
� � � � ��� � � 	 


�
� �
† �����
� ‡ �
����� †‡

† ������������ "!�#��� �$�% , & 466-8555 ������')(+*),.-�/�0)1
‡ 2+3�!�#� �4�5�06& 101-8430 7�8�9�:�;)<=,+>@?+A

†‡ATR B@C+!�#�D� �4�5�0 , & 619-0288 8�9�E�F�G�H�IKJ)1
junsato@nitech.ac.jp, sugimoto@nii.ac.jp, kino@atr.jp

LNMPO.Q
: RTS�U)C=VXWKY�Z\[^]+_a` Q=bXcdO�e.f�g^hji^kKlXmKn Vj4�5Poqp�r�V+sut�v)wPx l CyV m=n

 )z+{�|P}j~)�K����4�5y�d`��@� Q p��y�^�����=S�U)C=V m�n  )z����NVX� b }j���@���+�d�������=��`� � Q=f���� V��u���j����� mKn o�p�t�v\V^wPx lX�K �¡ ����¢�£P¤�[�¥q�
¦§pjW�¨�{\}X©@ª�« ku¬ VX­® �
¯ l�k+m�n p�° M�± oj²)³X´Pµ^¶@·.wNx l «P¸y¹qº=��»X�¼¦½VX�K¾�¿�À\}j���@��� � `XV=¥Á���+Â�Ã±�Ä�Å {NV+Æ)Ç+�q�P¥ L � � ° M�±�È�É ¥�o�p�Â=Ê�Ë�Ì�Í=�uÂ�Î�Ï��@w\x l ��»�p��)ÐT>KÑ)z=�XW�ÀÒ`�w
x l }�Ó
�Ô����� m�n �d`�Õ�Öa°Ø×�ªKª L � �KÙ=Ú ¥�o�p � VÛ�P� ± �d�.� � �\}jÜ�Ý f ����� m�nP± ª
Ç b pjÞ È VX4q5�Í)ß�} O `Xàu� �
á k@â�k^ã

:
g^h�iukKl+mqn

, ����� m�n , multifocal tensor, multilinear ä�å

Recent Progress in Epipolar Geometry

Jun Sato† Akihiro Sugimoto‡ Keisuke Kinoshita†‡

† Nagoya Institute of Technology,Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan

‡ National Institute of Informatics, Chiyoda-ku, Tokyo 101-8430, Japan

†‡ ATR Human Information Science Laboratories, Soraku-gu, Kyoto 619-0288, Japan

junsato@nitech.ac.jp, sugimoto@nii.ac.jp, kino@atr.jp

Abstract: The research on the epipolar geometry was initiated for solving correspondence problems,

and has been grown to the research on the general theory of multiple view geometry. The multiple view

geometry can describe not only multiple camera views, but also the projection of symmetric scene, mirror

geometry and projector-camera systems. Furthermore, it has recently been extended for describing more

general visual phenomena, such as non-rigid motions and non-centric projections. In this paper, we

investigate the recent progress in the research on multiple view geometry.
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1 �������� ¬�h	�qk ·�
=´
� ¬ ¥^oqp�� ¦�� M tuvNVPw
x l SKUP} Å Ç=� � ` �����)M × b � fj��� ×�oqp
wux l SyU�`+Ç���� V � r���r��������^V����u}�­® Q�b ��M ×a�ÒR!���^V�!�#u¥ L Ð§p"�^V#�����PV
��� ± W Q�b%$ ���	&PV+!y# ��'	(\Q�b Ç=� � ` ±)+* �K� � R!�	�\V,�	�u}jWyÀ�`+�K�.-Ò· ku¬"/�0± W Q p1�2���PV,���^}�WKÀ�`+�K� � ¬=h �=k ·.

´#� ¬ ¥=o=p t=vPV�w^x l S�Uu} Å Çy� � `�V 3�4
o�Â�Ã ± ���.Ç �
R65@V^wNx l C�V mqn o�� ¦+�)Ð g^hyiPk�l�mn ` 798X×)p�¸X¹;:=<�� ±?> [^��WKY=�	@�A@]�_u}B�C ±�D=Å °§× b,E^fj� rKV+sup1�GF��j�q�+F��\VH�I { �	J °§×Ûpu° M�± w^x l V,K � ¸+LNM��PO�QR V+Æ�S	M ± �\Ð ��TPV�wux l SyUu}�UWV"X · Yjº±�Z �^¥)�.��[�\={ �^]��Áe fP� `9� M pu�PÐT� ¦

Vuw\x lj�yÅ Ç M ×��P_+;Ò`�� e�fy�� V)�\� ± ��v@V^wNx l V	` Å^� >�ÑaM)�q�\`b ± pKr.× O ¥ Rc5)V\w@x l V mun@±�d�e °Ô× b
Ç fKgqhXi�k�l�m�n }=p1�f5�g�h^Vqw^x l }�Ó � mn � `�ÕuÖ��u�X4^5 �jiak É ;ml?8�� M.n S ±�o
� Q�fX�^� VN��� ±KQ�b �25\V�wux l }�Ó �+� �K�mqn

(three-view geometry) p;pq5@V^wNx l }=Ó��
p �y� m=n (four-view geometry) p�r Q�b >=ÑPV N

5@V^wNx l }=Ó�� N �q� mqn (N-view geometry)�^r\Q ¦ ~	sa° ×ÒryV+{=| � � M � ± ° × f��P� ×M }�ty¨ Q�b �K�K� myn (multiple view geometry)

`^7�u �
�q��� mun oupjt�v@VjÎuÏq�?v ® wNx l V m�n

 Nz�{K|u}��K�P�=��V�wj¥u� ¦Tp Î=Ï=��v ® w^x l±�x	y [	\P���	z�{Nwux l ��²\³+´�µ=¶P·��=»=V BCa| v?}u­m~q/)�u» ± W Q�b bm� ±��^Å �q� � `
V�¥)�.�.ÂKÃ ±�ÄKÅ {^V�Æ@Ç m=n ¥ L � � ° M.±�ÈÉ ¥=o=p Â=Ê=ËyÌKÍ ± �y�=���=�y� m=n ��ÂKÎyÏ=�
wux lX± ���=�.�K�=� m=n �=»ypq�NÐ >=ÑNz��+W=À
`Xwux l `�V,�mw+£����\V��j`.¥yV��K�=� m=nK�^�� ° ×aª�ª L � ��ÙKÚ ¥=oKp � V)��� ± ����� o �
}a��� f �=�=� m=nu± C��=�.Þ È V�4K5=Í\ßX} O `
àu� �� p ÙqÚ ¥y���Ò�P� �@V��,��V��a�q� ± � Q=b
o=p��uV)��� �+Þ È V+~���� �^�u±����u± �q�X¥ L� � [9, 70, 2, 4, 28, 7, 40]

�

2 �
���������j���
�q�q��SqU ± �K�u� mqn o��  \o mqn  �z=� �¡ V+�y` ± 4=5 �^o à M × b,E^fX�.m=n  @zj�+~�s

o ¢�£@z ± �=~ Q �N�=Ç,l�¤up >yÑPV+�y�K� mynu±
o�Õ=Ö Q�¥\M Ç �q� VN�^� � � `�� M �y�K� myn V
]�_uo��	¦ ± g�§ ± J �P�q� ± ;=v\z ±��a�\M ×Ò�
�u� ± � e�fy�
�^p,¨@C B ± N 5\V,v ® w^x lj�y K¡@Q p,¨@CB Vj� X = [X1, X2, X3, X4]>

�Á� × M N 5\Vuw
x ly± ­ ® °Ø× b ÇK�\`X��� �Û� V@`q�.p i ©«ª.V
wNx l VPw\x l,¬m­ } Pi ` Q p i ©®ª�Vqw)x ly±> [q� X V.­ ® Uu} xi = [x1

i , x
2
i , x

3
i ]

> `+�K�u` N

5)V\w@x l �ÁVX­ ® o	gm§)VÛ�N� ±�¯ � � ` � ¥
�+� �

λixi = PiX (i = 1, · · · , N) (1)

°
(1)
±?> Ç b p�±�² ± �y�K�9- l x k · ¥ L � X> �G³ λi `�r ×�g	´�`.} &�µ Qjb,¶ �P�=�^` ° (1)

o^gP§\V��^� ± ��� Q ¢N� � ` � ¥Û�+� �
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P1 x1 0 0 · · · 0
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(2)

�K� ¥ ° (2) }�g�§^V)�u� ± ��·u¥��a� ¯ � � ` ±
��� �

MY = 0 (3)

¬�­
M o (3N)× (N + 4)

¬�­ ¥ L � � p (3)
�?¸

³�¹Û¶�L6X\¥K�KÇ+~ Y }�©\ª � `�� M p ¬^­ M Vº vPo�Ã ± gP§PV »a¼P}^½ f � �

rankM < N + 4 (4)

�y�,�¾�jp ¬P­ M � M (N + 4) × (N + 4) V�¿P&¬�­
M′ }�À ÐGÁ=�P`�p9� ±�J � � Ð§pj»=V ¿�& ¬­

M′ ��r�V ¬P­ ° o 0 `��u� �

detM′ = 0 (5)

� Vm_yp ° (5) ¥ ¯ ° ×��+äuå � N �u� mqn V�ä
å^¥ L Ð§p mKn  Nz ± oKp tKvPVKw\x ly±P> Ç b �



��` ­ ® U�`�}���u,¢��u}��	8 Qjf _ ± p � × M V
¢�� � �c�m�?¨�C B ±�> Ç b�� Ç ± $ �@¥
	����� `.} ¯\Qyb Ç�� �^� × M o=pÛR �K� myn V+¢y£ ±
o gPh�i^k�l äuå (epipolar constraints)

L ��ÇKo
bilinear ä�å (bilinear constraints) p�� �q� m�n V
¢u£ ± o trilinear äuå (trilinear constraints) p;p
�u� mun Vy¢u£ ± o quadrilinear äuå (quadrilin-

ear constraints) `	7,8j×Áp O.fÛ� × M }	t�¨ QKb
multilinear äKå (multilinear constraints) `�7�u �

N �=� m=nu±P> Ç b p ¬	­ M V 3N
¬ � Mq¬�­

M ′ V N + 4
¬ }��mu��P³�zuoX>KÑ ± > � Ð ¥�oK�

Ç f àXt�vNV multilinear ä�åNV ° ���ÒM ×�� �NQ
� Q N ��� m�n\± �K��� H?I �XäKåP} � � f à ±
o=p N �^V=w^x l"¬�­ Pi(i = 1, ·, N) VKÇ ¥ ×�� M
� 2
¬ g�h ¥ ª
�P8\�=[�×+8\� M ��Ç (

L ��w\x l¬�­ � M 1
¬ V	w
��u^`+rKV�wux l V����uo�Î�� ±

¸�� k X��a`�� e.buQ)O Ç�3��y}q�Û°+�qÇ )
� �y�

� ��p N �=� m=nu±�> Ç b H�I � (N +4)×(N +4)¬�­
M ′ } � � f à ± o=p"g�§ ±�J �.»�¼^}�½ f �� � �PL � �

2N ≤ N + 4 (6)

gPhd�)Ð p N ≥ 5 ¥�oKp HPI � multilinear ä�å ��dM ×��uÇ � ` � �;�N� ��� e.b p multilinear ä
åPo 4 ��� m�n O ¥ Q �  �¡)Q �qÇ �
>KÑ ± N �\V v ® w\x lX�y K¡ ���+¢K£Pp � ×M V+SyU � ©Pª������qo 11N−15

Q �  y¡\Q �KÇ �� ×�o�p N 5\V�v ® wPx l�� w\x l ¬�­ P ¥ ¯ °
×a� � Ð r�×! +× 11 �
�
�u}�©Nª � p � × M N 5
VuwPx l+��" >NV v ® ¨@C (15 ����� )

B ±j K¡ �
�^`+ÇÛ� äyå�»�¼ �qL � f ày¥ L � ���Áe b pÁR �
� m�n o 7 �
���\p#�§��� mKn o 18 �����\p p �
� m�n o 29 �����\}j©@ª � ` � ���^� �� VN�P���j����� m�n VX;qv)z+~PsP}1��` ± N

�=� m=nq� g�§^V�# ± J �\�u� ±%$	� � °§× f�� ;
v)z+~�sP¥�oqpKr=V m�n  @z,3�� � � �P¥@M Ç � p
>�zu¥=p � VN������~	s ± �\Ð �=�K� myn���& >Nz± Ó � �\�q� ± ��Ð§p^° M�± �y�K� m=n V�')( ��;
v)z+{�| � � M � ± °Ø× fy�
3 *��������
R65@V^wNx l��K �¡ �q�@`P��p � × M VPwNx l

Vuw\x l ¬P­ } P, P′ ` Q p L �«� �P��� X V �
× M V�wNx lj±m> [P�.­ ® U^} x, x′ `����^`+p�+

V�,�� ± � ×+8\p ° (5) �@Ð6g?§ ±	J � � Ð 6 × 6¬P­ V ¬P­ ° � 0 `X�u� �

det
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P 1 x1 0

P 2 x2 0

P 3 x3 0

P ′1 0 x′1

P ′2 0 x′2

P ′3 0 x′3
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= 0 (7)

��� ¥qp P i oPw\x l�¬?­ P V,¦ i
¬ ª�} ¯@Q p xi

o x V ¦ i ���^} ¯ � � ° (7) }X�@� Qyb ¶ � Q ¢
�u`�p�g	§ ± J �P�@¦.- M × fyguh�i�k=l z�/ ° ��ÒM ×�� �

xix′jFji = 0 (8)

0 Q p �=� ¥=o gqh�i�kyl z�/ ° }K¹ ¬21 X ¯ �u}Å Ç b^¯NQ=b?> Ð§p Fji o^Ç"�43Û� F
¬P­ V j

¬
i­ V�����} ¯ � �K� V@�K� � F

¬	­ V�¹ ¬21 X ¯ �
Fji } bifocal tensor `�7�u@�q� ± � e fX� ° (7) }°

(8) ` ¯\Qyf@� `.� M p Fji `ÛR ª�Vuw^x l.¬P­ ,

P, P′ `�V^C ± o^gP§\V^�+� �^L � � ` � ���^� �

Fji = εipaεjqb det
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P p

P a

P ′q

P ′b
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
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
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

(9)

�K� ¥Kp εijk o {i, j, k} � M {1, 2, 3} �@V�5 yq��6
5 y ¥ L ×�8 1 p�725 y ¥ L ×�8 −1 pKr.×+g?´P¥L ×�8 0 V�8u} À\�j¹ ¬91 XN¥ L � � bifocal tensor

o�wqx l"¬�­=��:P�\M × b Ç=� ¢=£ ± o ° (9) � M pO�f SKU B VXWKY�� ���ÁM × b ÇK�+¢�£ ± o ° (8)

V+ä=å^} Å Ç b%; à�� � ` � ¥)���=< r\Q Ç�O	Q�>± � Q=b o 9 # �9?A@ �
RT�q� mqn VB�����\o 7 ¥ L � � ` � M p mqn

 @z���»�¼^}�½ f � bifocal tensor VC���
�^o 7 ¥L � � ` � � �^� � bifocal tensor o 3 × 3 ¥ 9 �
V��9�P}j©Nª � p e v9DNV '�e {P}j©@ª � `�� M p
bifocal tensor V
E9�2�ÛC ± o 8 − 7 = 1 �NVXäuå�j =¡ �y� � ` � �+�q� �^� V.ä�åuo�g	§ ±�J � �
Ð§p bifocal tensor

�
full rank ¥Ko���Ç^`XÇÛ� � `

¥ L � �

detFji = 0 (10)



4 ���������
� ± �65@VPwNx lj�� u¡ �u�X¢q£ ± ª�Ç b	���

� �Á� × M �W5)VuwÛx l V\wNx l^¬a­ }Pr.×C X×
P, P′, P′′ ` Q p O.fuL ��� �?�u� X V � × M V
w\x l �ÁVX­ ® U\} x, x′, x′′ `��q�N`+p ° (5) �
Ð g?§NV ° ���ÒM ×�� �

det
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
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













P 1 x1 0 0

P 2 x2 0 0

P 3 x3 0 0

P ′1 0 x′1 0

P ′2 0 x′2 0

P ′′1 0 0 x′′1

P ′′2 0 0 x′′2



























= 0 (11)

°
(11) ¥�oup P′, P′′

± � QKb o�p�¦ $ , ¦ R ¬ }
À¼ÐqÁ QKb�Å Ç b Çq� � p " ' ± ¦¼R , ¦�� ¬ �)p
¦ � , ¦ $ ¬ } Å Ç�� � `P��¥)�.��V=¥=p P′

> � ³
P′′ � M V ¬ V,À¼Ð�z ± oqr ×� �× � � Ð V�¢K£ � q¡ �q� �
� e.b ° (11) V)�\��� ¬P­ ° V�»?¼\o
£�O i � Ð �m� � � ` � ¥��.� �^� × M V ° }��N�QKb�¶ � Q ¢)�N`jp^gP§ ±	J � trilinear äuå ���M ×�� �

xix′jx′′kεjquεkrvT
qr

i = 0uv (12)

� V)`^�.p T jk
i o
� º Vu¹ ¬�1 X < 3 × 3 × 3

@ ¥L Ð§p trifocal tensor ` 798+×a� � ° (11) ` ° (12)

�@Ð§p trifocal tensor o^wPx l�¬?­ } Å Ç b g�§NV
�u� ±�¯ �)� � ` � ���P� �

T jk
i = εipa det













P p

P a

P ′j

P ′′k













(13)

°
(13) �)Ð � M �u�Û�^� ± p T jk

i o\w\x l,¬?­ V
w	� M �q�y¹ ¬!1 X@¥ L Ð§p v ® ¨@C B ±?> [P� 3

5^V�w^x l CjV m=n  Nzj���.�u}��y� ±�¯ ¿ Q�b Ç
� � ����� ��p 3 ªyVuwPx l VqwNx l,¬�­q�
:��NM
×=×m8 T jk

i

� O	Qq¥)� p�� ± T jk
i

�
:a�\M ×�×m8 3

ªyVPwPx l V�wNx l�¬?­u� v ® z ± >P3 ±��dO � �
Trifocal tensor o\w@x l ¬m­P��:+��M × b Çq�

¢�£ ± o ° (13) � M p O�f S�U B VjWqY�� ���ÒM
× b Çu�+¢�£ ± o ° (12) VXä�åN} Å Ç b�; àP� �
` � ¥Á��� � < rNQ Ç O�Q9> ± � Q=b o 9 # ��?�@ �°

(12)
±,J � trilinear äyå ± o i ª�V ° �uL � � p

Hartley[18] o � V��=¥
�P±��q3@�;��Vqo p.ªKVmw
¥ L � � `.} J@Qjf��^� VX{y|^o trifocal tensor }
W�Y��d�NÐ ; àu�+¢�£ ±�	 �Ò`��^� �
� 5)Vqw@x l C�V m�n oqp��  \o�R65@VPwNx l

V g\h=iPkql�m^n }	��wy£��a� b	����M × fK� �
< M [1] o�R 5\V^w^x l CKV guhjiqkKl+mqn }���w
£����Û� � ` ± �\ÐØp¾�f5\V�w^x l C�¥KV+WKYy�=ä
å � ¢��u¥yoK� ¦ >=� ± ¥)�.� � `�} J\Q�fj� r�V
sup Q 8 M ¦ V�CXo R!5PV�w^x l V g�hXiqk�l�mKn
} ¹ k ¸ ± �+F+� � 4�5d°T× f [11, 12]

� �!5NVuw
x l C=¥uo gNhyiPkulXmPn }yt^v Å Çu�^g?h)Vyä
å �^�ÒM ×a� � `.} c à b J@Qjf V�o Spetsakis

M
[55] ¥ L �\`�
	�K×�� � Spetsakis

M o���
���wqw
x ly± �����a� ± trilinear äqå@Vy{q|\}	 @à b�Å
Ç fy�q� V trilinear äyå^oXs ± Shashua

M
[51, 52]± � e b�� ¦ 4y5a°§× trifocal tensor

± �+�j� �K�m�n V ¯ ¿ ��J °Ø× f���� × ± W Q Hartley[18] o
v ® mKn }�¹ k ¸ ± � �K� myn }�~�s Q ¢ Q p����

^�,v ® wux l�± ���
¦ trilinear äyåu} JPQ�fX� °M+±

Hartley o�p ° (13)
±a> Ç b � x ` � Vj�P}� �.¢�� l `+VqCyVq�.�^} Å ÇK� � ` ± �\ÐØp«� �

� ±P> [u�.��`q¢���`.V+W=YN���j�P¢�� "�� V+W=Y
��� � p"g�§ ±�J �P�P� ± >Pª�V trifocal tensor

±
� e.b ���P¥Á�.� � `+}P� M � ±^Qyfy�

xix′j l′′r εjquT
qr

i = 0u (14)

xil′ql
′′
rT

qr
i = 0 (15)

lpl
′
ql

′′
r εpitT qr

i = 0t (16)

��� ¥qp li o�¢9� l V��P�����NV�¦ i �9�P} ¯ � �
trifocal tensor o 3× 3× 3 ¥ 27 �\V����u}X©Nª� p�� ��� m�n\± o 18 ����� Q �  K¡)Q ��Ç � `

� M p m�n  Pz9»^¼q},½ f � trifocal tensor o 18 �
�
� Q �X© f ��Ç � ���.� �jp e v�DPV 'Pe {^}��
Ç b��a� �u`�p trifocal tensor V�E9���@C ± o 26−

18 = 8 �@Vjäqå �� q¡ �q� � Faugeras
M

[10] oqp
Grassman-Cayley ;uvN} Å ÇP� � ` ± �)ÐTp � ×M

8 �^V�ä=åu}u� M � ±�Qyfj�\O f p Canterakis[6]

o��)�P� z�>N¥��)o�Ð � × M 8 �)V�äuåN} J�Q�b
Ç�� �
>�zup 3 �=� m=n o trifocal tensor ¥ ¯ �.;^� Ð± p®�½ª�V bifocal tensor } Å Ç b�¯ � � `?��¥��

� �^� VN�^� �#� �K� m=n V ¯ ¿ ± � Qyb o 6 # ±> Ç b^r@Q ¦§�^�Û� �



5 ���
�����
� ± pq5@VPwNx lj�� u¡ �u�X¢q£ ± ª�Ç b	���

� � pq5@VPwNx l V^wÛx l�¬a­ }^r�×  j× P, P′,

P′′, P′′′ ` Q p L �#�6�?�q� X V � × M Vuw@x l
�)VX­ ® UN} x, x′, x′′, x′′′ `X�q�\`�p ° (5) �@Ð� × M VuC ± o^gP§\V^�+� ���ÁM ×�� �

det

































P 1 x1 0 0 0

P 2 x2 0 0 0

P ′1 0 x′1 0 0

P ′2 0 x′2 0 0

P ′′1 0 0 x′′1 0

P ′′2 0 0 x′′2 0

P ′′′1 0 0 0 x′′′1

P ′′′2 0 0 0 x′′′2

































= 0 (17)

°
(17) ¥yo=pXr ×! �×�V�w^x l9¬�­ V,¦ $ , ¦�R ¬± �y��� ° }�À ÐqÁ QybjÅ Ç b ÇK� � p,¦ R , ¦ �¬ p��=o	¦�� , ¦ $ ¬ } Å Çq� � `m��¥Ò�X�=VK¥up°
(17)

±^J �)�\� �Xäqå ° oy£PO 34 = 81
� Ð �� � � ` � ¥)��� �^� × M V ° }��@� Q�b,¶ �P�=�

`�p�gP§ ±uQ àu� quadrilinear ä�å ���ÒM ×�� �

xix′jx′′kx′′′lεipaεjqbεkrcεlsdQ
pqrs = 0abcd (18)

� VP`P� p Qpqrs o1p º Vy¹ ¬�1 X (3× 3× 3× 3)

¥ L Ð§p quadrifocal tensor `^7,8�×d�)�P� ± � ef
[66, 8]

� °
(17)

> �G³ ° (18) �PÐTp Quadrifocal

tensor oqw^x l.¬�­ } Å Ç b g	§^V@�q� ± ¯ ° ×a�� ` � ���^� �

Qpqrs = det













P p

P ′q

P ′′r

P ′′′s













(19)

°
(19) �ÛÐ�� M �u�Ò�^� ± quadrifocal tensor o

wux l,¬�­ V�w^� M ���j¹ ¬21 XN¥ L ÐTpmp�ªyVqw
x l CKV^v ® mun  Ûz��\���@}��q� ±�¯ ¿ Q�b Ç
� � �y�9�;��pmp�ª�Vuwux l V=w\x l,¬	­q�
:a�@M
×K×�8 quadrifocal tensor

� O�QP[�\^¥ L Ð§p � ±
quadrifocal tensor

��:��)M ×�×+8\p1p�ªyVPw\x l
V�wux l.¬�­ } v ® z ± >	3 ± �	e �K� � ` � ¥)�
� � ° (18)

±�J � quadrilinear äKå ± o 81 �PV °� H � � p � VP�=¥���±���3\�;��V�o 16 �NVPwK¥L � � ° Mj± t�v@VXWuY���� M ° (18) Vjä�å\} �
�u`.p � × M V�C ± o ��� ��� ���P¥ � f àyp N �

VjW�Y���� M"�ÒM ×Ò���P±���3\� ° o 16N − NC2

�P¥ L � � ` �	J °Ø× f [20]

� ���\V�¢K£Á` " ' ± p ° (18)
±?> Ç b � x `� V��P} � �9¢�� l `+VqCyVq���u} Å Ç ×+8Pp9g�§±	J �)�\������`"¢�� ± ���q� Quadrilinear äqå

�P¢��^V�w ± �y�y� quadrilinear ä=åu} � � � ` �
¥Á�+� �

xix′jx′′kl′′′s εipaεjqbεkrcQ
pqrs = 0abc (20)

xix′j l′′r l′′′s εipaεjqbQ
pqrs = 0ab (21)

xil′ql
′′
r l′′′s εipaQ

pqrs = 0a (22)

lpl
′
ql

′′
r l′′′s Qpqrs = 0 (23)

f ¤ Q p1p ¢9� ± ������äuå (23) o�p�S�U B V1p
ª=V	¢2� � �6�?�?¨)C B V " >?¢2� L V�­ ® U\¥
��¦�`a��p L hNV " >�� X

� S�U B V 4 ¢��Ph ±
­ ® ° × b ÇP° � � ×�8�� Ð 3Nª � ` ±
	 3 ��� �
¥ L � �

quadrifocal tensor o 3×3×3×3 ¥ L Ð 81 �PV
���u}+©\ª � p 4 �y� m=nq± o 29 ��� � Q �  �¡NQ
�=Ç � `9� M p myn  \zX�.»	¼q},½ f � quadrifocal

tensor o 29 ����� Q �X© f �qÇ �
��e.b p e v9D
V 'Pe {P} � ¦�`�p quadrifocal tensor V%E2�9�)C± o 80 − 29 = 51 �NV�äqå �� q¡ �q� � ShashuaM

[53] o homography tensor }���
@�q� � ` ± �
Ð§p � × M 51 �\V+äqå\} J)Q=fy�

4 �^� mun o quadrifocal tensor ¥ ¯ ¿Á�^��;
� Ð ± p
R ªKV trifocal tensor �)p�� ª=V bifocal

tensor ¥ ¯ ¿P�=� � `P� ¥Û��� �q� × M.± � Q�b o
6 # ±a> Ç b ����� �
6 �
�����������«�����
g	hPV � Ð§p)R �K� m=n p;� �=� myn p?pÔ�=� mn oyr ×2 �× bifocal tensor, trifocal tensor, quadri-

focal tensor
± � e b.¯ ° ×�� � >^zq¥#� 5uVKwqx l

C1, C2, C3

�y K¡ �K�+¢=£ ± oKp � × M V����^}Kp
C1 ` C2 VuC=V
R§�q� m�n p C2 ` C3 VqC�V
RT�
� m=n p C3 ` C1 V=CyVdR �K� m=n p=`+Ç)���y£ ±
� ªjV
R �K� m=nu± &u[ b,�a� � � `P� ¥Û�+� � �
�.� �jp �!5PVqw^x l C�V trifocal tensor `�p � ×M � 5\}�R65 ¥ ª,��w ±\QKf ¢�£NV bifocal tensor

`�VKC ± o=p n�M �KV���� �y y¡ �y� � Heyden[31]

oqp � × M V multifocal tensor V%E9�2� � p N �
�	v ® ¨NC B V�¿	&�¨PC � �=� Grassman ��'yËPV
Grassman � � (Plücker � � ) `+� e b Ç=� � ` ±



� ª Q p Grassman � �NC ± � Ð 3Nª Plücker Vq�
� ° } Å Ç=� � ` ± �PÐTp � V\�P� �y¹ ¬�1 X�C�V
���u} & >@z ± � M � ±qQyfX�^� VN�u� ±uQjb p=g
§ ±�J �N�u� ± C1-C2 C�V bifocal tensor 12Fji `
C1-C3 C=V bifocal tensor 13Fji

�Á� × M �§�q�)C
V trifocal tensor T jk

i Vyr ×� �×�����¨NCu`�����¨
CP` Q=b��ÁM ×�� � ` � � M � ± � e�fy�
T j1

i 12F1j = 0i, T j2
i 12F2j = 0i, T j3

i 12F3j = 0i (24)

T 1k
i 13F1k = 0i, T 2k

i 13F2k = 0i, T 3k
i 13F3k = 0i (25)

° Mj±��	� [31, 33] ¥uoup � VÒ�^���\���@} Å Çb p trifocal tensor � M � ªKV bifocal tensor } ;
àu��z2> �	J °Ø× b Çq� ���� ¥qp trifocal tensor VC�����Po 18 ¥ L �=V± W Qqb p�� ªqV bifocal tensor

� ©�ªB�����)o
3 × 7 = 21 ¥ L � � `,� M p � × M � ª=V bifocal

tensor o �y3q¥�o=�d¦Tp � × M VKC ± o 21−18 = 3

�^V+ä=å �j =¡ �K� � ` � �+�q� �^� × M � ªyV�ä
åPo^gP§NVN�P� ±^¯ � � ` � ¥Û�+� �

e
i
13e

j
2312Fji = 0 e

i
21e

j
3123Fji = 0 e

i
32e

j
1231Fji = 0 (26)�K� ¥=p ei

pq o�¦ q �K�u}�¦ p �=� ± ­ ® Qjb,�ÒM
×a� guhjiqk X epq V ¦ i ���^} ¯ � �XmKn  @z ±
o � × M V ° o=p L ���=� ��
 Ð VXS=U ± ­ ® °§×f ¢K£PV guhXiuk=l ä=åP} ¯)Q�b ÇK� (� � 8�¦ $° o=p�¦%�½wux l }�¦ $ wPx l `=¦ R½w^x l�± ­ ®Q�f U e13, e23

� °
(8) V g^hjiqk�l ä�åu}�½ f �� `�} ¯@Qyb Ç�� )
����e b pj�Ôª�V bifocal tensor� �T�^� mqn } 
 Q ¦ ¯ ¿Û�q� f à ± o^p ° (26)±�J ��� ª�V=ä^å\}�½ f °��u[+×�8)� M �PÇ � >

zNp trifocal tensor � M bifocal tensor } ; àP�+¢
£ ± oqp � × M � ª�VXä�å\}	½ f � bifocal tensor��; O � � ` ± �^� �" ' ± p trifocal tensor ` quadrifocal tensor C± �q� ±^J �q�+� �^L � [31]

�

Qijkl
123T

jk
i =0jkl

, Qijkl
124T

jl
i =0jkl

, Qijkl
134T

kl
i =0jkl

Q
ijkl

213T
ik

j =0ikl
, Q

ijkl
214T

il
j =0ikl

, Q
ijkl

234T
kl

j =0ikl

Qijkl
312T

ij

k
=0ijl

, Qijkl
314T

il
k =0ijl

, Qijkl
324T

jl

k
=0ijl

Qijkl
412T

ij

l
=0ijk

, Qijkl
413T

ik
l =0ijk

, Qijkl
423T

jk

l
=0ijk

�q� ¥qp pqrT
jk

i o {p, q, r} V
�T�u�ÛCKV trifocal

tensor } ¯ � ���
� [33] ¥yoqp � VN�\� � trifocal

tensor ` quadrifocal tensor `+VqC�Vq�.�^} Å Ç b
p �K�NCyV quadrifocal tensor � M�� × M p½�K� B

V+� b V#� �K�\CyV trifocal tensor },O�Q\�=��z�>��J °Ø× b Çq� �
p �q��SqU@V mqn } ¯ ¿)�u� ± oup quadrifocal

tensor
$ ªj¥ ¯ ¿N�=�+;	� Ð ± p�� ±�J �@�^� ± p

trifocal tensor RÔªj¥ ¯ ¿ QXf Ð§p bifocal tensor �
ªj¥ ¯ ¿P�K� � `P� [�\^¥ L � � �Pp?pG5\V�w^x l
Ci (i = 1, · · · 4)

�K q¡ �u�\`��q�N`�p � × M p �
�)V\���@o C1, C2, C3 C�V trifocal tensor 123T

jk
i` C2, C3, C4 CKV trifocal tensor 234T

jk
i

± � e�b¯ � � ` � ¥��X� ����� ¥ �
���P} ���qb w��N`+p
R ªyV trifocal tensor

� ©NªA���
�^o�£�O 18 = 36

¥ L �yV ± W Qyb $ ª�V quadrifocal tensor
� ©Nª

�����uo 29 ¥ L � � `9� M p\RÔª�V trifocal tensor± �.� ¯ ¿ ± o)° M�±�� ªjVXäyå �j =¡ �=�Xo ¥ ¥L � �Á� × M�� ª=VjäuåNoqp 123T
jk

i � M9�ÒM ×d�
C2, C3 CKV bifocal tensor 23Fji ` 234T

jk
i � M9�M ×Ò� C2, C3 CXV bifocal tensor 23F

′
ji ` ���\Q Ç� `�¥ L �u` �?� � � ` � ¥@�.� (bifocal tensor V

�����Po 7 ¥ L � � ` ±�	 3 )
� �y�,�¾�yp
R ªyV

trifocal tensor } Å Ç b p½�K� m=n } ¯ ¿\�K��¢�£± oKp � V)������äyåP} ½ f � trifocal tensor ¥��
[.×�8N� M �uÇ �
>�z^¥ � × M p 5\VqwPx l CyV mKn o � ª=V bi-

focal tensor
± � e�b�¯ ¿N��� � `a� ¥Ò��� � � �

8Np 12Fji, 13Fji, 23Fji, 14Fji, 24Fji o p 5\VuwPxl CyV myn } ¯ � �^�y� ¥ $ ³ �����^} �a��b wK�
`�p � × M � ªyV bifocal tensor

� ©\ª����
�Poj£
O 7 × 5 = 35 ¥ L Ð quadrifocal tensor V �����
o 29 ¥ L � � `9� M p � × M �½ªyV bifocal tensor

C ± o 35 − 29 = 6 �NVjä^å �K u¡ �^�=o ¥ ¥ L
� �^� × M�� ª=V�äyåuo�g	§PV\�P� ±�¯ � � ` � ¥
�+� �

e
i
13e

j
2312Fji = 0 e

i
21e

j
3123Fji = 0 e

i
12e

j
3213Fji = 0

e
i
14e

j
2412Fji = 0 e

i
12e

j
4214Fji = 0 e

i
21e

j
4124Fji = 0 (27)

� × M o
+a` " ' ± pj���NVj­ ® U@VjW�YÛ�+�P}¯ � guhXi�k=l ä�å ±�� � M �KÇ ���ae b p � ª�V
bifocal tensor

± � e.b p �q� m�n } ¯ ¿N�u��¢�£± o=p � × M V bifocal tensor
� °

(27) V � ªyV+ä
åP}^½ f °���[�×�8N� M �qÇ �
7 �
�������������
� �a�P¨ÛC B VX���^�q� ����� ���25 ±uL �+¢

£ ± o�p S=U B V+WyY=�m� M �=�=� m=nK� >�3 ± �



O�M �=Ç9²��qp��j�"�;� multifocal tensor
� O	Qu¥

���KÇ.²�� ���a¥ � �^� V)��� �+�Ò` �y�PV���5u}
critical configuration `.7�u � critical configuration±�È Ç^²�� ±\L ��¢^£ ± oPp�O�Q Quf multifocal

tensor
� SuU���Y��^V ®	� }=ÂqÃ ± � �Á¦�
\[ b

O?Q �P'	�?eN± �\� ��� e.b multifocal tensor V
O�Q ±?> Ç b oqp � V)�u� � critical configuration±=È Ç ²
� � ��� �^ÇÛ�N���a& ±�	 3��u� � � �L � �
R �\� m\n)±+> [)� critical configuration oPp

Maybank[41]
± � e.b ~�s ° × f=��� V��
�@pjW

Y ±�Å Ç=� �2���=��`)R ªyV��y� � � b >PªjV����
R!���.¤�h ±j y¡ ����²�� � critical configuration

¥ L � � ` � � M � ± °Ô× f=�Á� Vy>	�@o^pj� b
V
�W�a�^� ��� ¤ah ±= ^¡ �u��¢u£@¥ L ÐTp � V
�q� ��¢�£ ± o bifocal tensor oX>�3 ±�;�O�M ��Ç
(bifocal tensor }�O�Q\�=� f à ± o � ¤	h ± ��Ç+���� �
¦.`a�)R§� � �\¥ L � )

��O�f)� V^²�� ±�È
Ç�¢K£ ± o=p�O^Q�[�\u¥ L � � ���Po�ÂyÃ ±�'���e± �u� �O f p Maybank[42] o � V e �uV���WÛ` Qjb p �
�Ò` N ��� (N ≥ 3) ` � ��� R ����¤�h ±�L ��¢
£ ± o=p �Po Ð critical configuration `��q� � `�}J)Q=f��
>�z �Ø�P� mun)±�> [)� critical configuration

V�>^Ñ?±@o Hartley[26]
± � e.b ~ms ��¬ ��× fK�� o Maybank V����)} � �P� ± ÕPÖ Q p critical

configuration `X�u�#�½ª=V�¢K£P} J@Q=fy�
ruVys N �u� mun@±�> [@� critical configura-

tion Vj>�Ñ?± � Kahl
M

[37, 36, 27]
± � e.b^J °

× f�� Kahl
M o+>�Ñ^V N �y� mynq±P> [u� critical

configuration
� p
� ª�V����¼Rc��� ¤@V%	� NV^h±

N �NVX���a` � b VX� ��! � � `+¥ L � � `+}
� M � ±PQ p�° M�± r�V m ª	��V��N} J@Q=fy�
8 "$#&%('*),+&-/./01�2(3�4$576

N 8�9�:�; 3=<
>�?A@CB�D(E�FHGI
3N J 3�K�LNMC5PO�Q=R	6
S�TVUW3�D
E	FHG�3CXY=Z I

11N − 15 [�\�]�^_[ O
`ba(B�O=cNd�6 3N

J 3WK�L
e�MfQAD
E�FPG�@�g	I�6WhiT�jfT�3�D	E	FG�3�k�l�@�g
(minimal parametrization)

e�I�O�m
n `bO�`Wa�S�3�S�ofI�6qp�r�s�k�t�u
?=v(` n S�T
U�3�D�E
FPG�?=w�x�B�Q�y�z	e={	e�|�}�o�O�QWaAB
Ofc,dA6

3N J 3=~����b�C��?	h�3,����k�t�uCB�Q

o�6��,U�T�Q
trifocal tensor

I�<�>��(��OW���	?��
��� O�`WaAh�S���6�S�T�UW3�D�E�F�GC?=k�l
3W~��
���(�i���A@�g�B	QW���	R���� � T � a
8.1 Bifocal Tensor �
�_�_�_�

Bifocal tensor
I

2
X YfZ 3��
�=���qG��P 
o,¡

X YfZ 3�����������¢�£W¤���¥	¦W�=e_M�m n @�B
S
o§R��_¨WQ

[4, 28, 7]
a�S�T_I

bifocal tensor
3=©( 

3Wk�l�@�g	��ª«576�� � <�>��C��e�¬�­�®b3�ª�Qf@
g���ª
Q�a
©��	6

Bartoli
U

[5]
I

bifocal tensor
3={�¯�°�±

² R
2
 �3b³�´�µ�¶�·�¸�o

rank 2
3�¹�º�·�¸�eA±

² �_¨�Q(S�o�?�v(` n 6
2
 A3

3
X Y�Z 3�³�´�µ�¶

·	¸«o§x��	»C3�¼�x�½C?�¾�` �
1
X Y�Z 3�¹�º�·

¸	e_MAm n k�l�@�g(B�Qf���	?b¿ [ 6�SÀT�?=p�r�sk�t�u�e_M�Q
bifocal tensor Á�Â 3�ÃbÄCÅPÆ�Ç
ebv` � a

8.2 Trifocal Tensor ���_�_�_�
Trifocal tensor

3=k�l�@�g	I
bifocal tensor

e�È
É nWÊ \ e=Ë [«Ì O�QWa	Sf3CM�Í�O�k�l�@�g
3Wk�Î3WÏ�ÐAI�Ñ
�f�f·�¸	?�v�` n ·�cbT � a

Hartley[18]I=<�>����Ae=Ò�z�½
3�Ó�T,Q
trifocal tensor

3W@�g
��o [ n 6bÑ��=�§·�¸	?=v(` � @�g
?�¿ [ � a
S�TI�ÔÖÕPÑ(�A��?�×
Ø(eÙ¡�Ú�3	Ñ�����3(ÑC�b��·�¸
?

P = [I,0], P′ = A
j
i , P′′ = B

j
i

o§Û«¨�6
trifocal

tensor
?

T jk
i = A

j
i B

k
4 − A

j
4B

k
i

o§@�gCB	Q�¬W3��
ª	Q=a [A\	[ SW3=@�g
e�I 11× 2 = 22 J 3=Ü�Ý�O~��(�W���iR ]�^ B�Q ��Þ 6�k�l�@�g,o§I�O�m n `O	`�a
SPT_eA¹ [ n 6 Torr

U
[65]
I&¡ 8�9�:�; 3�<�>R/¡ :�;�ß 3W¹�à 9&áâ9 �=k�l�@�g�ã�ä	��ª�Q	S�o?=¿ [ � a§å :�; e�æ�` n áâ9Cß 3�ç 9 R�è�é :�;ê�ë 2�3W×�ì 9 ��ª�Q	oií	î�Q	of6qï&5�3V� 9 I(STVU	ç§ b3�×�ì 9 ��@�g
��¨fQ�aABAOfc_dA6�S�3Wðñ O«� 9 3Wò�ó�R 8�9(ô 3W���	?=@ [ n `�Q	S�o§eO	Q=a/¡H A3 :�;Cß ��Ibz Á 2× 3 = 6 J 3�ð ñ O

:�;�9 R ]�^ B	Q�3��	6_SPT&U�R trilinear
�	��?

@�B�S�ofe�O�QWa	SÀT�U áõ9 3fö�÷�ò�ó	I�hiT�j�T¡WX YWZ ��ªV5øz Á 18
X Y�Z ?Aù� (S�o \ UW6 :

;�ß 3=¹�à 9Ùáõ9 R trifocal tensor
3§k�l�@�g�?=ú

î�Q�S�ofR�c \ Q�a� � 6
Papadopoulo

U
[46]
I

trifocal tensor
3

å�K�L ô 3����	?=v(`�Q�S�ofe_M�5À6üû�I�57k�l�@g
R�ã�ä��	ª�Q�S�o�?A¿ [ n `�Q�a Torr
U�3A���



��I�����e�I/¡74 5P3b@�g	R�� n�� Q�3�eA¹ [ n 6
Papadopoulo

Ub3������	I�©�­CeAk	l	@�g�B
Q�S
ofR�ã�ä���ª
Q�a
8.3 Quadrifocal Tensor �
�_�_���

Heyden[30, 34, 32]
I

quadrifocal tensor
?�MC5

� O�`W~������_����@
g_B	Qb�	�C?�¿ [ 6_S T�?
reduced quadrifocal tensor

o�	�

��a�SPT�I	6�å
:�;�ß 3�¹�à 9 3=ò�ó	?=×�Ø�ò�ó	e�����B�Q
o�6������3=¹�à 9 ò�ó
e���B�Q quadrifocal tensor

3W@
g�R����	u � T�Q�o�`�Í�¬f3	��ª�QAa����Ce�S�3
M�ÍWO����C?�·ÙÍ�o=6

quadrifocal tensor
3

81 J3�K�L�3��b�
0
��O�`�K�L�I

36 J 3�Ð�o=O�Qbab<>���������?�� � B
quadrifocal tensor

3NX YAZ
I

29
O�3A��6qx���»
3�¼�x�½	?�í
îqT��
6

reduced

quadrifocal tensor
3�å�K�L ô e�I � U�e 35−29 =

6 J 3f����R ]A^ BAQ	SAoüR�c \ Q�a 9 � eW¿
B
M�Íe�6
Heyden

o
Hartley

I�SW3(M�ÍqOb@�g�?bv(` �
quadrifocal tensor

3 ÁAÂ �	?�h�T(jfT�¿ [ n `�Q�a� �
Shashua

U
[53]
I�6

homography tensor
?

 �! B�Q(S�o�e_MC5
quadrifocal tensor

?b@�g(B�Q
����?�"
# [ n `�Qba
9 Multifocal Tensor )%$'&)(
:�;�\ U multifocal tensor

? Á�Â B�QW���,o [n Ib6 ²�* �We ÁbÂ ãbä�O§rbs ² �Co�6,+�5.- [�Á�Â?�/�K�obB�QWp�r�s ² �	R�í�îCUPTNQ=a�1�0���I�6
bifocal tensor, trifocal tensor, quadrifocal tensorh�TCj=T�e�� [ n SPT�U=3 Á�Â ��?21 n · Ì a
9.1 Bifocal Tensor �235476
9.1.1 8:9:;:6

bifocal tensor
?�k�Æ=< 9 3W¹�à 9
\ U Á�Â B�Q< 9 � (8 point algorithm)[39]

I
6
bifocal tensor?�r
s�e Á
Â B	Qb�	�«o [ n�> Ì \ U@?«UHT n `Q=a�S�T_I�A

(8)
?�BDCfÒ�E [ n ��U�T�Q�1�0�3�rs��
F
A�? ² Ì ������ª
Q=a
Mf = 0 (28)

S�Sf��6
M
I

N J 3�¹�à 9 3Wò�ó�M(5HO	Q N × 9·�¸��	ªV5ø6,� �
f = [F11, · · · ,F33]

>
��ª
Q�a

S§3�o�¨2< 9�\ U Á�Â � T � bifocal tensor
I�h

3(�A����IGA
(10)

?�� �(�IH <A>b���J����?W��K [n `�O	`ba�h�S=�	6_S=3�����?�� � B�M�Í
bifocal

tensor
?�r	s Á
Â �(e�L	³�B	Qb�	��R�"�# � T �

[67]
a§SøT(I�r�s ÁbÂ �@M Þb� bifocal tensor

?
SVD

�A± ² [ 6=¹�º�·�¸(3 rank
?

2
o [ � 3�dON�z
PB�Q�¬f3���ª
Q=a

< 9 ��I���Q(OA������I	ª�QbR�6�h�3 Á	Â ¼�Rx	½CITS�Î \ U�|�}«obO�m n ` � aU< 9 ��3�¼�Rx	½�3�V�¨WO�K7W�3b©� �I�6 :	; ò	óC?�ö	÷
ò	ó
[x1, x2, x3]

>
��í�î � y�z�e
6b4�X(3�Ñ(�b���	I�6

x1

o
x2

e�¹ [ n x3

R�Y�Z�e�l � O�°�o�O(Q �
Þ 6A·�¸ Á�Â\[ e Á�Â ¼�R�x�½_?
]%^ 9 e(ª(Q�a
Hartley[19, 21]

I,S�3 9 e�_'` [ 6 :�; ò
ó�3Ù¡ b3�P�±�R
a�b�c�d@V�¨ � oWO�Q
M	ÍPò�ó�°	?=³�´
u [ � 3�d bifocal tensor

? Á�Â B�QW³�´�u=< 9 �
(normalized 8 point algorithm)

?�"�# [ � a�SW3���(I
bifocal tensor

?���Q�e�M Þ QW�
��o [ n 6� � p�r�s ² ��3Ge�`fÎ�f�°	?=ú	î�Q§����o [ n g
^ ��I�g Ì vC`
U T n `�QAar�s ² �(�	ª�Qh< 9 �(I�2
i(3A³�´�u�?�·/Í�Sobe,M�5 6 \ O&5jR�x
½�3�k�l(?�·ÙÍ�S�oWR���¨Q�a [�\
[ < 9 ����I�6�h_¬�h�¬ bifocal tensor

R
m X Y�Z [�\ ù � O�`A3�e�6�SÀT_?n<§X Y�Z o�ÐAO
[ n Á�Â ?�·�Í ��Þ 6J���
e�M�m n I :�;ho�pOq 3é�rC?�V�¨ ÌjsTt n Á�Â R�¼�R
x(e
O�Q�y�z�R(ªQWa§©A��6�u�v�U

[35]
I�Ñ
�W��cxw�R�y�z	e�{�é �

T n `�QbO�|��	�=����G�R�}�?
3O�
��0	��I�6ür�s
² �
e�M(57<�>��C�@�
��?�� � B

bifocal tensor
R

µ
~
M���Q�S�o�?A¿ [ � a� �
bifocal tensor

I�6IA
(8)
o�A

(10)
?G�
Ð=z

c
�_Q�S�oWe�M�5 6
7
��3W¹�à 9�\ U ²�* �Ae ² R�,UHT«Q�S�ofR�?NUPT n `�Q

[28]
a�SW3by�z�e�I�6

¡õ÷���F�A	? ² Ì SAofe�O�Qb3b��6 ² R Õ7 bª�Q�`I&¡ J �,UHTNQ=a
9.1.2 �58795;76p�r�s ² �(��IA>�U \ 3_ÃAÄ�Åq?�k�l�u�B	Q�MÍH6 k�lb~������§� pG� �����PEW�=@�g [ � bifocal

tensor
û

rank 2
?A� � B�~��C���C�§?�+$5�- [WÁ

Â B�Qba,SW3 [ vC`	Q(ÃAÄ�Å�o [ n I�6�A (28)
e

¬�o�� Ì�� ������� ||Mf ||
?�vC`�Q=���No§<�>��

�G�
��?AvC`�Q����	R�"
# � T n `�QAa
g ^ 3�o
SG��6 bifocal tensor Á�Â e�æ�` n kN¬e
`J� Z Rb�_U�T�Qq����I�6 Á���[ � :A; òAó x, x′oqw�x [ � bifocal tensor \ U Á�ÂC[ � :�; ò�ó x̂,

x̂′
oW3 ô 3=<�>����O��� ∑

i d(xi, x̂i)
2 + d(x′

i, x̂
′
i)

2?,Ã�Ä�Å�o [ n k
t	u(?�·&Í k��	w�xC��ª	Q�ofíî�UHT n æ«5 6��
�
[28]
��I

Gold Standard
�,o

[ n��
� � T n `�Qba_Sf3W�	�
��I�6 x̂i

o
x̂′

i

? Á



Â B�Q ��Þ e�6�SÀT�Ufe=¹�à�B�QN¡â÷���� ô�ß 3 9
Xi

?�c [ e�w�x�B�QO/�K�R�ª�5ø6§¹�à 9 R N 9�]
^ B�QWy�z
e�I 7 + 3N J 3W~(�����C��?2c [ w�xB�QO/�K�R�ª�QWa
S§3W���
��I�E������
3O� Z RA�
U�T�Q�	 ë 6�
 Ì 3f~��
������3
c [ w�x	?b·�Íü3��6 Á�Â Ã�ÄCÅHR \�\ Q	o�c [ e�6���
 ² e��	UWO`CM
Í���±
e�eC`WÎ�f�°�?Aú�î
QG/�K	R
ª
Q=a
SPT�eA¹ [ n 6�MC5 � O	`�~_���A���W3�w�x�eM�5 6

Gold Standard
�	e���`G� Z ?b��Qf����¬Hí

# � T n `�Q�a�S�T_I�6N¡ø÷���ò�ó
Xi

o�I��D���
O�Ã�Ä�Å§?�v_`�Q(S	o�e�M�5 ��gC��¨=Q�a�S�3�M
ÍfO�Ã�Ä�Å�o [ n I
6b©
��3 :�; 3A¹	à 9 ?�w�x
[ � bifocal tensor

?bv�` n ¬
Í�©���3 :�; 3��	������br�e���� [ � o�¨=3b¹
à 9 oA�(���
����roW3�<�>��C�x����RAí
î�UPT�QWaO���
[64, 71]

��I
∑

i

(x′

i

>
Fxi)

2

(Fxi)21+(Fxi)22+(F>x
′

i
)2
1
+(F>x

′

i
)2
2

û ∑

i d(x′
i,Fxi)

2+

d(xi,F
>x′

i)
2
?CÃ=Ä(ÅWo [ n v�`�Q§����RbÈ�� � Tn `�Q=a

Gold Standard
�	��I�
 Ì 3�~��(�W����3w�x�R�/�K	��ª�Q�3�e=¹ [ n 6�SÀT�Uf���=�	�A��<>(e�¬�o�� Ì <�>��_���
��?�v�`�Q��	��I bifocal

tensor
3 m ~��
�=���q3=w�x
3bÐA���D^ ��Þ Á�Â ÃÄ_Å�R Ê \ eAÆC`�a©���6

Hartley[23]
I�6 � ���G����?bv(`�QCS�oe�M�5�6 � UWe=w�x�B�Q§~C�
�W�(� �
?���Ç	�_¨�Q

S�o�?�¿ [ � a�S�3��	�C�
I�6��(������G_R�ú�îUPT�Q
oW6=<�>����@����?�� � B
bifocal tensor

3
ï&5�3=K�L�RAr�s
e�M��§Q�SAof?���v [ n 6 bifocal

tensor
3 m ~��
�=���i?�M Þ Q�|§}	?����=���iGÖÕ

 �?�w�x�B�Q�|§}�e=Û,¨ ��î � af©��	e � �C�x���IA<�>�����O��
��?�/ H [ ¬ ��! [ n `�O�` ��Þ 6
� ���@���	?�k�l�u [ n ¬ <�>�����e=k�t
O ² o§IO�U�O�`Wa [A\�[ 6 � �(�O���
?�v�`�Q
o�6 bifocal

tensor
3 m ~������_�W3�w�x�|=}C? ¡7~��(���_�

3Ww�x(|�}	e=Û,¨��	î�Q�S�oqR���¨q6�� � w�x�"�#
¬q<
>��������C?�k�l	u [ � ¬=3�e�¹ [ n�$&% RO�`�S�o \ Uf6('�v
OW���
��ª�Q
S�oqR�)�* � T n`�Q�a
©���6�+-,,U

[38]
I�6 o�pGq £�.�G_?0/�x [ �y�zC3

bifocal tensor Á�Â 3�E1�2����� Z ?�¿ [ 6� U=e�S=3�E-�3���
� Z ?�4�P(B�Q
bifocal tensor

Á�Â ��?�"�# [ � a� � 6 ���	eV� :�;	\ U bifocal tensor
? Á�Â BQ�y
z�e
I
6�5	¹�à�O�|	e�M�5�ò�ó	°(e�VV¨=O05

6 ?�77^b¹�à 9 ? Á�Â�ß e ! TNO
`�8:9�R�/
KC�

ª
Q�a�SW3 ��Þ e
RANSAC[13]

?bv(` n <�>����
O�Ò�z�½�R�Ó=TNQ 9 3�Ð�?�v(` n bifocal tensor

3
Á	Â ?�·ÙÍ<;>=�Ä�Åü� [63, 64]

O�|�R
"�# � T n
`�Qba
9.2 Trifocal Tensor �23:4:6
9.2.1 8597;56

Trifocal tensor
3 Á�Â �No [ n ¬�r�s ² �No§pr�s ² ��?Aí
î
Q�S�o§R
�_¨WQ�a

Bifocal tensor
3

r	s ² �C?�?&@ [ � trifocal tensor
3�r
s ² �CI

Hartley[18, 19, 22]
e�M�m n "�# � T � a�SHT,I�6

t = [T 11
1 , · · · , T 33

3 ]>
oqÛ(` � y�z
e�6OA

(28)
o�c

A e
Mt = 0

O�Q§r�s���F�A	? ² Ì ¬i3���ª�QWa�SSf�
M
I�¡ 8�9�ß 3 9 û�µ�r(3=ò�óNM(5HO
Q�·�¸�
ª	Q�a
t
e���B	QbÜ�Ý�OA���CI�6�A

(12) \ U=Iç§ A6�A
(14) \ U�IV�  �6�A (15) \ UWI Õø �6�A

(16) \ UWIV�  W��UHT�Q�S�o \ UW6 p J 3 9 -9 -9¹�à,o
q J 3 9 -9 -

µ�r�¹�à�o
r J 3 9 -

µ�r
-
µ�r

¹�à�o
s J 3=µ�r -

µ�r
-
µ�r�¹�à�R ]�^ B�QWy�z
eI

4p+2q + r +2s ≥ 26
��ªiT��

trifocal tensor
?

r�s	e�M Þ Q
S�oqR���¨WQ�a [�\	[ r�s ² �	��I�B�
18
X Y§Z [�\ ù � O�` trifocal tensor

?
26
X Y

Z 3
|�}�o [ n ² Ì ��Þ 6W�,UHT�Q trifocal tensorI=<�>����AOW���	?�� ��� O�`Wa�SÀT�e=¹ [ n<C�DU
[3]
I�6

bifocal
3=y�z�o�c A e
Ñ
�W�A3�y�z�{�é

O�|Ae�M�5��	�b���iG�R�}�?	��ª�Q�y�z	e�I�6ür�s
² �	e�M�5 <�>��C�@����?=� � B

trifocal tensor
R

Á�Â ã�ä���ª
Q�S�oW?A¿ [ � a
9.2.2 �58795;76

Trifocal tensor
?�p	r�s�k
t�u(e,M�5 Á
Â B	Qy�z	e	æA` n ¬§6ik�l�u(B�Q�Ã=Ä(Åüe�I�` Ì   \ 3

E-F-G R�í�î�UPTNQ�a
k�¬�eC`�"&#
R���U T«QW�	��Ibû�I/5 Á���[ �

:�; ò�ó�oüw�x [ � :�; ò�ó�o�3 ô 3W<�>��(�x���
∑

i d(xi, x̂i)
2 + d(x′

i, x̂
′
i)

2 + d(x′′
i , x̂′′

i )2
?�ÃbÄ_Å�o

B�Q=���
(Gold Standard

�
)
��ª
Q

[28, 7]
a

N J3W¹�à 9 R ]�^ B�Q�y�z	6�Sf3W���	��I 18+3N J3�~��(�W�C�f?�c [ w�x(B�QCS�ofe	O	Q=a � � [ 6
trifocal tensor

3Wy�z	e�I�6
bifocal tensor

o§I=¯�O
576 9 ¹�à�� t ��O Ìø9 oiµ�r�o�3W¹�àbû�µ�r�c@w3W¹�à
? Á�Â e�v�`�Q�S�o�R���¨§Q ��Þ 6�S§3CM�ÍOW¹�à
?=v�`�Q�y�z	e�I�6�SÀT�UW3W<�>��C�@���
3
x�H�R�/�K�o�O�QWaf{�ebµ�rTc@w�3G���	e�I1IKJ
O
x�H�R	O�`WR�6 Á�� � T � µ�r
3�L�Z 9	\ Uiw�x �T � µ�r�M�3�����O
|�R�v(`(UHT n `�Q

[7]
a



©��(6
Hartley[25]

I
bifocal tensor

3by�z«o�c
A e � �C�x���	?�Ã=Ä(ÅWo�B�Q����	?�"�# [ � a	S3W���	��I�6�¡ 8�9�:�;(ß 3 á J 3����=���qG�3
�3N� J ?�}�?�o /�x�B�Q
oW6ü<�>��C�@���	?b� � B
trifocal tensor

R�¹�à 9�\ Uir�s
e�M«�fQW½ � ?��v [ n 6 trifocal tensor
?bw�xCB�Q�|W}
?�� J 3���=���qGC?=w�x�B�Q�|§}	ebÛ,¨ �
î n `�Q�a	Sf3<"

#	6
6
~(�	�=���

(
� J 3A�	�����iG�3Wö�÷�ò�ó )

3
k�t�u	e_MC5

trifocal tensor
R�MN��576(� � ��U�T

Q�"�#�¬
Gold Standard

�(e�¹ [ n�$�% O
`�S�oR�)-* � T n `�Qba
9.3 Quadrifocal Tensor ��3:4:6

Quadrifocal tensor
I

29
X YWZ 3�<�>�?b@CB�3

e
81 J ¬§3�~C�C���C��?���v [ n æ«576�� Z e��� OW@�g�o�O�m n `�Q(SAo \ Uf6	SÀT�?=µ�~ Á�Â BQW����e2� [ n I�	$57��� � T n�� O \ m � a
Heyden

I
quadrifocal tensor

3=K�L�3=��?���Ç
[ � @Ag�?O"�# [ S7T�? reduced quadrifocal tensoro�	�
��

[30, 34]
a � U�e

Heyden
I�S=3

reduced

quadrifocal tensor
@�g�?=v�` n

quadrifocal tensor? Á�Â B�QW����?A¿ [ � a� � 6
Hartley[24]

I�Sq3
reduced quadrifocal ten-

sor
3�@�g�?Av(`�6 � U�e Õ=� J 3��	�A���§G_3��3�¡ J R�}�?	��ª�Q�o(/�x�B�Q	o�Sf3�@�g
3�å�K�LRAr�s Á�Â ã�ä	��ª�Q
SAo�?=v�` n 6 � �(�O���	?k�l�u�B�Q�S�o��

quadrifocal tensor
? Á�Â B�Q�pr�s ² �	?�"�# [ � a	S�3=���	��I�6 � �C�@����?Ã=Ä(ÅWo [ n `�Q=R	6Wh�T���¬�a�b�E�� ���
e���`

"-#	R��,UPTNQ�S�oW?0)-* [ n `�QAa©��
6�
�v
[49]
I�6

4 8�9�:�; e�æ t Q 12 J 3�����
�fGVo
quadrifocal tensor

32����? ²�* [ 6
N J 3��
�b�	��GCR�}�?���ª
Qfy�z(3 quadrifocal

tensor
3Wr�s Á�Â ��o�Sf3 [ 3x/�K�¹�à 9 �	?1I	U

\ e [ � a
10 ��
�����������)���������� ¥�¦�E�Ñ(�b��I�è�é_Ñ��b��3�{"!COAy�z��
ª
Q
S�o \ Uf6qèAéCÑ	�W��e	æ t QK
 8�9 <�>�3W½ �I�# n  ¥
¦�EAÑ	�W�Ae�æ�` n ¬�PÙ5õÝC WaW©��  
¥�¦=EAÑ	�=�bI�è�é(Ñ	�W�Ae=¹ [ n%$ �=R'&	î(U�Tn `�Q�S�o \ Uf6  ¥�¦bE�Ñ����A3�
 8�9 <�>
��Iè�é�Ñ����be�I0�C`%( � Ob½ � R�] H Q�a
 ¥�¦�E	Ñ_�����(ICÑ_����·�¸

P
3�Ô ¡�·CR

[0, 0, 0, 1]
��@�g � T«Q=a�ð�m n SW3�y�z�e�I

1
 

3�Ñ��W�§·�¸�Rbù� CX YfZ I
8
��ª�QWa
S§3�M�ÍiO

 ¥�¦=EAÑ	�=�WR/�øÚ ]�^ B�Qfy�z
6��P A3�Ñ��W�·�¸�I
2 × 8 = 16

X YWZ ?bù� �R�6�SPT�U��� �3
Ñ	�W��e�I�cf©
3�¡õ÷��  ¥�¦�E�� ô�ß e ]�^ B�QoW`�Í�����R0'�QWa«¡õ÷��  ¥�¦=EJ����3�X Y�Z I
12
O	3���6  ¥�¦�E�Ñ(�A�AeT��B�Q�� 8	9�:�; <>�e	I
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