CCC)

|OOO −GGG|
(10)Ò�3Æ�	L¡�3ò�, K�3: |FFF−CCC| =

R. �âò�²¡��, Ò�¥% PPP!ò�: FFF!�Å1%OOO ±9Æ�¥% CCC o:�¡, L«Ǒ:

(FFF −OOO) × (CCC −OOO) · (PPP −OOO) = 0 (11)Ù¥, ò�: FFF ^¤�¡þ�Ò�¥% ppp L«Ǒ:

FFF = OOO + m(OOO − ppp), m Ǒ'~Xê.�âò�½Æ��:

n1 ·
|(FFF −CCC) × (PPP −FFF )|

|PPP −FFF |
=

n2 ·
|(FFF −CCC) × (OOO −FFF )|

|OOO −FFF |
(12)Ù¥, n1 Ǒ�YÚÆ��k�ò�Ç, n2 Ǒ�íò�Ç.|^þã'XªO�ÑÆ�¥% CCC ÚÒ�¥%

PPP ��I, Kú¥�1¶�±�â���Æ�¥%
CCC ÚÒ�¥% PPP ­ï. Ǒ
��À���, I�¼�1¶�À¶�m�=�'X, ��ÏL^rI½L§O�. 3^rI½L§¥, ^r�g·À¶4þ

�õ�®�I½:, K�âþãúª�)Ñ�Æ�¥% CCC ÚI½:�I SSS L«ÑÀ¶ü ���þ.�â·Àõ�I½:éA�õ|1¶ü ���þ�À¶ü ���þ, �±|^����{�)1¶�À¶�=�Ý
MMM , Xª (13) ¤«[54].

VVV ppp = MMMVVV ooo (13)K3À��OL§¥, �â���dǑ�Æ�¥% CCC ÚÒ�¥% PPP O�1¶ü ���þ, ÏLª (13) O�ÑÀ¶ü ���þ, �o�âdǑ�Æ�¥% CCC ÚÀ¶ü ���þ�±ïáÀ���, �XÚI½Ñ�¶4�§��, ��À�á:.
 Shih �[99] y²
�<úëê����¹e,^�mn��Æ�¥%O�n�À�I���ü��ÅÚ��ü�1
. Ïd, Äuü�Åü1
XÚ�n�À��l�{Ï~�6u�â<a²þ�½<ú�.ëê�½<ú��
ØCëê, X: Æ�­Ç�»!Ò�¥%�Æ�¥%�m�ål�, òù
ú¥ëê�Ǒ®�þ, ^un�À��O[98, 100].

Guestrin �[98] �Ñ, XJÆ�­Ç�»!Ò�¥%�Æ�¥%�m�ål±9�Y�ò�Ç®���¹e, 3�¹���ÅÚ��1
��{z�XÚ��e, I�÷vÞÜ ��éuXÚ�±·�½ö®�ú«��Å�m�ål. Ohno �[100] �^���ä�ÅÚ��ù	 LED 
�én�À�?1
�O, Ù¥òÏ<
É�Æ�­Ç�»!Ò�¥%�Æ�¥%�m�ål±9ú¥S	�ò�Ç,^©z¥��½�L«, �ª���À�^Ò�¥%ÚÆ�¥%(½�1¶�OL«, ��Ä<ú1¶�À¶�m� Æ.|^ü�Åü1
XÚ�n�À��O�{I�®��
ú¥ØCëê59ÏO�n��m¥�:�I, ?
­ï1¶ÚÀ¶, ��À�á:. ,
z��^r�ú¥ëê  Ñ´ØÓ�, |^,��½�?1À��O¬Ú\XÚØ�, À�á:�°Ý¬Ïdü$. CA
Äuü�Åü1
XÚ�n�À��l�{�ïÄ¤J��, I�)û�¯K´XÛ3TXÚ��e|^{ü�^rI½L§I½Ñù
<úØCëê, ^un�À��O. ù�Q�±5;Ï<úØCëêÚ\�Ø�, JpÀ�°Ý, Ǒ�±â»®k©zén�À��O¤IM�XÚ�����, ¢y{zM�XÚ��e�n�À��O, r?À��lEâ3�Å!²�>M�£ÄB�ª���2�A^.�®�E�Æ�´èI�K|éü�Åü1
XÚ�n�À��O?1
�\ïÄ. �éÒ�uÿé1
�I�±9Ò�3Æ�	L¡�)ò�ÚÑ�E,�ò��§, �K|À����Ǒú¥�
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XÚ��e, �â�m�/8I�n�­ï�{[117] ±91¶�À¶�m�½� �'X, òn�À��O¤I�<úØCëê, =: ���»!kappa Æ, ÏL^rI½L§I½Ñ5. n�À��OL§¥, |^I½����»O�1¶����þ9Æ�¥%, ,��â1¶�À¶�m�=�'XO�À¶����þ, (ÜÆ�¥%ïán�À�, ¿�¶4���À�á:. T�{)û
3ü�Åü1
XÚ¥?1n�À��OI�ýk�½<úØCëê�¯K, ÏL{ü�^rI½L§O�<úØCëê, ò�N�É�Ä3S, Jp
À��°Ý, ���AÆ�±3g,1ì^�e?1uÿ, Äu��AÆ�n�À��OǑ8�^uü�Å�1
XÚC½
Ä:.

2) ü�Åõ1
XÚ3ü�Åõ1
XÚ¥, �1
�êǑ N , 1
 LLLi (i = 1, 2, · · · , N) 3Æ�	L¡�)��,��:Ǒ GGGi, 3�Å¥¤�ǑÊ��� gggi. �
GGGi = OOO + ki(OOO − gggi), Ù¥, ki Ǒ'~Xê, K�3:

|GGGi −CCC| = R (14)�â\�1�!{�!��1��¡��, ��²¡¥ LLLi, GGGi, CCC, OOO, gggi �¡, K3 N ≥ 2 �, ��²¡���=ǑÆ�¥% CCC Ú�Å1% OOO �¤���[98]. Ïd, Æ�¥%CCC ��IL«Ǒ: CCC = OOO+

teeecrosscrosscross, Ù¥, eeecrosscrosscross ^ü���²¡������þL«Ǒ: eeecrosscrosscross = [(LLL1−OOO)×(ggg1−OOO)]×[(LLL2−OOO)×(ggg2−OOO)]

|[(LLL1−OOO)×(ggg1−OOO)]×[(LLL2−OOO)×(ggg2−OOO)]|
,

t Ǒ'~Xê. �â���n��: \�Æ�u��Æ, K÷veª:

OOO −GGGi

|OOO −GGGi|
+

LLLi −GGGi

|LLLi −GGGi|
=

2

(

GGGi −CCC

|GGGi −CCC|
·

LLLi −GGGi

|LLLi −GGGi|

)

×
GGGi −CCC

|GGGi −CCC|
(15)ª (14) �±�Ñ N ��§, �âª (15) �±�Ñ

3N ��§, �k 4N ��§, ��êk N + 2 �,=: ki, t, R. �ÏL�)��5�§|�±)ÑÆ�¥% CCC ��IÚÆ�­Ç�» R[76, 80].,��âÒ��ò��^, Ò�>Æ:3Æ�þ�AÛ¤��.÷v:

n1 ·
|(FFF j −CCC) × (PPP j −FFF j)|

|PPP j −FFF j|
=

n2 ·
|(FFF j −CCC) × (OOO − pppj)|

|OOO − pppj|
(16)

|FFF j −CCC| = R (17)

Ù¥, n1 Ǒ�YÚÆ��k�ò�Ç, n2 Ǒ�íò�Ç, j = 1, 2, · · · , T Ǒ T �Ò�>Æ:, du�m�Ò�>Æ:��mÒ�¥%�m�ålǑÒ��», ��L�ª:

|PPP j −PPP | = |PPP k −PPP | (18)Ù¥ j 6= k, j, k = 1, 2, · · · , T.

ã 11 ü�Åõ1
XÚn�À��O�.
Fig. 11 3D gaze estimation model based on

one-camera-multi-light-source systemÄuþã�)Ñ5�Æ�¥% CCC!Æ�­Ç�» R, �)ª (16)∼ (18) ���Ò�¥% PPP ��I[98, 101]. K|^Æ�¥% CCC ÚÒ�¥% PPP ­ïú¥�1¶, ¿�âª (13) I½Ñ�1¶�À¶�m�=�'X, (½À���9À�á:.�d²;�{ØÓ�´, Morimoto �[102] JÑ�Äuü�ÅV1
XÚ�n�À��O�{´±¥¡1ÆL¡nØǑÄ:, |^ Gullstrand ú¥�.¥��
<úëê, �): Æ�­Ç�»!Æ�ò�Ç!Ò�¥%�Æ�¥%�m�ål, 5O��m¥�Æ�¥%ÚÒ�¥%, ùü:�ë�^uO�À�. T�{ØI�?1^rI½, �#NgdÞÄ, �vk�Ä1¶�À¶�m� Æ, ±9ØÓ^r�ú«�m�3��N�É.Äuü �Åõ1
 �n�À ��l�{[98, 101−105] lÀ��O�AÛ�.ÆÝ´�1�,�XJØ�â<a²þ��½Â�
ú¥ØCëê,KI��)�þ���5�§|, �)�Ý�ú, �À��l¤J��¢�5���, ¿�, ���(J´ê�), °Ý�<Ǒ�½��)��5�§|�ª�^����'.

3) õ�Åõ1
XÚõ�Åõ1
XÚ3ØI�®�?Ûú«ëê��¹e, Ò�±¢yn�À��O. 8
õ�Åõ1
XÚ�n�À��O�{l��þ�ü�Åõ1
XÚ�aq, I��)ÑÆ�¥%, ,�­ï1¶, |^1¶�À¶�m�=�'X, (½À���, ���â�)���Æ�¥%ÚÀ���(½n�À�. �duO\
�Å�ê, �ü�Åõ1
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3Æ�	L¡/¤��, z��1
/¤���²¡���±���^²LÆ�¥%Ú�Å1%���, �1
Ǒ
LLLi (i = 1, 2, · · · ), �Å1%Ǒ OOOt (t = 1, 2, · · · ),LLLi�)�Æ���:3�Å t ¥�¤�:Ǒ gggit, KÆ�¥% CCC ÷v:

(LLLi −OOOt) × (gggit −OOOt) · (CCC −OOOt) = 0 (19)

ã 12 õ�Åõ1
XÚ¥Æ�¥%��)
Fig. 12 Solution of the cornea center in

multi-camera-multi-light-source system3V�ÅXÚ¥, ²LÆ�¥%Ú1���Å1%����²LÆ�¥%Ú1���Å1%�����, �±��Æ�¥% CCC ��I[98−99, 106−114].Ǒ
��À�, Ø
Æ�¥%�I�	, �I�­ï1¶5=�ÑÀ¶���. 1¶²LÆ�¥%!Ò�¥%!��¥%!ú¥¥%, ��|^Æ�¥%ÚÒ�¥%?1�). Äuõ�ÅXÚ�1¶­ï�{�±8BǑ±eü«�{: ò�²¡{Ú���){.ò�²¡{´�âÆ�¥%ÚÒ�¥%Ñ uÒ�¥%ò�²¡S, Ïd|^z�dÆ�¥%!¤�²¡þ�Ò�¥%Ú�Å1Æ¥%(½�ò�²¡��, ��²LÆ�¥%ÚÒ�¥%, ^5L«ú¥�1¶[98, 107, 109, 112], Xã 13 ¤«.��Å1%©OǑ OOO1, OOO2, Ò�¥%3ü��Å¥�¤�:©OǑ ppp1, ppp2, K1¶�ü ���þǑ:

VVV ooo =
[(OOO1 − ppp1) × (CCC −OOO1)] × [(OOO2 − ppp2) × (CCC −OOO2)]

|[(OOO1 − ppp1) × (CCC −OOO1)] × [(OOO2 − ppp2) × (CCC −OOO2)]|
(20)���){´�âÒ�¤�AÛ�., |^õ��Åæ8�<úã�¥�Ò�AÆ, ��O�ÑÒ�¥%��I, ©Ǒ�ÄÒ�ò���{[99, 110]

ÚØ�ÄÒ�ò���{[108, 111, 114], Ù¥, Ø�ÄÒ�ò���{´|^��¤��nO�ÑJ[�Ò�¥%, �Ǒ<ú�Ò�¥%. ,�|^�)���Æ�¥%ÚÒ�¥%­ï1¶[99, 108, 110−111, 114].

ã 13 õ�Åõ1
XÚ¥ò�²¡{�)1¶
Fig. 13 Refraction plane method for solving the optical

axis in multi-camera-multi-light-source system�âþãO����1¶, �I½Ñ�1¶�À¶�m�=�'X, �âª (13) O���À¶���þ, (ÜO����Æ�¥%, =��OÑn�À�, �¶4²¡����À�á:.õ�Åõ1
À��lXÚ�±{z^rI½L§, ¢yü:^rI½. Guestrin �[108] �Ñ, 3��ü��ÅÚ��ü�1
�À��lXÚ¥,XJ1¶�À¶�m�=�'X��, KI½��I�·À,��½:=�¢yn�À��O[98] , �^õ�I½:?1I½¼��(J°�5�p[108] .õ�ÅÀ��lXÚ�±òÄÀ|Æ�ÅÚ°À|Æ�Å|Üå5, QU�lÞÜ^�, )ûgdÞÄ�KǑ, qUp©EÇû�<ú, J,À��O°Ý. Beymer �[115] æ^��2Æ�áNÀúXÚuÿÞÜ$Ä, �âuÿ��gdÞÄe�<ò, ^��ÌÄ�ÄÀ|áNÀúXÚ�l<ú¿û�<ú�p©EÇã�, ©zéáNÀúXÚI½!ú«AÆuÿ�{��
�[��ã, ¶4þÀ�á:�°Ý�±�� 0.6 ◦.õ�Åõ1
XÚæ^áNÀú, ��¼��^ö�n�ú«AÆ, ?
¼�n�À���, ^rI½L§{ü, U
�N´/¼��°(�À��O(J, ¿��±O�gdÞÄG�eÀ�3?ÛÔNþ�5À:. �M�XÚ���éE,, E¤XÚI½Ú�ÅI½�éE,.

2.2.3 �(n�À��l�{�âú¥!�Å!¶4�m�AÛ'XO�ú¥�ØCAÆ, X: Æ�­Ç�»!kappa Æ�, ±9ú¥��CAÆ, X: ú¥¥%!Æ�¥%!��¥%!Ò�¥%�, ,�O�ú«�1¶���þÚÀ¶���þ, ���On�À�ÚO�À�á:. ØÓ�n�À��l�{�äA:, XL 2 ¤«.
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3�1
XÚ¥¼�ú¥¥%!��¥%�n��m:��I, ^uO�À�á:. T�{XÚ��{ü, �.{ü, �#NÞÜ3�½��S$Ä, �^rI½L§E,, �À�°Ý�~�6u<úAÆ�uÿ°Ý. ÄuÊÏ�Å�n�À��O�{�â1
��9Ò�ò��AÛ'Xïá�§, ^u�)Æ�¥%!Ò�¥%�n��m:��I, ?
­ï1¶¿�On�À�,�XÚI½Ñ�¶4�§����À�á:. �âæ^�M�XÚ���ØÓ, ©Ǒü�Åü1
XÚ!ü�Åõ1
XÚÚõ�Åõ1
XÚ. ü�Åü1
XÚ�XÚ��{ü, ÏLýk�½<úØCëê��, �)�On�À�¤I�ú¥ëê, ��Ä�N�É5, �°Ý�$. ü�Åõ1
XÚnØþ�±�âAÛ'XO��mn��ú¥ëê&E, X: Æ�¥%!Ò�¥%�, �I�)E,��

�5�§|, $��Ý�ú, ����´ê�), ½öÏLýk�½<úØCëê��, °Ý�$. õ�Åõ1
XÚÄuáNÀúXÚ�±��¼��mn�&E, {z^rI½L§, À�°Ýp, �|^°À|Æ�Å�±�lÞÜ^�, )ûgdÞÄ�¯K, �E,�M�XÚ��E¤XÚI½L§E,.

2.3 o(ÄuAÆ�À��l�{|^Ò�!��!úÆ!¡ÜI��<úAÆ½<òAÆïáÀ��O�., l
O�5À��½5À:. ÄuAÆ�À��l�{�)��À��l�{Ún�À��l�{, e¡©OlXÚI½!̂ rI½!À�°Ý!ÞÜ$Ä9A^|µ��¡é��À��l�{Ún�À��l�{?1©Û, XL 3 ¤«.��À��l�{´ÏL<úAÆëê���L 2 n�À��l�{�A:é'
Table 2 Comparison of the characteristics of three-dimensional gaze tracking methods�{ �Å 1
 Ø�Ì�5
 ÞÄKǑ À�&E `: ":Äu�Ý�Å�n�À��O�{ 1 0

ú¥¥%!��¥%�¥mþ�°(O� ÞÜ�½��$Ä À�á: XÚ{ü!�.{ü ^rI½E,!À�°Ý�~�6u<úAÆuÿ�°ÝÄuÊÏ�Å�n�À��O�{ 1 1 ýk�½�<úØCëê ÞÜ�½��$Ä n�À� XÚ{ü!Bu¢y ��Ä�N�É5, °Ý�$
1 ≥2

Ê���uÿ!<úØCëê��)½ýk�½ ÞÜ�½��$Ä n�À� XÚ�é{ü!�O��mn�&E )��5�§|��<úØCëê, $��Ý�ú, °Ý�$
≥2 ≥1 XÚI½ ÞÜgd$Ä n�À� ^rI½{ü!À�°Ýp XÚE,!XÚI½E,!¤��pL 3 ��À��l�{�n�À��l�{�'�

Table 3 Comparison of two-dimensional gaze tracking methods and three-dimensional gaze tracking methodsa. XÚ�� XÚI½ ^rI½ À�°Ý ÞÜ$Ä A^|µ��À��l�{ ü�Å�1
XÚ – E, �$ × XÚ{ü, °Ý�$, A^|Ük�ü�Åü1
XÚ – E, �p (ÞÜ�½) ×
ÞÜ�½½��$Ä,·^uB�ª½�ÿª��,·Ü<Ï©Û!��;¾�ä�A^ü�Åõ1
XÚ {ü E, �p √ ÞÜ��$Ä��, ·^uB�ª½�ÿª��,·Ü%n©Û!Ïí�A^õ�Åõ1
XÚ E, E, p √ ÞÜ��$Ä��, °Ý���p,·ÜJ[y¢�A^n�À��l�{ ü�Å�1
XÚ E, E, �$ √ I¼�ý¢çÚã�,°Ý��$,·^u£ÄB�ª��!�äªà��ü�Åü1
XÚ E, �E, �$ √ 3n��mÔNþ�5À:,°Ý���$,·^u£ÄB�ª��,X�Å!²�>M�ü�Åõ1
XÚ E, �E, �p √ 3n��mÔNþ�5À:,°Ý����,·^uB�ª½�ÿª��,·ÜJ[y¢�A^õ�Åõ1
XÚ E, {ü p √ 3n��mÔNþ�5À:,°Ý���p,·^uB�ª½�ÿª��,·ÜJ[y¢�A^



266 g Ä z Æ � 47òÀ�á:ïá���., Ù¥��9��Å�Sëê, �ØI�I½�ÅÚ¶4 �. 3ü�Åõ1
XÚ¥I�I½1
�m��é �'X, 
3õ�ÅXÚ¥I�I½ØÓ�Å�m�=�'X. Ǒ
��<úAÆëê�À�á:�m�'X, ÑI�ÏLE,�^rI½L§�)¥mëþ. 3ü�Å�1
XÚ¥, duúÆ:uÿ�J, �À�°Ý�$; 3ü�Åü1
XÚ¥, ÞÜ�±�½��¹e�±�y�p�°Ý, �´�ÞÜ lI½ ��, À�á:�°ÝwÍeü; 3ü�Åõ1
XÚ¥, /Ïõ�1
�±·�{z�., JpÀ�°Ý; 
3õ�ÅXÚ¥, �±¢yÞÜ$ÄG�e�p°Ý�À�á:�O. ��À��lXÚ'�{ü, 8
¤U¢y�À�á:�°Ý�p, duæ^�´À�ëêÚÀ�á:�m�N��., aqu
“ç�” (�, 3,
A^|Ü, XJ[¶4�À�á:�O�, ��À��l´Ø�O��.n�À��l�{���À��l�{�',I�éXÚ?1I½, �I½L§�é�E,, XÚI½�): �Å�SëêI½!õ�Å�m'XI

½±91
!¶4� �I½. Äuü�ÅXÚ�n�À��O�{�^rI½L§I�I½ú¥¥%½ö<ú��
ØCëê, X: Æ�­Ç�»!1¶�À¶�m�=�'X�, L§�E,; 
3õ�ÅXÚ¥, ÄuáNÀú�±��O�Ñn��m:�I, ^u��<úØCëê, �^rI½L§{ü. ü�Å�1
XÚn�À��O�ân��m:�¥þ�U\��O�À�á:, °Ý�z��¥mþ�°(O�k'; ü�Åü1
XÚI�ÏLýk�½<úØCëêâU��n�À�, ��Ä�N�É5, �À�°Ý�$�Ê·5�; ü�Åõ1
XÚ�±|^õ�1
���O�n�À�,O�L§�éE,, ¢�5��, ��ü�Åü1
XÚ�', °Ý�p; 
Äuõ�Åõ1
XÚ�±k�/JpÀ��°Ý, �XÚI½E,. n�À��lEâLÆ
À����AÆ, U
{z^rI½¿ä�¢y�gdÞÄ��U.�X£Äª���u�, ±9�êâ!�O�!£Äpé��Eâ�,å, À��lEâ�u�äkÙ7�5. L 4 é'
CÊ
JÑ�Ü©ÄuL 4 CÊ
Ü©ÄuAÆ�À��l�{é'
Table 4 Comparison of feature-based gaze tracking methods in recent five years©z �Å 1
 a. AÆ ÞÄ °Ý AÏ`²

Yu �[37] 1 0 ��N� ��!úÆ ÞÜ�½ Y² 0.99 ◦, ç� 1.33 ◦

Skodras �[39] 1 0 ��N� úÆ!úá!òÜ½ : ÞÜ�½ 1.42 ◦ ± 1.35 ◦ ��ÅI½
Xia �[40] 1 0 ��N� úÆ!Ò� ÞÜ�½ Y² 0.84 ◦, ç� 0.56 ◦ {üN��.

Cheung �[41] 1 0 ��N� ��!úÆ $Ä��: 15.5 ◦×
15.5 ◦×5 ◦

2.27 ◦=SY�[27] 1 1 ��N� Ò�!Ê��� $Ä��: 100mm×
100 mm×100mm

1.05 ◦
Ú\OþÆS,ü:I½

Blignaut �[48] 1 1 ��N� Ò�!Ê��� ÞÜ�½ 0.5 ◦ I½:�ê≥12

Banaeeyan �[52] 1 2 ��N� ��!úÆ ÞÜ�½ Y² 0.928 ◦, ç� 1.282 ◦

Cheng �[62] 1 5 ���'� Ò�!Ê��� gd$Ä 0.70 ◦ Ä���²¡
Arar �[63] 1 5 ���'� Ò�!Ê��� gd$Ä 1.15 ◦(5 :I½)

ã�©EÇ$,I½:�
Zhang �[67] 1 8 �� HN Ò�!Ê��� $Ä��: 80 mm×

100 mm×100mm
0.56 ◦ V8Àú

Ma �[69] 1 4 �� HN Ò�!Ê��� gd$Ä 1.23 ◦ ± 0.54 ◦

Choi �[70] 1 4 �� HN Ò�!Ê��� ÞÜ�½ 1.03 ◦ ∼ 1.17 ◦ ü:I½
Kim �[73] 1 4 �� HN Ò�!Ê��� =²= 0.76 ◦

Zhou �[89] 1 (Kinect) 0 n� ��!úÆ $Ä��: 11.63 ◦×
13.44 ◦ × 9.43 ◦

1.99 ◦

Sun �[28] 1 (Kinect) 0 n� ��!úÆ gd$Ä 1.28 ◦ ∼ 2.71 ◦

Li �[92] 1 (Kinect) 0 n� ��!úÆ gd$Ä Y² 3.0 ◦, ç� 4.5 ◦

Cristina �[11] 1 0 n� ��!úÆ $Ä�� (5 ◦ S) 1.46 ◦ ∼ 1.93 ◦

Wang �[77] 1 4 n� Ò�!Ê��� gd$Ä 1.3 ◦ ��NI½
Lai �[107] 2 2 n� Ò�!Ê��� $Ä��: 50 mm×

25mm×50mm
1.18 ◦

Bakker �[113] 3 3 n� Ò�!Ê��� gd$Ä 0.5 ◦

Lidegaard �[116] 4 4 n� Ò�!Ê��� gd$Ä 1.5 ◦ Þ�ª
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À��lEâ3¢yÞÜgd$Ä!JpÀ�°Ý9{zI½L§n��¡�ïÄØä�\, �Ü©#JÑ�À��l�{�±3ÞÄG�e¢yp°Ý�À��O[11,27−28, 62−63, 69, 77, 107], ¿�éu~�1
êþ±¢y�1
XÚ�gdÞÄe�n�À��Ok¤â», /Ï���Ý�Å5¼�<òAÆ9<úAÆ, Ø=)û
ü�ÅXÚe�ÞÜ$Ä¯K, 
�{z
?1n�À��O�M�XÚ��[28, 89].

3 ÄuAÆ�À��lXÚ'�Eâ?Ø
3.1 ��À��lXÚ�ÞÄ¯KÞÄ¯K´��À��O�­�¯K, X
¤ã, ��À��OÏLÀ�ëê�À�á:�m�N��.�O�^ö�¶4À�á:, ��N��.Ǒ�gõ�ª. ��^ö�ÞÜ uI½ ���±¼�p°Ý�À�á:, �ÞÜlmI½ ��, À�°ÝwÍeü. ïÄ<
é��À��O�ÞÄ¯K?1
�þïÄ, JÑ
�a)û¯K��{, Xæ^ØÓÞÜ �I½ÚÀJØÓ�N��.�, 8
��À��O�±3����ÞÄe¢y�°(�À�á:�O, �E,�{¢y����gdÞÄe�À��O, ùǑ´��Ùí2A^��Ï��. ��À��lXÚǑ,l�nþ�n�À��lXÚØÓ, ���þE,´À�����O¯K, Ïd��À��O¯K���)û, �Iæ^��Ún��(Ü��{, âU¢yý������gdÞÄe�À��O.

3.2 ��À��lXÚ�{z^rI½¯K^rI½¯K´��À��O�,��­�¯K, Ǒ´��Ù2�A^�Ì�¯K. ���¹e,��N��.Ǒ�¹ 12 ���ê�ü��gõ�ª,   I��^ö·À¶4þ 9 �9 9 �±þ�I½:, ½�l·À£Ä�CX��¶4«��I½:, âU¼�p°Ý�À�N��.. éõ©zǑÑ3}ÁJÑ#�N��.±~�I½:��ê,��JØ
n�, XòI½:{zǑ 2 ��, �ØI½:XÛ©Ù, À�p°ÝÑk¤eü, 
�Ê·5�. 8
éu��À��lXÚ, À��O�°Ý�´I��^r·Àõ�I½:5�æ. �âÀ��lEâ����n5`, {z��À��lXÚ^rI½L§�I�æ^��Ún��(Ü��{.

3.3 n�À��lXÚ� kappaÆI½¯K
kappa Æ�I½¯K´8
n�À��lXÚ�vk��)û�gdÞÄ¯K����Ï. n�À��O���g´´: Äk3^rI½L§¥(

½ú¥� kappa Æ; ,�3À��OL§¥, �âú¥��ÀAÆ�Oú¥1¶���; ���âuÿ��1¶��ÚI½� kappa Æ, òú¥1¶�����¤ú¥À¶���. ��, éun�À��OXÚ, kappa Æ�I½´^rI½¥­���Ø�£;�SN.b�ÞÜgd£ÄÚ=Ä, ú¥�7ú¥¥%gd=Ä, ù�ÞÜÚú¥�$Ä�U\�¤
ú¥�n�gd$Ä. dþãú¥�(�A:��, Xã 6 (a) ¤«û�ú«ã�J�ú¥��ÀzAÆ
(Ò�!��), �â�ÀzAÆí�Ñ�O�AÆ
(�m�Æ�¥%�I!�m�Ò�¥%�I) Ñ uú¥1¶þ, �?Ûú¥1¶±	�AÆ�±^5Lãú¥�^�, Ïdéú¥�mG��£ã"yv
�&E, =3ÞÜ$ÄÚú¥$Ä�U\e,ú¥��m$ÄXJ�¹7ú¥1¶�=Ä�©þ,�où�=Ä©þ´�{ÏLú¥�AÆ (�ÀAÆÚO�AÆ) 5LÆ�. =�3��ù	1
�À��lXÚ¥, 1
3Æ�þ/¤
����, duÆ�Cq¥/, ��� �E,�{�Nú¥7Ù1¶=Ä�&E. 
 kappa Æ´ú¥1¶ÚÀ¶�m��mÆ, 3(½
ú¥1¶��m ��, XJ�{(½ú¥��mG�, AO´ú¥7Ù1¶�=Äþ, K�{(½3ú¥?Û�m ����m kappa Æ.Ïd, 3n�À��lXÚ¥, Q�3z��ǑÑUuÿÑú¥1¶�� , ǑØ�½UO(í�Ñú¥À¶�� . ùǑ´8
�n�À��lXÚ�{��3�gdÞÄe?1À��O��Ï.äNy²Xe:�âú¥�(���, ú¥Ø
Ù1¶Ú1¶þ�:±	, vkÙ��±d�ÀAÆO�Ñ5�AÆ:½�^uïáú¥�IX. Ïd, ±ú¥�Æ�¥%Ǒ�IX�:, ú¥�1¶Ǒ z ¶, ±� z ¶R��²¡S�?¿ü^�pR�����Ǒ x ¶Ú y ¶, ïáú¥�IX. Xã 14 ¤«, b�3^rI½L§¥, ®²I½Ñ
ú¥3I½ �?�ú¥1¶ÚÀ¶�m� kappa Æ. 3À��OL§¥, ú¥l^rI½ � CCC0 Cz�,���m �
CCC1, Ù �Ú^��UC, �±^�IX CCC0-xyz �^=Ú²£5LÆ. ú¥lI½ � CCC0 Cz�?¿�m � CCC1 �L§, Ò´ú¥�IX CCC0 − xyz²£Ú^=��IX CCC1 − x′y′z′ �L§.b�3XÚ�Å�IXe, ú¥3I½ � CCC0?1¶���þǑ VVV ooo0 = [xo0, yo0, zo0]

T, Æ�¥%ǑCCC0 = [xc0, yc0, zc0]
T. 3?¿À��O � CCC1 ��1¶���þǑ VVV ooo1 = [xo1, yo1, zo1]

T, Æ�¥%Ǒ CCC1 = [xc1, yc1, zc1]
T. �ú¥�IXlI½ �
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CCC0 ^=Ú²£�?¿ � CCC1 �, Ù²£þǑ:

TTT = [xc1 − xc0, yc1 − yc0, zc1 − zc0]
T (21)

ã 14 Kappa Æ«¿ã
Fig. 14 Diagram of kappa angleÙ^=Ý
RRR �±�Ǒäk 3 �gdÝ���^=Ý
, K:

RRR = (III + BBB)(III −BBB)−1,BBB =







0 −a −b

a 0 −c

b c 0






(22)Ù¥, a, b, c Ǒn�Õá���ê. KI½ ��ú¥1¶�?¿ ��ú¥1¶��m�C�Ý
=Ǒü� �?ú¥�IX�m�C�Ý
:

VVV ooo1 =

[

RRR TTT

OOO 1

]

VVV ooo0 (23)dª (23) ��:







xo1 − xo0

yo1 − yo0

zo1 − zo0






=







0 −zo0 − zo1 −yo0 − yo1

−zo0 − zo1 0 xo0 + xo1

yo0 + yo1 xo0 + xo1 0













c

b

a







(24)duª (24) ¥ëêÝ
��Ǒ 2, ¤±�{�Ñ a, b, c n�ÕáCþ. d�^=Ý
 RRR �).o�, kappa Æ´���mÆ, duú¥�AÏ(�, �{ïá£ãú¥^���IX, �o3ÞÜ

$Ä�, AO´ÞÜ�E=$Ä�, ò�{(½�éu1¶� kappa Æ� , ǑÒ�{l1¶=��À¶.

3.4 n�À��l�XÚ��ÚI½¯Kn�À��lXÚÏLú¥�¤��.Ú�mAÛ�.­�ú¥�1¶ÚÀ¶, Ò8
�EâyG
ó, n�À��lXÚ�3XÚ��ÚXÚI½ü�¯K.

1) XÚ��. Shih �[99] y², n�À��lXÚ3�ýk�½<úëê��¹eI�ü�Å�ü�9ü�±þ�1
½V�Å�ü�9ü�±þ�1
, =�¤ü�Åõ1
XÚ½õ�Åõ1
XÚ, âUdú¥��ÀAÆ(½Æ�¥%. 
8
n�À��O���g´Ñ´ÏLuÿÆ�¥%, ,�­ï1¶ÚÀ¶. ù��À��Og´, Ø�;�/E¤XÚ���'�E,, {N
n�À��O�A^, AO´3£ÄªÚB�ª��p�u��8U.

2) XÚI½. n�À��lXÚØ�XÚE,,��9XÚI½, =I�I½Ñ1
3XÚ�Å�IXe��IÚ¶4 (½'5é�) 3XÚ�Å�IXe��§, �Ø´�ÿªXÚ, �´B�ªXÚ.ùǑ´��'�k℄Ô5�¯K, ÏǑ���¹eXÚ�1
¿Ø3XÚ�Å�À���S, �{ÏLXÚ�Å��ÿþXÚ1
��I. 8
éuk
A½�XÚ�UÏL\óL§�º���5¢yXÚI½, �éugdÙ��XÚ, ½?1n�À��OïÄ�¢�XÚ, XÚI½E,´��äk℄Ô5Ú�{£;�¯K.

4 À��lEâ�A^À��lEâ3<Å�p!�Æ�ä!I��¯!�ÏS�!<Ï©Û!J[y¢�õ�+�kX2��A^.3<Å�p¥, À��lEâ�±�^rÏLÀ��Åì?1�6, ^À��O�Äö�[118−124],/¤ú�àI, Xã 15 (a) ¤«. À��lEâ´�«g,<Å�p�ã, ´õ�g,<Å�p�­�Ï���. À��lEâǑ´íæ<¬�<Å�p�ª[123−124], Xã 15 (b) ¤«�ú��UÓ«XÚ,P
<±91Ä�3æN�í;<�±^ú«ö�¡
�O�Å.¡, ��Ó«Ñ1Ú9Ï�ö�F~)¹.3�ÆA^¥, À��lEâ´° Ú��æN.;¾ç�Ú�ä�­�å», ǑõÄw!g4w!° ©�!³Ǒw!C�℄°%w�;¾��Ï£O�£�Jø
kå�Eâ|±[125−131] . ã
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16 (a) ¤«Ǒ NovaSight úiíÑ�ÆÖÀåç��ä��, (Ü�#�ú¥�lEâÚ�UúºEâ, �I�ÆÖ*w�ãA©¨�Àª, ÒU
���äÑÙ�À!fÀ!K�±9�ÖæN�¯K, ¿�Ñ½þ�©Û(J. Xã 16 (b) ¤«�B�ªú¥�púº EyeControl �±�4£nÜÆ�ö!­w¾��ö�ÏLúÄ��, ��)Ú[<�6�Ï, �Ù�����£�. ÏL<�úÄAÆ, XúÄ;,!úagê�AÆ, ��±©Û<�%n¹Ä, À��l��!�2��A^+�Ò´%nÆ©Û.

ã 15 À��lEâ3<Å�p¥�A^
Fig. 15 Applications of gaze tracking technology in

human-computer interaction

ã 16 À��lEâ3�Æ�ä¥�A^
Fig. 16 Applications of gaze tracking technology in

medical diagnosisC
5, �XÀ��l9�.Þw!^�Ó¼��'Eâ�u�, À��lEâ3�¯+��A^�5�É�'5[132], �A^uõ�UN8+ÆÓ��!Å1ÉìXÚ*¤Ú<ÅKÜÉì����¡, JpÉì��UzY², ã 17 (a) Ǒ\<���JÑ�8¤úÄ&ÿü��#.�1
Þ», ^uÅ1Éì���. Xã 17 (b) ¤«, e�|æ®ï�ÑS�úÄ�l¤O� HMD XÚ��Å, NLR

HMD Ǒe�|æï���±S�úÄ�l¤OõU� HMD ó§�Å.3�U�Ï+�, À��lEâ�^uf¨©%Úf¨�Niÿ, Xã 18 (a) ¤«, ÏL3�uÿf¨
À��×ÀªÇ!À�����I, �±�O

f¨
´Ä?uf¨�NÚf¨©%G�[133−134] .ã 18 (b)¤«ǑÏ^ð� Super Cruisef¨9ÏXÚ, Ù¥ÏL�S���NC��.��Þ�ù	Daì¢�iÿf¨
À�´Ä�±3´¡þ, 3�ýgÄÑÊL§¥, �iÿ�f¨
k©%G��, XÚ¬J«f¨
êþ�+�ý. À��lEâ��^uf¨¿ã��O, 
Ù3AÏ´¹1¨L§¥, ÏLéf¨
�À�?1ÚO©Û, �±¼�f¨
3��f¨!��f¨��1ǑAÆ.

ã 17 À��lEâ3�¯+��A^
Fig. 17 Applications of gaze tracking technology in

military

ã 18 À��lEâ3�U�Ï+��A^
Fig. 18 Applications of gaze tracking technology in

intelligent transportation<Ï©ÛǑ´À��lEâA^���+�[135−145], �XÀ��lEâ�?Ú, ÄuúÄ�l�<Ï©Û7ò¼��2��A^, ~X: 3�þ	Ô¥, �±ÏLÚO<�À�á:, �O<�é=«û¬�a,�, Xã 19 (a) ¤«; 3nã�¬�Èªà, ÏLéÀ�á:�ÚO, �±é°(/©Û<����u=«�´. 3<Åõ�Æ�O¥, À�9Ù'5:uÿ´�¡�OÚÙÛ!�.��¤L�ÙÛ��­��â[141, 143, 145], Xã 19 (b) ¤«, �±��¬�ÎÜ<�5ÀÚö�S..À��l��´J[y¢XÚ�­��|¤Ü©[146−148]. À��lEâ�±ÏL©Ûú¥$Äé|µ�°(/¤OÚ½ , ¿��±�â5À:� �é5À:±>?1�/, ��x¡�g,�¸ew��N���, ��J[�y¢?1���E



270 g Ä z Æ � 47ò¤�'Âa. Xã 20 (a) ¤«� FOVE J[y¢Þ», ÙPk�¥ÄM�ú¥JlEâ, ´­.þ1�±|±ù	ú¥JlEâ� VR Þ», ^r�±^ú«5��w«ì, Ǒ�±^ú¥Jl�i. Xã 20 (b) ¤«� HTC ViveVR J[y¢��SC
;^�À�JlC� aGlass, ÏLÒ��úá�£Ä5?1Ä�Jl, Or
N�aÚB$Ý, ¿�ú«�À�/�ò¥y�p�©EÇ, 
��À�x¡ò¥y$©EÇ, �yN��6�Ý. �k�
J[y¢��Ǒò\\ú¥JlõU, X: Oculus

Rift!StarVR �.

ã 19 À��lEâ3<Ï©Û¥�A^
Fig. 19 Applications of gaze tracking technology in

human factors analysis

ã 20 À��lEâ3J[y¢¥�A^
Fig. 20 Applications of gaze tracking technology in

virtual reality

5 o(��"À��lEâÏLuÿ<ú�Àú5¿��,¢y<Å�pÚé<� ²Ú1ǑAÆ?1©Û.ldÂ©a5`, À��lEâÌ�´ÏLCú��5°(/uÿúÄ&E. l2Â��5`, l�ål?1<�5¿å�ä!+N�6©Û�EâÑáuÀ��l�Æ. À��lEâkX2��A^�µÚ���m�ïÄ{¤, Ù¥, ÄuAÆ�À��lEâ�äk¢^d�.�duNõ´¶Eâ���, Ùu�ÚA^����Ê·�Y², E,�Ǒ�«;^�EâA^u<Å�p!J[y¢!<Ï©Û�+�. 3�5�ïÄ¥, XÛâ»8
��«Eâ´¶, ï�n��

À��l��, �Ùý�¤Ǒ “=<=^” �<Å�pÏ�, “��åÚ¿£” �<Ï©Û�ã!“<ÅKÜ” ���Eâ�, ò´�5À��lEâ�u���. Äuþã8I, XeïÄ��ò¤ǑïÄ�9::

1) {z���Ø^rI½. �Ǒ<Å�p!<Ï©ÛEâ, ^rI½��´{NÀ��lXÚA^�­�Ï�, AO´2�A^���À��lXÚ, I�õ�I½:âUO�ÑÀ�á:ÚÀ�ëê�mN��.�Xê, =�ÙÀ�á:°Ýép,Ǒî­/��
Ù�^�B$5. n�À��lXÚ�±òI½:~�Ǒü:I½, � kappa Æ��©I½q�´�{£;�. 8
k©z&?gÄI½¯K[149], =3�^À��l���, �À�°ÝÅìÂñ��p°Ý, �XJ�^�Ï�À��O°Ý�$, �U�{JøO(�À�&E, ù«�¿£I½�ª'ÌÄI½`�. Ïd, XÛæ^#Eâ, �Ø^rI½½~�gÄI½��m, �À��O3�p�°Ý��e¯�Âñ, ò´�5­��ïÄ��.

2) ����gdÞÄe�p°ÝÀ��O. 8
À��l�EâG�I�ò^r�ÞÜ��3�½���S, âUæ8p�þ�ú«ã�, ?
¢yp°ÝÀ��O. Î��¯, ùò4�/��À��lEâ�A^+�, �ÙÛ�u;^����Æ. ��À��lXÚlEâ�nþØ|±ÞÜ lI½ �, Ǒ²�«U?, E,Ø·Ü����gdÝÞÜ$Äe�À��O. Ǒ,n�À��lXÚlEâ�nþ|±ÞÜ$Ä, �du�{¢y�gdÞÄG�e�m kappa Æ�¢�O�, E,�{¢y3ÞÜ�«^�e°(�À��O. É�uú¥ÕA�(�A:, �gdÞÄ¯Kò´À��lEâÆ�)û¿Lu℄Ô5�´¶Eâ.

3) {zM�XÚ��e�À��O. À��lEâ��3J�#NÞÜ�gd$ÄÚ�Ø^rI½e�À�°(�O. éù�¯K�)û, 8
Ñ´ÏLæ^ü�Åõ1
XÚ½õ�Åõ1
XÚ¢yn�À��O5)û. �M�XÚ�E,zE,�XÚ�¢yÚA^�5æN. XÛ±�{z�M���¢yÀ��OÚ{z^rI½, �À��lEâ¤Ǒý��g,<Å�p½<Ï©Û�ã, 3£ÄªÚB�ª��¯�u��8UkX­��¿Â.

4) ·ÜØÓ+�ÚØÓ�¸�À��lEâ.8
, �X1Æ&ÿ!ÅìÀú!<ó�U��'Eâ�u�, £ÄÏ&!�êâ!Ôé��#EâA^�°Ä, éõÀ��lEâd3�A^+�Æ�m�, ~X: 3�¯+�, �±^u�1
�ú�Å1
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