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Structural Change Detection in Very High
Resolution Satellite Images

Abstract

The phenomena of urbanization in China is a reflect of a fast growth, moderniza-

tion, and important changes in the repartition of the social classes. Old small houses

are demolished, new spatially organized buildings and roads appear; more and more

farmlands become residential districts or factories. All these fast changes pose urgent

problems: cartographic updating, urban planning, land use monitoring and control...

This evolution of the urban landscape can be observed and monitored using multi-

temporal high resolution remote sensing images, airborne or satellite. The accuracy

and detailed information of these images make it possible a fine interpretation of the

scene, up to the level of the object (e.g. Buildings, roads). However, the automatic

processing, that would enable to analyze robustly and quickly the nature and the level

of the changes, is still a problem that is yet far from being solved. It raises in par-

ticular fundamental questions related to object recognition and understanding dynamic

images.

In this master thesis, we study the problem of structural change analysis and un-

derstanding from two multi-temporal very high resolution optical images. We propose

a new general approach, based on features classes and features distribution learning,

for an efficient detection of areas of change. The major contributions of this work are

at two levels: from an application point of view, we borrow some ideas from the field

of object recognition, and adapt them to the question of change/non change recognition

; from a methodological point of view, we introduce a new model and framework based

on probabilistic modeling.

In the present manuscript, after a short introduction in which we state the problem

we are dealing with, we will give a brief review of the existing methods of change

detection in remote sensing images, introduce some works on related research topics.

The following chapters (3,4) then present in details our methodology, implementation,

and results:

1© In chapter 3, we propose a structural change detection method based on invari-

ant appearance features. We first segment the images into structurally consistent

regions. For this purpose, we build a relation graph based on straight-lines ex-

tracted from the image, and partition this graph using Normalized Cut. Then,

SIFT-like features are computed at keypoints and clustered to form a “dictionary”

of “words” (characterized by the SIFT cluster centers). They are used as the ba-

sic elements to capture the structure of each region. Histograms of the “words”

in each region are created. By estimating the distance between the histograms

associated to pairwise regions taken from each of the two images, the structural

change is quantified.

2© In chapter 4, we introduce an MRF based approach and label patches of the im-

ages as change/non-change with a MAP estimation framework. The appearance

features used in chapter 3 are now completed by shape features, characterized by

- iii -



straight-line direction histograms. Following a supervised approach, we estimate

the parameters of the distribution of these features for change and no-change ar-

eas separately. The density functions are then computed from these distributions.

To complete the model, we define the prior term with a Gibbs model.

Key Words: Structural change analysis, Change detection, Appearance and shape in-

variants, Recognition, Learning, Markov Random Field, Probabilistic model, High res-

olution optical image, Remote sensing images.
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�e¦^ C++¢y§§S�6 Intel R©m
Àú�{¥ OpenCV 1.0"

¢�¦^�Ñ\êâ´�é Quickbird �Úã�£©EÇ� 0.61�/�

�¤§©O¼�u2002c3�14FÚ2003c9�13F§/:´�®¢«Ü���

u�Æ�S"Ñ\ã��«~Xã 1-3"ã���� 1625× 1378��(u/¡þ

�V 1000× 800m2 )§�Ý�Ý�8'A"
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(a)

(b)

ããã 1-3 � © �Quickbird ã �(0.61�/� �)µ ¼ � u2002c3�14F £ þ ã ¤

Ú2003c9�13F£eã¤§/:´�®¢«Ü���u�Æ�S"
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1�Ù©znã

1�Ù ©znã

2.1 Úó

�ÙÌ�é�ïÄÌKSIS	®k�Ì��{?1nã§¿0��¡Ù

!¥ò�^���
Ä�VgÚ�{"3 2.2!¥·�é�aã�Czuÿ�

®k�{�
XÚ�£�¶3 2.3!¥·�0�
�
(�A�!ãÚ©��

'�©z¶3 2.4!¥·�{ü0�
Äu$�ÀúA��£O�'�ïÄ?

Ð¿X­0�
 SIFTA�¶2.5!o("

2.2 �aã��Czuÿ

�aã�Czuÿ�{UØÓ�À��±©�ØÓ�aO [51,52,34]§ùp

·�Uì©Û���ºÝØÓ©�oaµ

1© Äu����{

ùa�{�?né�´ã�¥�z���§§�'�·Ü$©EÇ�ã

�"ùa�{q�©�µ

• éã�k©O©a�'���{

Äk$^Ú��©aNXéõ���aêâ|¥�z���êâ?1

üÕ�©a§,��â©a�(J?1'�§����Cz&E"

• ��éõ��êâ?1C���{

ù«�{´òü�½õ����aã�êâC��N´?1�O�A

��m¥�"ùa�{kµ

– ����{ [11, 40, 42]

ùp��´2Â���§�±´����~§��±´����

'�§��±´£8í�"ùa�{O�{ü§Vg��"�´

duã��D(�K�§�O�K�¿ØN´½Â"

– õ��êâÚO���{ [22, 35]

ùa�{·^uäkv
õvêâ�¯K"ÑyCz��I?

ÙÚOþXIO�¬'��§
vkCz�K��",	��

±ÏLÌ¤°©Û£PCA¤?1O�"Ì¤©©Û{�êÆÄ
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:´lÑ Karhunen-LoeveC�£{¡ K-LC�¤½¿A�C�

£Hotelling¤ [49]§´ïá3ã�ÚOA�Ä:þ�õ��5C

�"õ��ã�²K-LC��§ÙÌ¤©�¹�mþ��ÉÚO

�"C5 [22]JÑ
�«¦^üã���ÝéÜ��ã?1g,

|µ¥ÔNÑyÚ���Czuÿ�{"Kita@�ÔN�ÑyÚ

��Cz3éÜ��ãþLy��½��ª"

• ÄuVÇ�.��{ [3, 7, 9, 21]

�
?ndE,�¤�^����CzØ(½5§k�þó�|^Ú

OÚVÇ�.��Oï�"

Bruzzone [9]JÑ
�«Äu��díä�Czuÿ�{"¦@

���ã�¥éAkCz����ÚéAÃCz�����V

Ç©ÙØÓ§é��ã�?1����VÇ�û§(½��á

uCz½�Cza"3dÄ:þ¦qJÑ|^ê��Å�Å|

£MRF§Markov Random Field¤éCz|ï�§KÜ
'uCz�

k��£"Kasetkasem �32002c [21]JÑ,�«Äuê��Å|

�.�Czuÿ�{"T�{;�
3��ã�þA^ê��Å�

. [7]��{§
´òCzuÿ¯Kw¤´b�u�¯Kµz��b

�éA�ÌØÓ�Czã�§Ù¥÷v����VÇ�Czã�§=

��`�uÿ(J"


 Benedek�< [3]JÑ
�«¦^>��Ý��(�A�uÿÊ�

�aã�é¥ïÓ«Cz��{"|^>��ÝA��±�ä��á

uïÓ«½ö�ïÓ«§ù����ïÓ«©�«�"XJü�éA

��þáuÓ�a§K�½vku)Cz"¦�|^ê��Å�Å|

òïÓ«©�ÚCzuÿÓ�?1"

Äu����{���¦�p��O°Ý§é1ìCz�Cz¯a§I�

�E,�ý?n"

2© Äu8IÔ��{ [2, 19, 47, 51]

�Xã��©EÇ�5�p§3��ºÝþ?1Cz©Û§  É�[!

�K�§3J�é��Ä:þ?1©Û§´Aéù«]Ô��1�{"ù

a�{��(Ü1ÌÚAÛ&Eklã�¥uÿÔN§,�?1'�©

Û"
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4è�a¬Ø© [51]¥�Ñ
�«ÄuÓ+J�ÚVÇ�.�ïÓÔCz

�{"Äk|^VÇ�.?1ïÓÔ�Ó+J�§�XO��AïÓÔ�

CzVÇ��ä´Äu)Cz"Bailloeul [47]JÑ
�«p©EÇ�aã

�Úêi/ãm�Czuÿ�{"T�{|^¹ÄÓ+£active contour¤

?1Ó+J�¿�/ã8IÔ�O§ÏéCz"

Hazel [19]JÑ
�«ÄuÚO1ÌÉ~uÿf£statistical spectral anomaly

detecto¤Ú¿�«�O��{£competitive region growth algorithm¤J�

8IÔ��{"��ÏL'�üÌã�¥���8IÔ)¤Czã"Ù¢

��êâ��Åù	�ªÌã�"

3© Äuã�¬½ö©���{ [8, 37, 43, 51]

Bruzzone [8]JÑ�«Äu«��Czuÿ��{"Äké���ã�©

O?1©�§zÌã�þ©���eZ�«�§2é©�Ñ5��«�?

1KÜ§¦üÌã��ª¼�éA�Ó�«�¬©�"nÜ�Äã���

�Ý�Ú«n&E§½Âz��©�«��A��þ§ÄudA��þ)

¤���ã����ã�§��À�Ü·�K�5(½Cz«�"ù«�

{�`:3u�Ä
ã���m&E§;�du�D?n�5�uÿØ

�"":´cÏã�©�(Jé�ÏCzuÿ�°ÝK�é�"

4èò Kumar�< [24]JÑ� DRF�.£Discriminative Random Fields¤

U?A^u(�Cz©Û [51]"T�{�g�´|^ DRF�.Ó��Ä

�m�Ú�m�"Cz�½Â��m�þ�ØëY5§
�m�S§Cz

��äkëY5"ã��y©��½º��ã�¬§O�éA�ã�¬�

ÛÜCzA�§Äu DRF�.½Â��ã��Cz��VÇ§ÏL��

zù�VÇ��ã�¬�CzG�"

4© õºÝ��{ [12]

Carvalho�32001c [12]JÑ�«òõºÝ�Å©ÛA^uCzuÿ��

{"�{´ÄkÏL­æ�¦üÌã����ºÝ�Ó§,�dùüÌã

�)¤��ã�§2é��ã�æ^±ng�^�ºÝ¼ê��Å©)�

{§��oÌ#�©þã�§©O�N���ã��VmÚ[!&E§é

Ù?1©Û§À�Ü·�©þã��bçÚÜ¤§�±��8À�OÑC

z«�§;�
K��À�"
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2.3 (�A�!ãÚ©�¯K

�CkÑy
�
Äu(�A��Cz©Û�{ [27, 37, 43, 44, 51]"ù

p`�(�A�´^�ãL��"XÛ|^�ã5£ãã��(�§Sarkar

[37]!Unsalan [43, 44]�<�ó��
éÐ�ïÄ"

Unsalan [43, 44]��{Äu��ãA�"¦��8I´éã�/ã�¬?1

uÐY²�©aµu�£developed¤Úju�/«£less developed¤"¦�b

�u�/«���ã���á��§��ã��§
ju�/«K��ãK�

á§¿����Å©Ù"Ïd [43]¥=¦^{ü���ã�ÚOA�µ²þ�

Ý!�Ý�!²þé'ÝÚé'Ý�§5L�«��u�§Ý" [44]V\
�

�°(�(�£ã����ã'Xã"(��Cz����ã8�Cz§��

��
��ã'Xã�UC"©¥�Ñ
Äuk�ãÚÃ�ã�üaA�"é

uÃ�ã§¦�|^£��£circuit rank¤ÚÝS�£degree sequence¤��u

�§ÝA�¶éuk�ãK¦^.Ê.d�£Laplacian cut¤òã?1©�2M

ïA�£ãf"©¥�� [37]��{�
'�"

Sarkar� [37]31998cJÑ
�«ÄuãÌ£graph spectrum¤ÚA�àa

£eigencluster¤�Czþz�{"ù«�{?n�´Ê��aã�§8I´

uÿÚ�O/¡�¬£~X��ïÓó/¤�uÐCz"¦�JÑ¦^ð­

Ç�ã��|µ¥(�A��Ä:§Äuã��{é(�?1ï�"�ã�

�ã�!:"ã�>L«�ãm�'é">�ë����O��©°|"Ä

u GestaltnØ§�ã'X��d�ã�­ÇÚ�ãm�C5!²15!R�

5!4Ü5!ëY5�A5�U�½5K|Ü)¤"ù���ã�±y©��

A�àa"ù��àa3ã�þ�N
(�A�"��ÄuA�àa�ï(�

A��§|^��d�ûì?1Cz/ÃCz�û"

�ù
Äu(�A��Cz©Û�{�åÑy��k�þ'uã©�n

ØÚA^¯K�ïÄó�§k|^ãÌ/'XÝ
A��þ� [16, 37, 38]§k

|^���/��6���z�d¼ê� [23, 5] [6, 29, 39]"ùp·�={ü0

� Shi�< [39]ó��Ì�g�"

Shi �<3 [39]¥ÄkJÑ
�«#�ã�OK��8�z�

£Ncut§normalized cut¤§y²
¦ Ncut �¯K���±�du��¦Ý


A��ÚA��þ�¯K"©Ù¥±Äu���Ý�ã�©�¯K�A^8

I§¦^
���Ý�ål5½Â'é��"Malik [29]|^�ÓO�µe§(
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ÜÓ+Ú«n&E�ï'é��éã��©�"ù
ó�é·���{JÑk

éu¿Â"

2.4 ÄuÛÜA��£O

2.4.1 $�ÀúA��Vã

CAc5§3O�ÅÀú+�§ÄuÛÜØCþ£ãf£Local

Invariant Descriptor¤��{38I£OÚ���¡��
wÍ�?

Ð"2004 c§Lowe 3 [28]¥o(
yk�ÄuØCþEâ�A�uÿ�

{§¿�ªJÑ
�«ÄuºÝ�m�!éã� �!^=±9��C�äk

ØC5�ã�ÛÜA�£ã�f��SIFT£Scale Invariant Feature Transform¤�

f§=ºÝØCA�C��f" MikolajczykÚ Schmid [30]�éØÓ�|µ§

é1ìCz!��C�!ã�^=!ºÝCz!ã��
Úã�Ø � 6 «

�¹§Òõ«�ä�L5�£ãf£X SIFT§GLOH§/Gþe©£shape con-

text¤§PCA-SIFT§�NÈÅì£steerable filter¤§ÝØCþ£moments¤§p

�'£cross correlation¤§^=ã�£spin images¤§�©ØCþ£differential

invariants¤§EÈÅì£complex filter¤� 10«£ãf¤?1
¢�Ú5U'

�§(JL²§SIFT£ãf�5U`É"

SIFT �f�±A^u8I£O!ã��O!ã�êâ¥u¢�Eâ

¥ [1, 28, 30, 32, 41, 46, 50]"Zisserman [41]0�
¦^ SIFTg����ÄuÔN

£O�Àª|¢XÚ¨Video Google§ü«
°þÀªêâ¥u¢¥�¯�ã�

u¢"Lowe [28]|Ü��� SIFTA�¬§�ýk½Â��.�AÛ��§Ð

«
 SIFTA�38IÔ�£O¥�A^"�Y�k�'ó�ò SIFT^u·�

�ã�±9Àª [1]8IÔ£O"o¡²�< [50]ò SIFTA�£ãfÚ\�a

ã�?n¥§^�?1õ«�aã���O"�u SIFTA��ù
A5§A^

§��{��
�½�¤J§Ó�ù
A^�ý«XÄuØCþnØ�A�u

ÿEâ�k�\2,�ïÄÚA^�m"

2.4.2 SIFTA�0�

du�¡Ù!¥ò�^� SIFTA�§3ù��!p·�[�0�ù«A

�"SIFTA���E�),�:£Keypoints¤�uÿÚ£ãf��EüÜ©"

�â Lowe [28]�0�§�EL§Ì�©ü�Ú½µ
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1© uÿ,�:§(½,�: �Ú¤3ºÝ¶

2© (½,�:Ì��§ïá£ãf"

2.4.2.1 ,�:uÿ

�¦ SIFT A�äkºÝØC5§£ãf��EI3A�ºÝe?1"

3Lowe ��{¥§SIFT ,�:�uÿ´ÏL¦ã�� DoG£Difference-of-

Gaussians¤7i©õºÝ�m�4�5(½,�:��IÚA�ºÝ�"

ÐÚ(½,�:�IÚºÝ�§Lowe�ÏL[Ün��g¼ê±°((½

,�:� �ÚºÝ"

2.4.2.2 SIFT£ãf��E

3�E SIFT£ãf�c���z�,�:D���Ì��"Ì��´�,

�:��FÝ����ã�¸�Î¤éA���"£ãf�E�±T���ë

ì§ù�¤�E�£ãfäk^=ØC5"

3z�,�: (x, y)?O�ÙFÝ���m(x, y)Ú�� θ(x, y)µ

m(x, y) =
√

(L(x + 1, y)− L(x− 1, y))2 + (L(x, y + 1)− L(x, y − 1))2

θ(x, y) = tan−1((L(x + 1, y)− L(x− 1, y))/(L(x, y + 1)− L(x, y − 1)))
(2-1)

Ù¥ L(x, y) = I(x, y) ∗ G(x, y, σ0)� σ0 ºÝe�pdØ¼ê G�ã� I �ò

È§σ0 �,�:¤3ºÝ"3¢SO��§±,�:�¥%���I�Sæ

�§¿^��ãÚO�����FÝ��"FÝ��ã���´ 0− 360Ý§Ù

¥z 10Ý��Î§o� 36�Î"��ã�¸�ÎK�L
T,�:?��F

Ý�Ì��§=��T,�:���"

3FÝ����ã¥§��3,����uÌ¸� 80%Uþ�¸��§K

òù���@�´T,�:�9��"��,�:�U¬��½äkõ���

£��Ì��§��±þ9��¤§ù�±Or���°�5"

3,�:¤3�ºÝ£=pd7i©(��,��¤§±,�:�¥%

ò�I¶^=�,�:���§±(�^=ØC5"�e5±,�:�¥%

� 8× 8�I�"ã 2-1�Ü©�¥
ç:��c,�:� �§z����L

,�:��S�����§�Þ���LT���FÝ��§�Þ�Ý�LF

Ý��§ã¥���Lpd\����£��C,�:���FÝ��&E�

z��¤",�3z� 4× 4��¬þO� 8����FÝ����ã§��ã

�z�Î�äk�qFÝ���FÝ���\\"ù�Ò/¤
��fA��
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þ§Xã 2-1mÜ©¤«"dã¥��,�:� 8× 8��¬d 2× 2�fA�

�þ|¤§z�fA��þk 8����þÌ�&E"ù«��FÝ��5&

EéÜ�g�Or
�{|D(�Uå§Ó�éu¹k½ Ø��A����

Jø
�Ð�N�5"

¢SO�L§¥§�
Or���­è5§Lowe ïÆéz�,�:¦

^ 4× 4�«f:5£ã§ù�éu��,�:Ò�±�) 128�êâ§=�ª

/¤ 128�� SIFTA��þ"d� SIFTA��þ®²�Ø
ºÝCz!^=

�AÛC/Ï��K�§2UYòA��þ8�z§K�±?�Ú�Ø1ìC

z�K�"

2.4.2.3 �!o(

lnØþ`§ SIFT ´�«�qØCþ§=éã�ºÝCzÚ^=´Ø

Cþ",
§du�E SIFT A��§3éõ[!þ?1
AÏ?n§¦

� SIFTéã��E,C/À�Cz!��C�!1ìCzÚD(äk
�r

�·A5 [30, 46]§Ó�$��Ý'�¯§½ °Ý'�p"Lowe��{J�

� SIFTA��þäkXe`:µ

• T�{é1ì��C�!AÛ/CäkØC5¶

• ÕA5£distinctiveness¤Ð§&Eþ´L§·^u3°þA�êâ¥¥?

1¯�!O(��� [41]§Ó�A�|Ü��·A£O¥�ñ	¯K¶

• ,�:�°(½ Ø=Jp
°Ý§
���Jp
,�:�­½5¶

ããã 2-1d,�:��FÝ&E)¤A��þ"£ã¡�g [28]¤
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• 3�E£ãf�§±f«��ÚOA5§
Ø´±ü�����ïÄé

�§Jp
éã�ÛÜC/�·AUå¶

• éu 16× 16�,�:��§3?nFÝÌÝ�?1
pd¼ê�\�?

n§rz
¥%«�§�z
>�«��K�§l
Jp
A�éAÛC

/�·A5"

2.5 �(

ÏLéïÄ�¯K�S�uÐÚïÄyG�o(�±wÑ§�aã��C

zuÿ¯K8Iõ�§¦^�êâa.�õ§Ã{muÊH·^��{"yk

��{þ?n�aA½êâ§)û�aA½¯K"vk=�«�{Uy²�½

`uO��{"

�é·�½Â�¯K§8c�v;���JÑ��{"Ïde¡�Ù!

¥§·�¬ïÄÚJÑ�éù«(�Cz�uÿ�{"
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1nÙÄu	*ØCþ�p©EÇ�aã�(�Czuÿ

1nÙ Äu	*ØCþ�p©EÇ�aã�(�Czuÿ

3.1 Úó

ù�Ù·�JÑ
Äu	*ØCþ�p©EÇ�aã�(�Czuÿ�

{"·�/^8IÔ£OÚÄuSN�ã�u¢+��CJÑ�ÄuÛÜA�

u¢!£O£ [28, 30, 41]¤�g�§mu^up©EÇ�aã�(�Cz/£

O0��{"

�Ù�SN|�Xeµ3.1!Úó§�ÑÙ!|�¶3.2!0��ÙJÑ�

�{�Ì�g�§Ó��Ñ�{�6§¶3.3!�[0�
Äu��ã'X�ã

�©��{§�Ñ
©�8I!�{ÀJÚ(Jµ�IO¶3.4!�[0�
	

*ØCþA��O�Ú£ã«�(��/c;0�ïá¶3.5!0�·��Cz

uÿ�¢y¶3.6!�Ñ
¢���½§?Ø©Û
¢�(J¶3.7!o(§?

Ø
�ÙJÑ��{�`:ÚØv§±d�Ä:©Û
e�Úó�XÛÐm"

3.2 �{g��6§

�
²(ïÄó��8I§·�½Âó��µ1¤é�(�Czu)�«

�¶2¤ÐÚO�ã�é¥(��Cz§Ý"?nù�(�Cz¯K§·��Ì

ü^��5�KµÛÜA�Ú�Û�ª�¿Ny«�(�¶Ýþ�q5'Ýþ

Cz���N´!��"·�küÌØÓ�mû��Ó�/«�ã� I1Ú I2§

¿�düÌã�®²?1
o�O"·�JÑ��{Ù�Ä��b�cJ´µ

y¢­.¥���|µ�±dk��A½a.�ã�ÛÜ	*A�£appearance

features¤1£ã§�q�|µA�¹k�q�A�©Ù"
ù«ÛÜ	*A�ä

kØÉã��¼�^�K��5�"

·�kòÙ¥�Ìã�oÑ�©��(�Cq���«�§·���lÑ

\ã�ïá��/c�0/c;0§¤k�«��T/c;0¥�/c�05

£ã"��üã�¥éA�«��Cz´ÏLO�§��/c�0ÚOþ��

q55¼��"äN�6§��Ù���ã 3-11"

1�c·�¡�aA½�ã�ÛÜ	*A����A�a.§�¡ù���aA½ã�ÛÜ

	*A���/c;0¥���/c�0£ã"
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3.3 Äu��ã'X�ã�©�

Czuÿ����{´Äu��!8IÔ½ö�½���ã�¬�§éu

·�½Â�(�Cz§ùp·�F"UlCz��u)���S��=�¹�

=�¹Cz�gd£�5K¤Ó+«���?1©Û",
©�  ´ÚCz

uÿ�p�6!Ó�?1�§Ïdùp·�=b�(�Czu)�����´

��äk�Ó(�A��«�§l
ýkòã�y©�(�Cq���«��

�Cz©Û�é�"

� [37, 43]�g�aq§·�^��ã'X5Lã(�"Ï�l@��Æ�

�Ý§<aÀúXÚ��6u�«>��ãJ��§�ã´<a@£ÔN(�

�­�&E§Ó�·�@���ã´�aã�¥ÔN(��­�&E¶
,�

�¡du¤��¹�Ø��5±9p©EÇ�aã��E,5§·�F"æ^

­½�A�§ÔN�>���ãÒ´ù��A�"

3.3.1 ��ã�J�

·�b½��ã´ã�¥ïÓÔÚ�´�(�«���«­½A�§§�

´ã�¥ïÓÔÚ�´�ÔN�>�"�
¼�­½���ã§·�¢�
ü

�a�{µÄuHoughC���{ [33]!Äu�ã|±���{ [10]"dup©

EÇ�aã��E,5§Äu�ã|±���{��°�§ù�´·����

ÀJ"ù��(¤£ã��{Ñg©z [10, 43]§ØFÝO�ÀJØÓ	§Ù{

Ü©þ��"���/0���O�µe§3ùp·�ò�[0�T�{�¢

y"

�{k¦�ã�÷ xÚ y ��� � Ix Ú Iy§�=FÝã� G(I)"òF

Ýã�¥�z���UÙ����ÝmålÑz§)¤��äk 8�lÑz�

��ÝlÑzã�§òäk�Ó�ÝlÑz����:ë�å5§/¤��«

�§¡���ã|±�"�±b½��ã|±�´�ý�§@oý�|±��

�¶=�¤¦��ã"

�
³�lÑz�ýé�ä�5�ä��ã§I�òFÝ��8\ü|

p�Ö¿�lÑz�¥§Xã 3-1§1�|´ò1�|lÑz�«m_��^

= 22.5Ý"ù�Ò�3ü|ÿÀ��ã|±�§òz���©��U¼��

��ã�|±�l
¼��ª���ã|±�"��é¤��|±��ý�[

Ü§ý���¶=�¤J����ã"
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1nÙÄu	*ØCþ�p©EÇ�aã�(�Czuÿ

ããã 3-1ü|pÖFÝ��lÑz«mµJ��1�| bins1¶¢��1�| bins2"1

�|´ò1�|lÑz�«m_��^= 22.5Ý"z|SIÒ�£lÑz�¤_��

4O

��ãJ����èXe¤«µ

Input: sizeX × sizeY �ã� I

Output: ����ã(�ê| Lines§��ãêþ n

Data: ü|p�Ö¿��ÝlÑz�ä:ê| bins1, bins2§pd�©ØI

O� σ

for i← 0 to sizeY do

Ix(·, i)← I(·, i) ∗GaussianDifferntialKernel(σ)

end

for j ← 0 to sizeX do

Iy(j, ·)← I(j, ·) ∗GaussianDifferntialKernel(σ)

end

IAngle ← GradientAngle(Ix, Iy)

I1
label ← AngleLabeling(IAngle, bins1)

I2
label ← AngleLabeling(IAngle, bins2)

I1
region ← NeighborWithSameLabelMerging(I1

label)

I2
region ← NeighborWithSameLabelMerging(I2

label)

- 15 -



p©EÇ�aã��(�Czuÿ

����|±�?nG�Ý
 Iprocessed§Ð©���?n�|±�:� 0

n← 0 for i← 0 to sizeX do

for j ← 0 to sizeY do

if Iprocessed(i, j) 6= 1 then

r1 ← I1
region(i, j), r2 ← I2

region(i, j)

line1 ← FitLineToSupportRegion(r1, I1
region)

line2 ← FitLineToSupportRegion(r2, I2
region)

if line1.length > line2.length then

Lines[n]← line1

else

Lines[n]← line2

end

����ã n�|±�éA�I�?nG�� 1

n← n + 1

end

end

end

�{ 3-1: ��ãJ�£Burns [10]!Unsalan [43]¤

�
³�D(é��ãuÿ�K�§·���
��FÝ��K

� TNormGradient§XJ,���I?FÝ��$uTK�§KØ¬?\�¡

��ÝlÑzÚ|±�)¤�Ú½"

3.3.2 ��ã'Xã�ïá

Äk·�b�äkr(��«���ãm�'é;�§^��ã��ã�

!:§�E�N��ãm'érÝ�ã§¦^·��ã�£graph cut¤�{�

±òã©¤�p'é�f�fã§�=ò��ãàa"2ò©a���ãN�

£�ã�§�X�ã�:bþ�C��ã¤3�a�I\§l
òã���ä

k�q(��©«"'��¯K´XÛ�Eù���ã'Xã±9ÀJã��

{"

(�´L�«�����õ��8¢«Ú4Ã«��k�þ�<EÔNX

ïÓÔ!�´!c´�§�éu�(�z�«���õ�Ü�ÚàX��(�

´L«����ã��8§��©Ù8¥§��þ�p²1½R�"@o·�
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1nÙÄu	*ØCþ�p©EÇ�aã�(�Czuÿ

�±b��ü��ã�å�C§§�áuÓ��ÔN½öÓ��(�«��V

Ç��§'éA��r¶Ó�·�AâÑ�p²1½öR����ã�'é"

Ïd·�ù�ïá��ã'XãµG = (V, E)§Ù¥!:8Ü V �J��

��ã¶ë�!:é£��ãé¤(i, j)�> eij ∈ E �'é� wij ½Â�ü��

ãm��ålÚ��Y��¼ê"

wij = | cos(2αij)| exp(−
d2

ij

β2
) (3-1)

Ù¥ αij ´��ã iÚ j �Y�¶dij ���ã iÚ j m���ål¶β ´��º

Ý~ê§§����ã*d�)K����ål§| · |L«¦ýé�"

·�^��ã'XÝ
W 5L«ù���ã'Xã§

W (i, j) = wij = wji

§´é¡�!�½�"

3.3.3 Ncut�{9©�S�

·�ÏLã©�£graph partitioning¤��{ò�½ã�©��(�Cq

���©�"·�®kã G = (V, E)§©��8I´ò!:y©¤Ø��

�8Ü V1, V2, . . . , Vm"ù�¦�8ÜS�'éÝp§
8Üm�'éÝ$"

ã G = (V, E)�±k�©�ü�Ø���fã§Ù!:©OP� AÚ B§¢y

�{´�K A¥!:� B ¥!:�m�ë�>"ü�8Ü AÚ B �m�'é

§Ý§�±^�K�>����Ú5L«§ù�o��¡��£cut¤

cut(A, B) =
∑

i∈A,j∈B

wij (3-2)

©�¯K/ªz��«�{§´Ïéã¥����£minimum cut¤§Ø

ä­Eù�Ú½��«�v
��"�´���OK��u©�¤����

á!:§ù3Ïé�q(���¬«���©Ø|"Shi [39]JÑ
5�z�

£normalized cut§Ncut¤§

Ncut(A, B) =
cut(A, B)

asssoc(A, V )
+

cut(A, B)

asssoc(B, V )
(3-3)

Ù¥

asssoc(A, V ) =
∑

i∈A,j∈V

wij

- 17 -
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asssoc(B, V ) =
∑

i∈B,j∈V

wij

�âù�½Â§����á:8��Øä����8�z�§ù�:é·��

©��©­�"

Input: ��ã'XÝ
W

Output: ©��þy

ïáã G = (V, E)1

O�ÝÝ
 D§§´�� N ×N �é�Ý
§Ù¥é��þ���2

3

D(i, i) =
∑

j

W (i, j) (3-4)

)A��§ D− 1

2 (D −W )D− 1

2 x = λx§¦�1��A�éA�A��þx̂4

ŷ ← D−1x̂5

é����ò ŷ��z� y§=òã G©�ü�fã G1 = (V1, E1)6

Ú G2 = (V2, E2)§÷v Ncut(V1, V2)��"

�½fã´ÄI��eUY©�§´K­#m©fã�©�§eÃfãI7

�©��{Ê�"

�{ 3-2: Ncut©�L§£Shi [39]¤

dXþ�{��©�L§´�S�L§"éu·��©�¯K§·�I�

gC½Â��S�(åOK"�©���fã�SàÝv
��§·�@�A

�Ê�©�§l
;�L[�©�¶Ó�·�3�{m©�F"S��õ�?

1§
3�ÏF"Ù��u(å"¤±·�ò½Â��¨v�§�XS��?

1O�éS��¨v"ÄuXþ©Û§·�½Âfã pS�Ê�OK£Iteration

Stopping Criteria§ISC¤¼ê�µ

assoc(Gl
p, G

l
p)

conn(Gl
p)

> TISC exp(−
l

δ
) (3-5)

Ù¥ Gl
p �S�1 l > 0��fã p§ conn(Gl

p) = |V l
p |´fã Gl

p ¥'éêþ§


 TISC , δ ©O´����K�Úeü�Ý�~ê"G0 ´�Ðdã�¥J��
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1nÙÄu	*ØCþ�p©EÇ�aã�(�Czuÿ

��ã�ï�'Xã§��©�«��êþ K û½uã���±9�½�ë

ê"©�«�^§��?Ò k5L«§1 ≤ k ≤ K"

duã G = (V, E)´dã�¥J����ãïá�§¤±ã�©�Ø´é

ã���ö�"ÏLò V £=��ã¤­ÝK�ã�¥5§2òã�¥��©

��l§�C���ã¤3�©�¥�§ù�·�����
äkCq��(

��ã�©�«�"

3.3.4 ©�(JµdüÑ

�uã�©�´��vkÚ�IO�m�5¯K§·�I�gC½Â©�

µ�IO"·�JÑ¦^Ãó©�£N\
·�é(���£Ún)¤�(J

��IO©�5µd©�(J§¿ë�µd(J���{ëê"ã 3-3�Ãó)

¤�IO©�"·�Ï"��¡©��êþ�Ó§,��¡éA©�«�­U

«�¡È��"·�½Â Ncut©� SNcutÚIO©� Sg m��qÝ Sim�µ

Sim(Sg, SNcut) =
1

NNcut

exp(−
2|Ng −NNcut|

Ng + NNcut

)

NNcut
∑

k=1

2Amaxinter(P
k
Ncut, P

h
g )

A(P k
Ncut) + A(P h

g )
(3-6)

Ù¥ Amaxinter(P
k
Ncut, P

h
g )�Ncut©��1 k �«� P k

Ncut �Ú§­U¡È��

�IO©�¥�1 h�«� P h
g �����«�¡È¶A(P k

Ncut)´ Ncut©�

� k«��¡È¶NNcut, Ng ©O´ Ncut©�ÚIO©��«�ê"�ê?�

¨v©�êþØ��§
¦²þ�£¦Ú�¤¨v��¡È�"�qÝ�p`

² Ncut©��(J�·�Ï"�(J��C"

3.4 	*ØCþA�

·�@��q�|µA�k�q�A�a.£=¤¢A��£bag-of-

features¤§½c�i;£words dictionary¤ [13, 31, 32]¤£ã§ÏdÏL'�d

ã�O���A�a.�±�½ü�|µ´Ä�q"

�
¦A�Ny��Cz�K�§
¦þ;�L�Cz�Z6§·�I�

©ÛE¤L�Cz�Ï�§c[�OÀJ	*A�"Ó�·�F"	*A�é

ºÝCzØ¯a§¿�ã�¥(�ÔN�ü��Ý�Ø¬K�	*A�"·�

ÀJïÓÔ��:�,�:£keypoint¤§ù��:äk�½�ºÝ­½5"±

,�:�¥%§·�O�ã��¬£��´ 16× 16�I���¤¥�FÝ��

��ã��ÛÜ	*A�"·���8�zFÝéã��Ý���C�äkØ
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C5§^ÛÜ²þFÝ��8�zFÝ=÷vé1ìCz�­½"A�¬ïá

c§·��y¤kA�¬�ÌFÝ��þ��§Ò�±÷vé(�ÔN�ü�

�Ý�ØC5"

duØ��þêâ85Ôö§Cz/£O0�¯KA�Ú��8IÔ£O

k
�Oµ·�vk�£�¹8IÔ¤K£Ø�¹8IÔ¤��¶·��8I

Ø´£ã��A½�|µ§
´'��éã���q5"�:uÿfÚ SIFT£

ãf�^uüÌã�?1A�¬J�"ÏLàaA�¬5)¤c�i;"z�

�A�¬Uìî¼ål��OK�©�i;¥�,�c�£=A��m¥��

C�àa¥%¤"��zÌã�þ�±d�Ói;¥��|c�£ã"ù�ü

�ØÓ|µ�¹k�ÓÛÜAÛ(�A�£~Xü�4Ã«�ïÓ+|µ¤�

ã�/©�«�òk�q�c�£ã"

3.4.1 ,�:J�

·�@�(�ÔN£ïÓÔ¤�AÛ(�dÙ�:¤3�ã�¬�'XN

y"��ïÓÔ��:?FÝ����ãäk�½�ºÝ­½5"ùp·�¦

^ Harris�:uÿf [18]J�ã��:§¿JÑ��üÑéz��:�yÙ­

½5§�Ød���Ï��5�Ø­½�:"

Harris�:uÿf´b�òã����£Ä§z���g�'Ý
�±�

�u

C(x, y) =





∑

(xk,yk)∈W I2
x(xk, yk)

∑

(xk,yk)∈W Ix(xk, yk)Iy(xk, yk)
∑

(xk,yk)∈W Ix(xk, yk)Iy(xk, yk)
∑

(xk,yk)∈W I2
y (xk, yk)



 (3-7)

Ù¥ Ix(xk, yk), Iy(xk, yk) ©O´ã�: (xk, yk) ?�Ý�¼ê I(x, y) ÷

� x Ú y ��� �§W ´ (x, y) �����"¦TÝ
�A��§XJ

üA��þé�§L²÷ü�A��þ��£Ä§g�'�þ��§3ã�¥

ÎÜù«�¹�´ÔN��"

·�JÑ��:­½5�½Xeµ�½n�ºÝ§ùp·��

� s1, s2, s3§3±�:�¥%� s1 × s1, s2 × s2, s3 × s3 n���/«�S©

OO�8�z�FÝ����ã§XJ?¿üéFÝ����ã�ål�¦È

�u�½�K� Trohars§·�@�T�:éºÝ¯a§I�GØ"òüÌã�

����:Ü¿§)¤
,�:8§ùp�Ü¿3ã�þ�ö�=´òã� I1

þ�����:��ÝK�ã� I2 þ§Ó��òã� I2 þ�����:��

ÝK�ã� I1þ"
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1nÙÄu	*ØCþ�p©EÇ�aã�(�Czuÿ

��éuÃ(��©�«�·�\þ·þ��Å:��,�:§±�y�

YA�a.��ã�k�5"

3.4.2 SIFTA�O�

î�¿Âþ5`§·�O��A��´Äu SIFT�g�§·��´3£ã

f�ÚIO� SIFT��"ùp·�E,¡·��A�� SIFTA�§ù¿ØK

�n)"

·�ÄkO�ã��FÝ§·�ò,�:?�FÝ�����¦A�C�

ã�¬�ÌFÝ��§�Ù���� α"òTã�¬¥¤k�FÝ��¬þ^

=���Ý α §ù�/8�z0�FÝã�¬äk�Ó�Ì��§l
�y


 SIFTA��^=ØC5£(�ÔN�ü��ÝØC5¤"�
�~�ä�

A§3éã�¬¦FÝ����ãc§LéFÝ¬^�pdI\�"�X·�

òã�¬Sz����FÝ^¬SFÝ�²þ�8�z"

� Lowe � SIFT A�O���§·�ò n × n �I��©� p × p ��

¬§p < n"3ù�� n
p
× n

p
����¬¥·�O�FÝ��\���ã"·�

@�FÝ÷,����K¿Ø­�§ùpO�FÝ�Ý���´ 0 − 180Ý"

lÑz�Ý�o���Xã 3-2 ¤«",	·������FÝ��K

� TGradSIFT§éu�uTK����:§·�@�ÙFÝdD(Úå§��T

:�FÝ���Ã§@o�¬�±d���Ý� 5��þ5L�§�þz��

d�¬Säk�AFÝ��þz�����FÝ��¦Ú��"òù� p× p�

¬�A�C��þü��¤� p× p× 5���þ=� SIFTA��êÆL«"

3.4.3 SIFTA�àaÚ/c;0ïá

ò��� SIFTA�ÏLàa�{r	*�q�A�¬àÜ��a§/¤£

ãTA��/c�0 [1,20]§Ù¥ Kþ�£K-Means¤àa�{ [48]´/c;0

ããã 3-2FÝ��þz�«¿ã"
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ïá�~^��{"ùp·��ÀJ§��·��A�àa�{"ùp·�Ø

äN0�T�{§=�Ñ�'�:µ

• Ð©z"�Å�òz� SIFTA�©���aO�"

• òÓ�aO� SIFT A��þ\\§¿��¦þ��þ§��aO�¥

%"

• òz� SIFTA��þUî¼ål��OK­#©�aO§¿�#aO¥

%"

• �aOUC� SIFTA��þ�A��oê'�u,��½K�½öS�

�L�½ê8ª�"

Kþ�àa�{I�k�½àaê8"nØþ©a�[éã��£ã�°(§

�´du·��«�S�,�:k�§I�ÀJ��¥m��yCzuÿ�°

�5"

Kþ�àa�¤±�§ã�¥�z��A�¬Ñáu,��aO§·�¡

���d,/c�0£ã"@oO���©�«�S��/c�0Ñy�ª

Ç§ù�Ò�¤
��/c�0��ã"8IÔ£OÚã�u¢¥¦^ù��

/c�0��ã5£ã«n½öÔN [1, 20, 45]§·��|^ù����ã5£

ã«��(�"

3.5 Äu��ãÚO�Czuÿ

L«½ö`þzüã�¥éA«�Cz�{ü����{Ò´O�c��

�ã�ål§ål��§Cz��§��K��"

·�=Uì�Ìã�)¤©�§,�ò©�>.ÝK�,�Ìã�þ§l


��
�Ó�©�"

·�¦^ χ2ålþz«�m��q5"ã�é�?¿���½«� k�C

z§Ý�µ

Dk = χ2(hist1(k), hist2(k)) =
n
∑

j=1

(hist1(k)[j]− hist2(k)[j])2

hist1(k)[j] + hist2(k)[j]
(3-8)

Ù¥ hist1(k) Ú hist2(k) ©O�dã� 1 Ú 2 ¥«� k O���c���

ã§hist1(k)[j], hist2(k)[j]©O���ã hist1(k)Ú hist2(k)�1 j �§n´A
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�a.ê"dd½Â·����� χ2ål�N|µ����É§��K´��

�É"

�
�<ó�O�/ý¢Cz0�'�§·�ò Dk lÑz� {0, 0.5, 1}§

©OéAu/ØC0!/Ü©Cz0!/��Cz0"��Cz�O�µ��

½Â�:

Q =
1

K

K
∑

k=1

(D̂k − gt(k))2 (3-9)

Ù¥ D̂k � Dk lÑz�§gt(k) ´«� k �ý¢Cz�£ý¢Cz���á

u {0; 0.5; 1}¤§K ´«�oê"Q��Cz�O���Cý¢�§��K�O

�3�õ�Ø"

3.6 ¢�(J9©Û

3.6.1 ¢��½

ëêXe��µ

• ��ãJ� TNormGradient = 10"

• ��ã'Xãïá β = 30£ª 3-1¤"

• ��ã'Xã©�S�Ê�OK TISC = 0.06, δ = 10£ª 3-5¤"

• Harris�:�­½5��½ s1 = 5, s2 = 9, s3 = 17, Trohars = 0.1"

• SIFTA�O� TGradSIFT = 10, n = 16, p = 4§pdI��� σ = 4"

• K-MeansàaaOê� 17§�{��u½�u 1%�:­#©�aO�Ê

�"

3.6.2 (J©Û

·�Ñ\ã� 1.3(a)§U�{ 3-1 J�Ù��ã§Xã 3-4 ¤«"3·�

� P4Åìþ$1�m 2©¨"

d�����ã§�E��ã'Xã§¦^ NCut�{?1ã��©�§

�{?1
 4�S�§¤k�fãk�÷vS�Ê�OK§$1�m� 17©

¨§��(JXã 3-5§���)¤ã�©�Xã 3-8¤«"
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©��¤�·�|^c¡½Â�©��q5¼êéØÓëêe�©�?1

µd§(J�L 3-1"�Cz��ëê��ÿÙ¦ëê�±ØC£ùp·�Ù¦

ëê�þ��!¥������¤§ù��Ñz�ëêé©��K�"dué

©�ê�uIO©�¨vØv§¤±·��ëêvkÀ�L¥��`�§
´

ë�©�µd(J§À�U)¤3Àúþ�Ï"�\��(J�ëê"

du·��©�´Äu��ã'X�§¤±3(�´L�«�§©��±

��Ð��J§�ã 3-6"©�²wòkØÓ��Ú(�Y²�>��ã©�m

5"
'Xã©��{�":´�¸Ã(��«�K¬�©��±�«�§Ø

U©�Ñ����Ã(�«�"

ÏL,�:uÿ!SIFTA�O�Úàa�Ú½��)¤�üÌã��A�

a.£c�¤��m©ÙXã 3-9¤«"�±wÑØÓ�c�£dôÚL«¤L

«ØÓ�ÛÜAÛ(�A�"~XùÚ�c�õ3$«n«�§
ÉÚ�õ3

ïÓÔ«�£�ã 3-7¤"

��z�«���½�/(�Cz0!/Ã(�Cz0Ú/Ü©(�C

z0§�ã 3.9(b)¶
ÃóI½�ý¢CzXã 3.9(a)¤«"du·���ã�

¥�3(�Cz«�ÚÃCz«�§�±òCzþz�8�z� [0, 1]��"d

8�z(JÚý¢Cz'���§·���{é(�Czvk¦u§�Ù¥ü

�«���Ø©a§��ÃCz«���ä�Ü©(�Cz§Q = 0.075£ª 3-

9¤"�´XJ·�c[*	ã�¥%�©�«�§�±uy�3²w�Cz§

�´ù¿Ø´·�½Â�(�Cz§¤±¿��£O�(�Cz"ùÒw«Ñ


ÛÜAÛ(�A��éu�Û«nA�3(�Czuÿ�`³"
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ããã 3-3dã 1.3(a)���IO©�ã�"

ããã 3-4dã 1.3(a)��J���ãã�"
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(a) (b)

(c) (d)

ããã 3-5��ã'Xã�©�S�«¿ãµ(a)µS�1§(b)µS�2§(c)µS�3§(d)µS

�4£����S�¤"

β£ª 3-1¤ 25 30 35 40

©��qÝ Sim 0.67 0.60 0.45 0.39

TISC = 0.06£ª 3-5¤ 0.04 0.06 0.08 0.10

©��qÝ Sim 0.35 0.60 0.60 0.83

δ = 10£ª 3-5¤ 5 10 15 20

©��qÝ Sim 0.60 0.60 0.60 0.60

LLL 3-1ØÓëêe�©��qÝ Sim£ª 3-6¤§Cz��ëê��ÿÙ¦ëê�±

� 3.6.1!��"
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ããã 3-6 ã 3.8(a) ��þ����w«§ôÚw«ØÓ�©�«�§ç�ò©�«

� 1, 2, 3©�m5"

ããã 3-7 lã�¥J��A�¬ÛÜ«¿ãµôÚL«Ù¤á�A�a.£c�¤"

ã 3.9(a)�¥m«����w«"
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(a)

(b)

ããã 3-8'Xã©�S����(J(a)§ã�©�(b)"
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(a)

(b)

ããã 3-9 lã�¥J��A�¬µôÚL«Ù¤á�A�a.£c�¤(a) 2002 cê

â§(b) 2003cêâ"
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(a) ÃóI½�Czã£��ý¢Cz¤

(b) §S�Ñ�O�(J

ããã 3-10¦^ χ2O��(�Cz§Czþz�Xãþêi¤«§þz����lÑz"

ôÚL«lÑz�µùÚ§vkCz¶ÉÚ§Ü©Cz¶7Ú§Cz"
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3.7 �(

ù�Ù[�/0�
·�JÑ��«lo�O��ép©EÇ�aã�?

1(�CzuÿÚ©Û�O�µe§¿Ð«
¢�(J"TµeÌ�©�ü�

Ü©µ1�Ü©8¤
c<Äu|±����ãJ�!ã�8�z��ó�§

¢y
�«òã�©��(�Cq��«���{§Ù¥·�gC½Â
��

ã'Xã��¼ê!'Xã©�Ê�OKÚã�©�µdüÑ¶1�Ü©/�

8IÔ£OÚã�u¢+�ÄuÛÜA�L«ÔN�g�§?
JÑ��|µ

�±dk��ÛÜ	*A�a.£c�¤5£ã§üÌã��Ó«��c��

�ã�ål�±��Ù�q5Ýþ"

·�JÑ��{Ù`:3uµ§ØI�ã��°(�O§�ØI�ýk?

1©�?n¶duÔö��3ã�þ�¤§A�£=/c�0¤�Ñ\ã�U

C
UC§�U£ã�?n�ã��&E"

ÏL¢�(J·��±wÑÄuÛÜ	*ØCþ��{3(�Czuÿ�

´k�Ð�uÿUå�§�´E,�±lXe�¡U?µ

1© Äuã�ã��©�"d��ã½Â�©��.=éuk(�«�k�§

U�â(���5òã�©�¤ØÓ«�"3ù�¿Âþ5`§'��Ä

u��½ö«n��{?n(�ã�©��k�",
éuÃ(��«

�§§ÒLyÑØv
"·��±ÏLN\#�&E£'X«n¤5�Ï

òã�¥�:ÝK���ã©�8¥§½ö3ã�©��¤�[�?nã

��©�¯K"

2© ,�:"¦^�:��,�:§U�N«��(�&E§%3Ã(�«�

Ã{��v
õ�:¶XJæ^�Å½ö5Kæ�:��,�:KÃ{é

Ð��N(�"¡éù��üJ¸/§·�E,ÀJ Harris�:��,�

:§�éuÃ(�«�§KÚOÛÜ,�:�Ý��(�A�"du�a

ã��$é'ÝÚ|µ�E,5§uÿ°���: �E,é(J§K�

��L$�«D(E¤�:�À\,�:8§
K�Lpk¬��Ü©�

:¦u"üÌã�mdu�3�OØ�§��éA,�:3üã�mk�

é £§
¿����ÝK§Ï
·��,�:¬�3­EÚ ��Ø

�§K��Yö�"�±ÏL\\üã�¥,�:��?n§~�ù«K

�"
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3© SIFT£ãf"é^=½ö���£ÄE,k�½¯a5§�Ï3uÀ�

�Ì��Ø°�"�±ÚOFÝ����ã§��À^����ÎéA�

����Ì��§JpÙ°�5"

4© àa�{Ú�q5Ýþ�{"§��ÀJ´���:"du�aã��E

,5§Ä��A�¬3A��m¥�3­U§Kþ�ù«(½5àa�{

¬E¤©a>.NC�A���Ø�©a"ÏL��ãål5Ýþ�q5

��{�|^
��ÚO&E§¿�
Ù¦&E"Ïd�±À^VÇ�.

5�OA��©Ù§Ó���©�«�S��q5Kd�é�A�¬áu

Ó�©Ù�VÇ�È5L«"

e�Ù�ó�Ò´��yù
U?�Y
Ðm�"
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ããã 3-11�{6§ã
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1oÙ ÄuMRF�.�(�Czuÿ

4.1 Úó

ÄuMRF�.?1Czuÿ®k�
ïÄ [3,7,21]"Ù¥�
�{ [7,21]|

^ã��1Ì&E?1��?Cz�Cz��O"éup©EÇã�§31ì

ÚÀ�CzK�e§ù���{éu·�J��L�Cz�?nUåØv§Ø

·u)û(�Cz¯K"�k�{ [3]¦^ü��(�A�£~X>��ã�

Ý¤?1��?Cz�O"ü��A�  éuÜ©�(�L�UåØv§K

Üõ«A�k|u(Ü�A��`³§�°(�£ã«�(�"Ó�ù
Äu

����{éã���O�¦�p§��
p©EÇ�aã��¢SA^"·

��JÑ��{�¿Â3uµò MRF�.A^up©EÇ�aã��(�C

zuÿ¶½Â
�«KÜõA��!�Np©EÇã�¥(�Cz&E�êâ

�"

�Ùò0��«#�ÄuMRF�.£Markov Random Field¤�(�Czu

ÿO�µe"�{�Ì�g�´òã�é¥�éA���«�w¤�Å|¥�

��Ä�£Site¤��/�f10£Grid¤§ÏL����VÇ£MAP, maximum

a posterio¤íä�f�I\���Cz/ÃCz"·�Äk½ÂL�Cz/ÃCz

�^�VÇ�Ý¼ê"ù�^�VÇ�Ý£êâ�¤´Äu/GÚ	*A��

��ãål�"^�VÇ©Ù�ëê´ÏLkiÒ�ÆS��"	*ØCþA

��1 3Ù�q§
/GA�£ã�´|µ¥���fS�(�|�"·��

k��´�� Gibbs�.§½Â
���f�I\�÷v²w5�å"

�Ù�SN|�Xeµ4.1 !Úó§0��{�Ì�g�§�ÑÙ!|

�¶4.2 !{ü£�
�e MRF �.¶4.3 !X­0�·���.!êâ

�!k��¶4.4!Ì�0� ICM`z�{¶4.5!¥·��Ñ¢��(J©

Û¶4.6!o(§?Ø
�ÙJÑ��{�`:ÚØv§JÑe�Ú�U?"

4.2 MRF�.£�

duU�x�ÅCþm��pK�§ê��Å�Å|nØ��m!�m�

'�L§ï�Jø
���Bk���{"§��þ^uO�ÅÀúÚã�?

1�Ù¥Ñy�fÚ�féü�â�"�f����Å|¥�Ä�§���±´ã�¥�

¬§�âþe©�±(½¶�féÒ´�ã�é¥éA�ã�¬"
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n¯K [26]"

·�k�½�
PÒ§,�±ã�¯K�~f{ü0�MRF"·�P�ï

Ä�é�dNõ�Ä�|¤§·��z��Ä��½��IÒ§ù
IÒ�8

ÜP� S§b�k��km�Ä��é�

S = {1, · · · , m} (4-1)

½Â NiL«Ä� i���§��kXe�5�µ

1© ��Ä�Øáu§gC���µi /∈ Ni¶

2© ��'X´�±p��µi ∈ Ni′ ⇐⇒ i′ ∈ Ni"

éu5K��f|¤�8Ü S§i����±½Â�3�» rS�Ä�

Ni = {i′ ∈ S | ‖xi′ ,xi‖ ≤ r, i′ 6= i} (4-2)

Ù¥ xi �Ä� i3Ýþ�m��I§‖·, ·‖L«½Â��mål§r��.�§

L«��XÚ��ê"@o3>.þ�Ä����:���
"¤k:���

|¤
��XÚ§

N = {Ni | ∀i ∈ S} (4-3)

ùp·��?Ø����XÚ"(S, N) �¤��'Xã§3ù�'Xãþ·

�2½Âì¬£ clique ¤"§�±´ü�Ä�§��±´��S��éÄ

�§½ö´��S�n�ØÓÄ�§��"·�©OP� C1, C2, C3, · · · , C =

C1 ∪ C2 ∪ C3 · · · L«ì¬XÚ"

ããã 4-1 ��!ì¬«¿ã"s = 5§�� Ns = {2, 4, 6, 8}§C1 = {5}§C2 =

{(5, 2), (5, 4), (5, 6), (5, 8)}

ê��Å�Å|nØe§ã��À�½Â3 S þ����ÅCþ8 L =

{L1, . . . , Lm}§Ù¥z���ÅCþ Li ��� li áu���½8Ü"·�
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^ Li = li L«�ÅCþ Li � li �¯�"(L1 = l1, . . . , Lm = lm) L«éÜ¯

�"P (Li = li)P�¯� Li = li �VÇ§ �� P (li)§P P (L = l) = P (L1 =

l1, . . . , Lm = lm)§ �� P (l)"@o÷ve¡^�� L �¤�ê��Å�Å

|§

P (l) > 0,∀l ∈ L (4-4)

P (li | lS−{i}) = P (li | lNi
) (4-5)

Ù¥ L �¤k�U� l |¤��m¶éu·��üa©a¯K§�±P li ∈

{0, 1}"S − {i}�8Ü��"ù|úªL²ê��Å5§=Ã��53�m¥

��^/ª"Ä�ÏL��XÚ5�±�u)'é§ù«�mþÛÜ�^�=

£VÇ�ª¬û½�Û�VÇ©Ù"

Xc¡?Ø�§ê���Å|�±£ã���'uã�ÛÜ5��|"§

Vgé�*§·�N´n)"�´ÛÜ�=£VÇ�(½´����§��¯

K"�´k
3Ùd�Å|£ Gibbs Random Field, GRF¤¯KÒHA
)
"

3Ùd�Å|´��'u�Û5���Å|§ Hammersley�õ<y²
3Ùd

�Å|Úê��Å�Å|��d5§Ïd¦�·��±3��d�OO�µe

e?1ã�¯K�?n [15, 17, 25, 26]"

ïá3 (S, N)þ��Å| L÷v3Ùd©Ù��¡�3Ùd�Å|"

P (l) =
1

Z
e−

1

T
E(l) (4-6)

Z ´8�zÏf§T ´§Ý~þ§E Ò´Uþ¼ê§§´¤kì¬�Uþ

Ú E(l) =
∑

c∈C Vc(l)§ Vc´½Â3ì¬ cþ�³U¼ê"b�ü�ì¬XÚ®

v
§·�kµ

E(l) =
∑

{i}∈C1

V1(li) + α
∑

{i,j}∈C2

V2(li, lj) (4-7)

ù�¯K=z�
¦�ÛUþ�¯K§�,VgþØ
��§�´O���"

k
ù�óä§·�ÒUé�B�3��d�OO�µeeéã�¯K?1?

n"

�â��d½Æ§·���

P (l,X) = P (l|X)P (X) = P (l)P (X|l) (4-8)

ùpX´*ÿCþ"du Gibbs-MRF��d5§þ¡��ª�±­#P�µ
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P (l) ≡ P (l|X) =
1

Z
exp(−

1

T
(E1(X, l) + αE2(l)))

=
1

Z
exp(−

1

T
(
∑

{i}∈C1
V1(Xi, li) + α

∑

{i,j}∈C2
V2(lj, li)))

(4-9)

Ù¥ Z ´8�z~þ§α ´��²wrÝ�~ê§E1(X, l) ´q,Uþ�§

£ãêâ���VÇ©Ù§½¡�êâ�. ��z P (l) �du��zoU

þ E =
∑

i V1(i) +
∑

i

∑

j V2(i, j)"Ïd3 MAPµee§·�U���`��

O� l̂µ

l̂ = arg min
l

(

∑

i

V1(i) + α
∑

i

∑

j

V2(i, j)

)

(4-10)

4.3 �.

·�òÑ\ã�é I1 Ú I2 5K�©� N × N ��f"z��fé�I

\ li ∈ {0, 1}���Å|�Ä�"·�D�z�I\(�Cz��Â§=��

�¼�ã��(�Czuÿ�§Ù¥ 1L«vk(�Cz§0L«u)(�C

z"¼�
 m�*ÿêâ�þ X�§y3·�I�½Â��ã�þ�(�C

z/ÃCzVÇ P (l|X)�Uþ¼ê E"

4.3.1 k��£�

·�ÏL Potts�.5½Âk��£�

V2(i, j) =
∑

j∈Ni

(li − lj)
2 (4-11)

Ù¥ Ni ´Ä� i�����"dk��£�òé l\þ²w�åµ���I\

�A��q"

4.3.2 êâ�

dêâ�´Ä�Cz/ÃCzVÇ�¼ê"·�b�Ä�Cz/ÃCzVÇ

dã�ÛÜJ��A�û½§¿�ÕáÓ©Ù"e pn(Xi)�Ã(�Cz�V

Ç§pc(Xi)�k(�Cz�VÇ§·�kµ

V1(Xi, li) = −ln(pn(Xi)
li + pc(Xi)

1−li − 1) (4-12)

Ù¥ li ´©��Ä� i �I\�"�*ÿ�A����uk(�Cz�§

= pc(Xi) > pn(Xi)§e li = 0£k(�Cz¤§K¦�Uþ��§�.�

��VÇ´k(�CzVÇ¶���*ÿ�A����uÃ(�Cz�§

= pn(Xi) > pc(Xi)§e li = 1£Ã(�Cz¤§â¦�Uþ��§�.���

VÇ´Ã(�CzVÇ"
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*	êâ X �lüÌã�O���/GÚ	*A�§©OP� S Ú A§

§��pÕá",	·�b�z��f�A��©Ù´ÕáÓ©Ù�"�f

é i�(�CzVÇ pc(Xi) = pc(Ai, Si) = pA
c (Ai)p

S
c (Si)§Ù¥ pA

c (Ai)�	*C

zVÇ§pS
c (Si)�/GCzVÇ¶
Ã(�CzVÇ pn(Xi) = pA

n (Ai)p
S
n(Si)§

Ù¥ pA
n (Ai)�	*ÃCzVÇ§pS

n(Si)�/GÃCzVÇ"

4.3.2.1 	*A�©Ù

	*A� A ½Â��fé¥ SIFT A�a.��ã� χ2 ål"äN�

1 3Ù"²Lé AÚO£ã 3-5¤§·�5¿� ACqÑl Γ©Ù"@o·

�b��3(�Cz� AÑl©Ù p(A|ac, bc)§
Ø�3(�Cz� AÑl©

Ù p(A|an, bn):

pA
c (A|ac, bc) =

1

bac

c Γ(ac)
Xac−1 exp(

−X

bc

) (4-13)

pA
n (A|an, bn) =

1

ban

n Γ(an)
Xan−1 exp(

−X

bn

) (4-14)

Ù¥ Γ(·) ³ç¼ê§ a, b � Γ ©Ù�ëê§eI c, n ©OL«CzÚÃC

z"ëêÏLiÒÆS��µ3O���¤k�Cz�fÚÃCz�f�A

� A�§·�¦^��²�Ø��O¦VÇ©Ù�ëê"

3 SIFTA�¬���ãO�þ§�þ�Ù�'§,�:�ÀJþk�
Ø

Ó"�Ï´·��Ä�:duã��O�Ø�±9À�Cz�Ï��K�§3

éAü��f��I�±k��É� £"ÙüÑ´µÚOz��f��:ê

þ§±�fé (G1
i , G

2
i )¥�:êþõ��f��:8�Ì�:8£·�b��

f G1
i ��:8 S1

i �Ì�:8¤¶Ì�:8 S1
i ¥�:3�:8 S2

i �éA:�

±k�½� £Ø�¶��Uì�I��C�OK?1¶éu���¹K��

òT:ÝK� S2
i ¥¶��íØ���»S¤k����:§?\e�é�:�

�Ú½¥¶XJÌ�:8�:þ���¤
B:8E,k�:§K=�ÌB�

:8§��vk���:"ùp·�Ø2éÃ(�«�)¤�Å:§XJùp

���:ê�u�½�K� Tnkeypt§·�@�T«��Ã(�«��ÃCz"

4.3.2.2 /GA�©Ù

/GCz/ØCVÇ´Äu���Ý\��lÑz��ã����

�ã1�"äN�`§z��f� S ½Â�ã� I1 Ú I2 ¥éA«�

1�{üå��¡�Æ{¡/��ã����ã0
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S���ã����ã� EMD ål£Earth Moving Distance¤ [36]µS =

EMD(hist1, hist2)"/GA�VÇ©Ù¼ê�½Â� Γ ©ÙVÇ�Ý¼ê

£ã 3-5¤"Ó�¦^iÒÆS��{��ëê"

�O���ã����ã§Äk|^�{ 3-1©OO�üÌã� I1Ú I2�

��ã"òz��fS���ãUÙ���)¤��ã�Ý\��lÑz��

���ã§��ãk 8�Î§�ã 4-2"�
ü$��ã���þz�ä�K

�§��ãUéYX§�ü^¥%�¤3�Î�)�z"·�½Â�fS��

ã����ã1 kÎ�

hist(k) =
8

π

∑

h∈Lk

lh|
π

8
− αh| (4-15)

Ù¥ Lk ´¤k�1 kÎ¥%�Y��u�½�Ý�£ùp�� π
8
¤�¤k��

ã|¤�8Ü§αh, lh©O�8Ü¥1 h^��ã�1 kÎ¥%�Y�Ú��ã

��Ý"·�ò�������?1ÚO§�y�fé���ã����ãä

k�Ó�Ú"ù�·����ãk 9�Î"

EMDålO��§I�g½Â���dÝ
"·��Ä��ã�¬duÀ

�½ö�O�Ïu)�Ý�É§@o·�½Â��ãláu��ÎCz�áu

,	�Î��dA��ùü�Î��Ý�¤�'",	XJ�5Ø�3���

ãÑy½ö�3���ã��L²(�Czé²w§@o EMDålA��§

ÏdéA�d7,��§¤±·�½Âù�����d� 5"��ã���U

C¦�¤áÎu)Czl
�)��d§�âCzc�¤áÎ��Ý�d��

ããã 4-2�Ýþz��¥%�«¿ã
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��^S§�g�½� 1, 2, 3, 4"Ó���fé iS��ãêþþ$u�½K

� Tnline ¿���ã²þ�Ý�Ñ$u�½K� Tlen §@o·�@�T«��

Ã(�«��ÃCz"ÃCz�Ã(�«��I\ï� 0"

4.4 ¯K¦)

Äu��dµe�MRF¦)Ï~kµ�[ò» SA (Simulated Annealing)§

S�^�� ICM (Iterated Conditional Modes) §�p�&Ý`k HCF (Highest

Confidence First)Úã� (Graph Cut)���{"ICM�{O�þ��§vk�E

,�ö�§·ÜÏLO�Å5¢y§Ï
¦^�õ§·�ùp�æ^ù«�

{"

ICM�{´d Besag [4]JÑ§�±O� Gibbsæ�ì§^uO���z�

�©Ù¼ê"ICM�{´æ^Å����×£�ª§�â^�©ÙÅ:éã�

?1�O"

b½���Å|����M ×N§ICM�{�Ú½Xe:

1é�O���Å|z�Ä��G�?1Ð©z§G�P� ω0§�S�O

ê� k = 0

2lÄ� 1�Ä�MN§O�z�Ä�3�ØÓ�G����ÛÜUþ

3'�z�:�ØÓG��ÛÜUþ�§ÀJU
¦ÛÜUþ�����

G���T:��cG��

4­EÚ½ 2*3§��Âñ

�{ 4-1: ICM�{

·��âª 4-12 Ð©zUþ¼ê"S���VÇ�)¤Ä�I\ li ∈

{0, 1}§XJTI\�U~�Uþ�=�É"

IO ICM�{�¦z��Ä��G�I\�ÑØ2Cz�§â�´��Â

ñG�"�¢�L²ù�IO���§  ¬�5P{�S�gê"Ïd§�

±À^Ù¦IO��S��Âñ^�:

1© ¦^�ÛUþ¼ê��éCzþ���ä�â"3�c�S����(J

�þ�gS�(J����cUþ�'��u�½��§Ê�S�"

2© ¦^�½�S�gê Ni"��Ìã�×£gê�� Ni�§ª�S�"
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4.5 ¢�(J�©Û

4.5.1 ëê�OÚ¢��½

·���ã�¥�f��� N = 128§ã��©¤ 13 × 11 = 143 �

�f"����:K� Tnkeypt = 9§��ãêþK�Ú��ã²þ�ÝK

� Tnline = 9, Tlen = 15"��k��� α£ª 4-9¤���0.04"�Å|G�Ð

©z� ω0 = 0"·�� ICM�c�S�gê���(J�þ�gS�(J��

��cUþ�'��u 0.01§½öS�gê�L 5000gª�"

<óI½��(�Cz��ã��ý¢Czã§�ã 4.5(a)"�âT�

�ã§òã��fé©�ü|8Ü§Ã(�Cz�fé8 Gn Úk(�C

z��fé8 Gc"|^ùü�8Ü©OÔö	*A�Cz/ÃCzVÇë

ê (aA
c , bA

c ), (aA
n , bA

n ) Ú/GA�Cz/ÃCzVÇ�ëê (aS
c , bS

c ), (aS
n, bS

n)£�

ª 4-13§4-13¤"A�©ÙÚ[Ü�VÇ©Ù­�Xã 4-3¤«"

d[Ü��µ

(aA
c , bA

c ) = (2.8114, 0.2129), (aA
n , bA

n ) = (3.4872, 0.1718)

(aS
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(a) (b)

(c) (d)
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�ÃCzVÇ©Ù§(c)µ/GA�CzVÇ©Ù§(d)µ/GA�ÃCzVÇ©Ù"^

ÎL«A�©Ù��ã§/+0L«[Ü�©Ù­�"

Uþ¼ê�a. =¦^	*A�&E =¦^/GA�&E (ÜüA�&E

�Ø©aê 64 49 55

�Ø©aÇ 44.7% 34.2% %38.4
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ããã 4-4��¤é��:µ(a) 2002cêâ§(b) 2003cêâ"
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ããã 4-5ý¢(�Cz��ã�¢�O����(�Cz��ãµ(a)µý¢(�Cz�

�ã§(b)µ=|^	*A��(�Cz��ã§(c)µ=|^/GA��(�Cz��
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