
HAL Id: inria-00070421
https://inria.hal.science/inria-00070421

Submitted on 19 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Comparison of video dynamic contents without feature
matching by using rank-tests

Alain Lehmann, Patrick Bouthemy, Jian-Feng Yao

To cite this version:
Alain Lehmann, Patrick Bouthemy, Jian-Feng Yao. Comparison of video dynamic contents with-
out feature matching by using rank-tests. [Research Report] RR-5586, INRIA. 2005, pp.15. �inria-
00070421�

https://inria.hal.science/inria-00070421
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
R

--
55

86
--

F
R

+
E

N
G

ap por t  


de  r ech er ch e 


Thème COG

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Comparison of video dynamic contents without
feature matching by using rank-tests

Alain Lehmann — Patrick Bouthemy — Jian-Feng Yao

N° 5586

Mai 2005





Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)

Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71

���������
	���
��
������������������������������� ����!�����!�
#"#�$!�%��
&'!(�)���*!�&�	��
���*!��+%�����,�-.�/&�
0����,�	+�
�'1324!���
5!�


6�798;:=<?>�@BA�CD8E<�<GFIHJ8;KMLM:ON)P?Q.RTS�KMA+@BCVUTFXWE:98;<�Y�Z[@B<�\^]38ER

_G`badc�e�f�g*hjilk4monqprasc�esnutdvxwxy{z|p}z|~�n
�I�}v���edpG���qk4_��

�u���{�;v��qpu�4e��}est$`bes�}t$`{e�yE�[�x�x�x�Vi����xz0�������Ji ���3�{��w�esn

�'���s�d�) b¡x�x¢ _G`{z£n¤�res�;v��qpu�b�}esnredyBp$n���ybv)¥xes¦0��y{��ed§�tdz¨esyBp��4z©nrnrz¨c�z£¦£�x�rz¨p�mªc�es��nq«{�re�¬Ee�p�­®edesy�¥oz©�4edv
nredw�c�edyBp}ns¯�°^e�tdvxy{nrz©�4ed�I¦£v4td�x¦;nr�{�)p}z¨vx±Op}edc��;v��}�x¦{�4eMnrtd�rz£�4prv��}ns¯�_G`{edm����}e¤t�v�y{nqz©�4es�reM��p}v�¬Ee¤�}es�x¦¨z£²s��±
p}z¨v�y{n v�~��xyª«byb³oybv)­�y5´B¬b«4putd¦£��nrnq±9nr�Eest�z¨µ;tu�bz£nqpr�}z¨¬{«4prz£vxy5¯[_G`be*nrz¨c�z£¦£�x�rz¨p�m3vx~5p�­®v
¥oz£�4esv3nredw�c.esyBp}n z£n
ts��¦©t�«b¦©�)p}es�.¬om3es¥)��¦£«{�)p}z¨ybw
�xy����b�b�}vx�{�rz©�)p}eGnqp}��prz©n�p}z£tuz£n}nq«{es�.~¶�}vxc·�
�}�xyb³
p}esnqps¯+�9p �4voesnIybv�pX�}es¸B«bz£�}e
�xyom¹c��)p}t$`{z¨ybwºvx~�p}`be»¦¨v4ts��¦G~¶es��pr«b�}esn�¬Ee�p�­®edesyDpr`be¼p�­®v½t�vxy;nqz©�4ed�}es��¥oz£�4esv½nqeswxc�edyBp}ns´G��y{�Dtd�xy
�bes��¦¾­�z¨pr`»���4z¨¿Ees�resyBpuyB«{c�¬Eed��v�~+t�v�c.�{«4preM��¦£v4td�x¦T~¶es�)p}«b�}esnGz£y�p}`beJp�­ v�nredw�c.esyBp}ns¯+À{«b�rpr`bes�rc�vx�}ex´
v�«b��c�es��nq«b�}e�z£nªnred¦¨~Á±9ybvx�}c���¦£z¨²ses�¹­�`{z£t$`?��¦£¦£v)­un�~¶v��ªnqz£c��b¦£e�t�«be»z£yBpredw��}��prz£vxy5´®��y{�Âed¥�edyDvxy4±9¦£z¨ybe
���b���bpres�»td¦£��nrnq±Ã�4ed�Eedy{�bedyBp¤t�v�c�¬bz£y{�)p}z¨v�y¼v�~+pr`be.�4z¨¿Ees�resy�pJ�4esn}t��}z¨�bprvx�$ns¯Gk4��prz©n�~���tÄp}vx�}m'�}esnr«b¦|p$n�`{��¥�e
¬Eedesy¼vx¬4p$��z£ybes��vxy��reM��¦¾¥oz©�4edv�nres¸B«bedy;t�esn®~¶v��Gp�­ v.c�v�p}z¨v�y�es¥xesy�p��}estdvxwxy{z|p}z¨v�y'�b�}vx¬b¦£edc�ns¯
Å»ÆBÇTÈ}É�Ê �)Ë��x¢ �bz£n}nqz£c�z¨¦©���}z¨p�mªc�es�xnr«b�}ex´o�$��yb³�p}esnqps´b¥oz©�4edv�nres¸B«besy{t�e�t�v�c��{���}z£nrvxy



���������
	��
�d
0�
� ��� � ����!����.&�
(�������d� � �

(���
	 ����
 !���
¾!�
(����	�����,

��
��
 �
���¼��	+���u�����3!(��� ����
0� 	��Ä��!���&�	�


��� ����� � ¢ f eG�$���b�Evx�rp+�b�
	MnqesyBpre®«bybe�ybv�«b¥xes¦¨¦£e c�eMnq«b�}e��4e�nqz£c�z¨¦©���}z¨p
	GedyBpr�}eG�4esn[n
	s¸B«besy{t�eMn�¥oz©��	dv
nrz£c.�{¦¨e
��	s¥)��¦£«bed�M¯[g�y�tdvxy{nrz£�bad�}eG�besnX�besn}t��}z¨�4p}ed«b�$nInr�{�)p}z¨vx±Op}edc��Evx�}ed¦©nd¯5�Ã¦©nXnrvxyBpXtdvxy{nrz£��	d��	sn[t�v�c�c.e
�besn��
	M��¦£z£n}�)p}z¨v�y{n5��� «bybe®�4z£nqpr�}z£¬b«4prz£vxy�z¨y{tdvxybyo«beXc��xz£n0~¶vxy;tÄprz£vxy3�4eX¦©�ut�¦©�xn}nreX�4e tdvxyBpresyo«{n0tdvxy{nrz£��	d��	dex¯
����nqz£c�z¨¦©���}z¨p
	X�4e �4ed«��
n
	s¸B«besy{t�eMn¾¥oz£��	svuesnqp�ts��¦©t�«b¦�	deI�;���5¦�� 	s¥)��¦£«{�)p}z¨v�y
��� «{ybe nqp}��prz©n�p}z£¸B«beIz©n}nq«beI��� «by
p}esnqpI�4eG�}�xybw{¯5�Ã¦4y�� eMn�p[�{��n+y�	stdesn}nr�xz¨�}e ¸B«beG¦£esn+�4esn}t��}z£�4pres«b�}n�¦£v4td��«����4esn[�4es«��3n
	s¸B«besy{t�eMn�nrvxz£edyBp+c�z£n
esy.tdvx�}�reMnq�Evxy;�b��y{tdeXybzb¸B«beG¦£esn+ybv�c�¬b�}esn+�4eu�besn}t��}z¨�4p}ed«b�$n+td�x¦£td«b¦�	Mn+�b��y{n+¦£esn[�bed«��3n
	s¸B«besy{t�eMn[nqv�z¨esyBp
	sw��x«��¾¯���e��b¦£«{nd´4y{v�pr�}e*c�esnr«b�re*eMn�p�ybv��rc���¦£z©n�	se���«bprvxc���prz©¸�«{edc�edyBps´btde�¸�«{z5�;es�rc�edp���� «4p}z¨¦£z©nqes�u�4esn
p}est$`by{z£¸B«beMnJnrz£c.�{¦¨eMn*�;v�«b�*¦�� z¨yBp�	dwx�$�)p}z¨v�y �4e��4z¨¿�	s�resyBp}n��4eMnrtd�rz£�4pres«b�$n��xz¨y{nrzI¸B«be��4esn�tdvxc�¬{z¨y{�xz£nrvxy;n
�be*tdesnu�bed�}ybz¨es�}n ~¶v�y{tÄp}z¨v�y¼�beJ¦©��t�¦©�xn}nre�edp¤�x�b�x�4p
	sesnGedy�¦£z¨w�ybex¯���esn���	snr«b¦¨p}��p}n�n}�)prz©nq~���z©nr�xy�p$n®vxyBp�	�p
	
v�¬4presyo«{n+nq«b�+�4eMn�n
	s¸B«besy{t�eMn�¥Bz©�4esv���	des¦¨¦£esn��;v�«b�[�4ed«��
�b�rv�¬b¦£adc�esn��4eG�reMt�v�yby{��z©n}nr�xy{t�eX��� 	s¥ 	dy{edc�edyBp}n
¦£z�	sn���«�c�vx«b¥�edc�edyBp��Eed�"!�«5¯
#�Ê �M� È ¡ $ � ��¢ c�esnr«b�}e*�be*nrz£c.z£¦©���}z|p�	x´opreMn�p¤�be��}�xybw{´4t�v�c��{���$��z©nqv�y'�4e
n
	s¸B«besy{t�eMnG¥Bz©��	sv



���������
	���
��
�����������������
�
���
���� ! �����"#�$�%"�
'&(�)"+*,�
-."/�$�0�
"1-.	2���3�
"# 0*4�)�65�7��8-4
��)�653	��
�49�:#"#��
�";
 <

= > �3!0	+����&��X!����
�

k4z¨y{tde
p}`be.�xc�vx«byBp¤vx~Xc�«b¦¨prz£c�es�4z©�'�{�)p}�'z£n��$���bz©�4¦£m�w��rv)­�z£ybw{´E��«4p}vxc��)p}z£t3nqm4nqpresc�nJ���}e
ybeses�4eM�¼prv
�{�rv4t�eMnrn¤pr`{z£n*`o«bw�e��xc�vx«byBp*v�~®�{�)p}�{¯3_G`bes�red~¶vx�}ex´Tp}`be��4ed¥�ed¦£vx�bc�edyBp*v�~®c.edpr`bv4�bn*­�`{z£t$`^���}e.�x¬b¦¨e
p}v3�}estdvxw�ybz¨²se¤nredc���yBprz©td�x¦¨¦£m�nqz£c�z¨¦©��� pr`{z¨ybwBn®z£nGt��}«{tdz£�x¦{p}v3`{�xy{�4¦£e¤p}`besnre*�b�)p$�b¯Iko«{t$`�c.edpr`bv4�bn®c3«{n�p
¬Ee��x�b�b¦£z£ts��¬b¦£e¤z£yªp}`be�tdvxyBpre �op v�~5¥oz©�4edv.�b�)p$��¬{��nqeMn[p}v�wx�}vx«{�ªnqz£c�z¨¦©��� ¥Bz©�4esv3nredwxc�esy�p$n[p}vxwxedpr`bes�s´�prv
n}�)p}z£nq~¶m�¸�«{ed�}z¨eMnd´�prv3e �opr�$�xt�p `bz£wx`b¦£z£wx`Bp}n@?¶ex¯ w{¯£´oz¨y�nq�Evx�rp ¥oz©�4edvBn�A�´�v��Iprv.nq«{c.c��x�rz£²deu¥oz©�4edvBnd´B¬b«4p���¦©nrv
z£y�pr`be�t�v�yBpre �opGv�~0¥oz©�4edv�nr«b�r¥�edz£¦¨¦©��y;t�eup}v��4e�p}estÄpunr�;eMt�z©��¦Ep�mo�;eMnGv�~0es¥xesy�p$n®­�`bz£t$`��b�}vx¬{�x¬b¦£m.�}es¸B«bz£�}e
`o«bc��xyªz¨yBp}ed�}¥xedyBp}z¨v�y5¯CB¤edy{tdex´op}`beJt$`;��¦£¦¨esybwxz£ybw
�b�}vx¬{¦¨esc·p}v.nrvx¦£¥xe�z£nXprv.c�����nqesc��xyBprz©td��¦Et�v�y{t�es�4p}n
�xy{��¦¨v)­G±9¦¨es¥xes¦E¥oz©�4edv.~¶eM�)pr«{�reMn��4«be*prv.p}`be�­ es¦¨¦¨±9³By{v)­�y�nredc���yBprz©tJw��x�ED£�x´%F4´{�HG9¯

_�v
�Eed�r~¶vx�}c·�*�}est�v�wxybz¨prz£vxy3p}��nq³T´�vxybeu`;�xn+p}v��4e�µ;ybe�pr`{eu�res�b�}esnredyBp}��prz£vxy.v�~Epr`beu¥oz©�4edv3nqeswxc�edyBps´
­�`{z£t$`.z£n+vx~Ttd�r«;t�z©��¦oz¨c��Evx�rp}�xy{t�e�¯�_�­ v�tdvxc��b¦£edc�edyBp}�x�rm
�x�b�b�}v���t$`besn�td�xy3¬Ee��4z|¿Ted�}edyBp}z£��pres�5¯+_G`{ed�}e
�x�re®p}`be�vxybeMn+­�`bz©t$`3e �Bp}�}��tÄp[wx¦£vx¬;��¦o~¶es��pr«b�}esn�~¶�}vxc�pr`be�­�`{vx¦£e®¥oz©�4edv�nredw�c.esyBps¯+_G`bedm��x�re�nrz¨c��b¦£eGprv
z£c��b¦£edc�edyBps´x¬b«4p[c���mJ`;��¥xeX�{�rv�¬b¦¨esc�n�­�z¨pr`.t�v�c.�{¦¨e ��nrtdedybeMnd¯��uy.e �b��c��b¦£eX~¶v���c�vxprz£vxy��}estdvxw�ybz|p}z¨v�y
«;nqz£ybw»��wx¦£vx¬{�x¦+�x�b�b�}v���t$` z©n!D¨�M�HGX­�`bes�re��¼nqz£c��b¦£e.y{vxy4±9�{���$��c�edpr�}z£t.�4z©n�p$��y{tde.c�eM�xnr«b�re.¬{��nqeM� v�y
`{z£nqprv�wx�$��c�n¤vx~®nr�{�)p}z£�x¦[��y{��predc��Evx�$��¦[z£yBpredy;nqz¨p�m»wx�$�x�4z£edyBp$n�`;�xnJ¬;esedy^«{nres�¾¯.�ÃyID �HG9´0nr�;v��qp�¥oz£�bedv�n
`;��¥xe�¬;esedy½t$`{�x�}��tÄpres�rz£²deM��­�z¨pr`½�b�}vx¬;��¬bz£¦¨z©nqprz©t3c�vxprz£vxyºc�vo�bed¦©n*prv�ts���4p}«b�re.p}`be'�4v�c.z£y{�xy�p
z£c���w�e
c�vxprz£vxy8?¶z=¯ ex¯�pr`be®td��c�es�}�Gc�v�p}z¨v�y%A¾�xy{�*pr`{eX�}esnrz£�4«;��¦xn}t�esybeIc�v�p}z¨v�y5¯�_G`beMnqe c�vo�bed¦©n0���}eI¦£es�x�ryBp¾~¶�}vxc
w�¦¨v�¬{��¦�v4tdtd«b�r�}edy;t�e3nqp}��prz©n�p}z£tsn*t�vxc��b«bpres�Vv)¥xes�¤p}`be.­�`bvx¦£e3¥oz©�4edv¼nredwxc�esy�pM¯���� �oz£c�«{c ¦¨z£³xes¦¨z£`bvov4�
td�rz¨pres�rz£vxy�­ es�re*«{nres��­�z¨pr`bz£y���nq«b�Eed�}¥oz£nres��t�¦©�xn}nrz|µ;ts�)p}z¨v�y�n}t$`bedc�ex¯

g�y½p}`be�v�pr`{ed��nqz©�4ex´+p}`bed�}e��x�re'pr`be�¦£vots��¦®���b�b�}v���t$`besn
­�`bz£t$`Âe �opr�$�xt�p
~¶es��pr«b�}esn�~¶�}vxc nq�;�)prz£v�±
p}edc��Evx�$��¦£¦¨m�¦¨v4td�x¦¨z£²deM�¼�reswxz£vxy{n�prvªv)¥�ed�$t�vxc�eJpr`{e
�b�}vx¬b¦£edc�nuvx~+pr`be3wx¦£vx¬{�x¦0���b�{�rvB�xt$`5¯G���4z¨§ªt�«b¦¨p�m
vx~�p}`besnre»¦£vots��¦u�x�b�b�}v��xt$`{esn.z£ns´®`bv)­ es¥xes�s´Xpr`{��p�pr`be�nredw�c.esyBp}nª�x�re¼ybvº¦£vxybw�ed���}ed�b�}esnredyBpreM��¬om��
nrz£ybwx¦£e'~¶eM�)p}«b�re¼¥�estÄp}vx�M´I¬b«4pª�ºnre�p�v�~¤~¶eM�)p}«b�re¼¥�estÄp}vx�$nd¯Â�¤n��^t�vxy;nqeM¸�«{edy{tdex´Ip}`be»t�v�c.�;���}z£nrvxy¹vx~
nredw�c�edyBp}n¾z©n5y{vu¦¨v�ybwxes�0nqpr�$��z£wx`Bpq~¶v��r­G���$���xy{�*z©n5ybv��rc���¦£¦£m��xt$`{z¨es¥xes�J¬omJc���p}t$`bz£ybw�p}`beX¦£v4td�x¦�~¶es��pr«b�}esn
¬Ee�p�­®edesy¼pr`be3�b�}votdesn}nqeM�¼¥oz£�4esv'��y;��pr`be.�b�)p$��¬{��nqe�¯��ÃyJD �
G=´T�ªnre�pJv�~I¦£vots��¦�nq�{��t�ed±Op}z¨c�e��4eMnrtd�rz£�4p}vx�$n
~¶v����reMt�v�wxybz£²dz£ybw�c�v�prz£vxy��{��pqpres�ry;nu���}e*�b�reMnqesyBpres����y;��es¥)��¦£«{�)p}es�¾¯X_G`{e
c��)p}t$`{z¨ybw�vx~�p}`be�~¶es��pr«b�}esn
z©nI�4v�ybeuz£y���wx�}edeM�4m
c���yby{ed�M´x­�`bes�reM�xn[�4z¨¿Ees�resyBp �4z©n�p$��y{tde�c.eM�xnr«b�}esn+`{��¥�e�¬;esedy�preMn�p}es�¾¯+��z£�4esv�n[vx~
`o«bc��xy�c�v�p}z¨v�y���tÄp}z¨¥oz¨prz£esn�`{��¥�e�¬Eedesy¼«{nqeM��~¶vx�Gpr`{e*presnqp}n��xy{��wxvov4�ª�}estdvxwxy{z|p}z¨v�y��$�)p}esn®`{��¥xe*¬Eedesy
�}ed�Evx�rpreM�¾¯

�Ãy¹v�«b�
c�e�p}`bv4�¾´+­ e'`{��¥xeªtdvxy{nrz£�bed�}es�Vp�­ v¼p�mo�Eesn�v�~�c�v�prz£vxy¹�besn}t��}z¨�4p}vx�$n*~¶vx�3t$`{���$�xt�pred�}z£²dz£ybw
�bmBy;��c�z£t[tdvxyBpresyBp0v�~4��¥oz£�bedvunres¸B«bedy;t�e[­�z¨pr`�¦£vots��¦)~¶eM�)p}«b�reMnd¯�_G`be+µ{�$n�p�vxybeI��tdt�v�«byBp}nT~¶v��¾pr`{eXnq�;�)prz£v�±
p}edc��Evx�$��¦{es¥xv�¦¨«4p}z¨v�yªv�~¾p}`beJz¨yBpres�reMn�p �;v�z¨yBp}n®­�`bz©t$`ªz©n ��nrnr«bc�es�.p}v3¬Ee¤�}ed¦©�)p}es��p}v
p}`be¤p}�}����est�prvx�}m�vx~
p}`be�c�v)¥oz¨ybw*v�¬4��est�p}ns¯�_G`beunrestdvxy{�3p}�rz£esn�p}v
td���bpr«b�}eGpr`be�z£yBpresy{nqz¨p�m�vx~;p}`be�c�v�p}z¨v�y5´��xy{�.­ eu��tÄpr«;��¦£¦¨m
���b���bpres�½pr`be¼nrtdedybe�c�v�prz£vxy�c.v4�4es¦ vx~�D ��GGprv v�«b��¦£v4td�x¦®nre�p}«b�5¯º°Ve�`{��¥xe��4esnrz£wxybeM�½��y�v��rz£wxz£y{�x¦
�bz£n}nqz£c�z¨¦©���}z¨p�m c�es��nq«b�}eª­�`bz©t$`¹�4voesn�ybv�p3ybedeM�¹��y½e �o�{¦¨z©t�z¨p3�{�xz¨�}z£ybw»v�~�p}`be'¦£v4td��¦I~¶es�)p}«b�}e'¥xeMtÄp}vx�$n
vx~Xp}`be�p�­ v»nredw�c.esyBp}n���y;�Vts��yº�4es�x¦[­�z|p}`º�»�bz|¿Ted�}edyBp�yo«bc�¬Eed��vx~Gtdvxc��b«4p}es�V~¶es��pr«b�}e�¥xest�prv��}nJz£y
p}`beªp�­®v nredw�c.esyBp}n�p}v ¬Ee�tdvxc��{���}es�5¯��9p3z©n�¬;�xnres�ºvxyÂ��nqz£c��b¦£e�nqp}�)p}z£nqprz©td�x¦Xp}esnqp.�xy{�ºz£n3es��nqmVprv
tdvxc��b«4p}e��xnGz¨puz¨yo¥xv�¦¨¥�esn®�$��yb³oz£ybw3v��;es�}��prz£vxy{n®v�yb¦¨m�¯I_G`be��xn}nq«{c.�bprz£vxy�z£ns´4pr`;�)pu�3~¶es�)p}«b�}e�¥��x¦¨«{e*nre�p
z©nuw�edybes�}��preM��¬om¼��y»«by{³By{v)­�y�n�p}vot$`;�xnqprz©t��b�}votdesn}nd¯�_G`be�¬{�xnrz£t
z£�4eM��z©nup}`bedy¼p}vªpreMn�p�­�`be�p}`bed��pr`be
p�­®v¼~¶es��pr«b�}eª¥)��¦£«be'nre�p$n��x�re�w�edybes�}��pres�V~¶�}vxc�pr`be�nr�xc�eª�b�}votdesn}n�vx��ybv�pM¯�Àb«b�rpr`bes�rc�v��re�´0­®e'td�xy
tdvxc3¬bz¨y{e�p}`be
�4z¨¿Ees�resyBp��besn}t��}z¨�4p}vx�$n®z¨y»��t�¦©�xn}n�±Ã�4es�;esy{�4edyBpu�x�{���4p}z¨¥�eJ­G��mx¯

KLKNM
O�P�P�Q�R



� � �0*4�3�
�%����� ��-.")*��$�������%� �

��n[pr`{e��4eMnrtd�rz£�4prz£vxy�vx~Tc�vxprz£vxy�ed¥�edyBp}nIz£n �*ybvxy4±=pr�}z£¥Bz©��¦{�b�rv�¬b¦£edc¼´��
nrz£ybwx¦£eu�4esn}t��}z£�4prv��Iz£nXz¨y;�4edeM�
y{v�p�nr«4§ªt�z£edyBp
��y{�º�¼nqedp
v�~��4esn}t��}z£�4prv��}nJ`{��n*prv¼¬Eeª«{nres�¾¯
	®vov�nqprz£ybw D �HGX`{�xn
¬;eMt�vxc�e��¼�Evx�b«b¦©���
c�edpr`bv4�J~¶vx����«4p}vxc��)p}z£t+~¶eM�)p}«b�reInred¦£est�prz£vxy*vx��t�vxc3¬bz£y{�)p}z¨v�y5¯ Buv)­®ed¥�ed�M´�p}`beIwxesybed�$��¦£z£²s�)p}z¨v�y¤p}vuc�«{¦|p}z|±
td¦£��nrn¤t�¦©�xn}nqz¨µ;td��prz£vxy¼z©nuybvxp¤vx¬o¥oz¨v�«{ns´bed¥�edy»z¨~[nrvxc�e
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�{�rz©nqz£ybw3pr`be
nqp}��prz©n�p}z£ts��¦5�4z©n}nqz£c�z¨¦©���}z|p�m'c.eM�xnr«b�}eJ�xy{�ªp}`be
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_G`{e»p}��nq³Âv�~�c�v�prz£vxy?es¥xesy�pª�}estdvxw�ybz|p}z¨v�y?td��y ¬EeVnredesy ��n�p}`be��b�}vx¬b¦£edc v�~
t�¦©�xn}nrz|~¶moz£ybw¹�½wxz£¥xesy
¥oz©�4edv½nredw�c.esyBp���tdtdvx�$�4z¨y{w p}v¹nqv�c.e¼�b�}es�be�µ{ybeM� t�¦©�xn}nqeMn

c ∈ C ¯ _0v½�xt$`{z¨es¥xe�pr`bz©n�p$�xnr³¹­ e��x�re�{�res¥Bz£vx«;nq¦£m�w�z¨¥�edyªnred¥xes�}�x¦be �b�xc.�{¦¨eMn
s
~¶vx� es�xt$`ªtd¦£��nrns´�~¶vx�X­�`{z£t$`ª­®eu³oybv)­Dpr`{e�t�¦©�xn}nIc�esc�¬Eed�$nq`bz£�5´

z=¯ ex¯
C(s) ∈ C ¯�_G`bz©n�nqedp�v�~be �b��c��b¦£esn�­�z¨¦£¦�¬EeI~¶«{�qp}`bed�+�4edy{v�preM�
�xn0¥oz£�4esv��b��p}�x¬{�xnre S ¯�_G`be �{�rv�¬b¦¨escvx~�es¥xedyBp��reMt�v�wxybz¨prz£vxyDtd��yD¬Ee�~¶v��rc3«b¦©�)preM�Â��n3pr`be�nres�x�}t$`½~¶v���pr`be¼c�z£ybz¨c3«bc vx~J�º�4z©nrnrz£c.z£¦©���}z|p�m

~¶«{y{tÄp}z¨v�y
Φ B

Ĉ(r) = arg min
c∈C

Φ(r|c) ?�� A

­�`{ed�}eª��z©n�p}`beªp}esnqpres�¹¥Bz©�4esv�nqeswxc�edyBps¯»°^e'y{v)­ �}e�~¶v��rc3«b¦©�)pre�p}`be�td¦£��nrnrz¨µ;td��prz£vxyº�b�}vx¬b¦£edc �xn
�
�}e�p}�rz£ed¥)�x¦b�b�}vx¬b¦£edc¼´xz=¯ ex´x­®e�p}�rm�prv�µ{y;�.pr`be�c.vBn�pXnrz£c.z£¦©���Xnredw�c.esyBp

s∗
z£y�vx«b�X�{�)p}�x¬{�xnre

S
��y{��¬;�xnre

p}`be
t�¦©�xn}nrz|µ;ts�)p}z¨v�y'vxy�pr`{e
t�¦©�xn}nGv�~
s∗
¯

Ĉ(r) = C(s∗),
­�`bes�re

s∗ = argmin
s∈S

Φ(r, s|C(s))
?O� A

��t�pr«{�x¦¨¦£mx´4­®e�t�v�y{nqz©�4es� p}`be*pr`{�reseJ¬Eesnqp¤nredwxc�esy�p$n®«{nqz£ybw�c��)��v��rz¨p�m�¥xvxprz£ybw�p}v�z¨y{td�reM�xnre¤p}`be��}vx¬b«{nqpq±
y{esn}nd¯��Ãy�td�xnre®pr`{��pX��¦£¦4pr`{�reseunqeswxc�edyBp}n+¬Eed¦£vxy{w�p}v
�4z¨¿Ees�resy�pXtd¦£��nrnresns´)p}`beut�¦©�xn}n+v�~Epr`be�¬Eesnqp nredw�c.esyBp
z©n+t$`bv�nredy0¯0�Ãy.vx�$�4ed��prv�µ{y{��pr`beGc�v�nqp[nqz£c�z¨¦©���[nredwxc�esy�p�­ e®`{��¥�eXp}vJ�4edµ{ybe��J�4z£n}nrz¨c�z£¦£�x�rz¨p�m*c.eM�xnr«b�}e
~¶v��up�­®vªwxz£¥xesy�nqeswxc�edyBp$n

r
��y;�

s
­�`bz©t$`�c���m�¬;e.t�¦©�xn}n¤�4es�;esy{�4edyBpM¯J_G`bz©n¤td¦£��nrn��4ed�Eedy;�4edy{tdm»td��y

¬Ee���«{nqprz¨µ{eM��¬om'p}`be�~���tÄp¤p}`{�)p�ybv�p*��¦£¦0wxz£¥xesy»�4esn}t��}z¨�bprvx�$n�`{��¥�e*prvª¬Ee3t$`;���$�xtÄp}ed�}z£nqprz©t�~¶vx�J��¦£¦0wxz£¥xesy
td¦£��nrnresns¯LB¤v)­ es¥xes�s´�­®e�`{��¥xe®prv*esy{nq«{�re®pr`;�)pIp}`beu�4z¨¿Ees�resy�pX�bz£n}nqz£c�z¨¦©���}z¨p�m�c.eM�xnr«b�}esn[���}e�t�v�c.�;���$��¬b¦£e
z£y�pres�rc�nGv�~�pr`besz¨�¤c��xwxybz¨pr«;�4e�nq«{t$`�pr`;�)p¤��nqeswxc�edyBp�­�`bz©t$`¼z£nGc�vx�}e�nqz£c�z¨¦©���Gp}`{��y�vxy{eJvx~+�xybv�p}`bed�
td¦£��nrnG�x¦£nrv�wxe�p$n���nqc���¦£¦£ed��¥)��¦£«bex¯
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	®e�~¶v��re¼­®e�ts��y �4e�µ;ybe»�^�bz£n}nqz£c�z¨¦©���}z¨p�m½c.eM�xnr«b�}ex´X­®e¼`{��¥xe�prv½nr�;eMt�z¨~¶m¹`bv)­ ­ e��res�b�}esnredyBp��
w�z¨¥�edyº¥oz£�bedv nredw�c.esyBps¯»�¤n3n�p$�)preM�ºz¨y¹pr`beªz£yBpr�}v4�4«{tÄp}z¨v�y5´+­ e'«{nqe'¦¨v4td�x¦I~¶eM�)pr«{�reMn*prv t$`;���$�xtÄp}ed�}z¨²se
p}`be�nqeswxc�edyBp�t�v�y�p}edyBps´5pr`{��p*z©n��¼nqedp�v�~I~¶eM�)pr«{�re�¥)��¦£«besns¯�_G`be�t�vxy;nqz©�4ed�}es��¦¨v4td�x¦Inq�;�)prz£v�±=presc��;v��}�x¦
�besn}t��}z¨�4p}vx�$n�­�z£¦¨¦®¬;e�z¨yBp}�rv4�4«{tdes�½z£yÂkoeMtÄp}z¨v�y < ��¦£vxy{w�­�z|p}`½pr`{e'p}est$`bybz©¸B«be�p}vVnred¦£estÄp3pr`be�nq�;�)prz£v�±
p}edc��Evx�$��¦£¦¨mª¦£v4td�x¦¨z£²deM�'�}edw�z¨v�y{n®v�~�z£yBpres�reMn�p�­�`bes�reJpr`{esnre�¦¨v4td�x¦5�4esn}t��}z£�4prv��}nG���}e*t�vxc��b«bpres�5¯

��n[vxybe�nrz¨y{wx¦£eG�besn}t��}z¨�4p}vx�+z©n+ybv�pInr«4§ªt�z£edyBp[prv�td�x�4pr«{�re pr`beutdvxc��b¦£e ��y{v�prz£vxy.v�~T�Jc.vxprz£vxy.ed¥�edyBps´
­®e�z¨y;�4edeM�^tdvxy{nrz©�4ed�
�¼nre�p
v�~

d = 1 . . . L
�4z¨¿Ees�resy�p
¦£v4td�x¦I�4esn}t��}z¨�bprvx�$ns¯�B¤edy{tdex´�­ e���¦©nrv�`;��¥xe3prv

nr�Eest�z¨~¶mª�3­®��m.prv�t�v�c�¬bz£ybe¤pr`be��4z©nrnrz£c.z£¦©���}z|p�m�¥)��¦£«besn v�~0pr`be��4z¨¿Ees�resyBpG�4eMnrtd�rz£�4p}vx�$nd¯�°Ve*t�v�y{nrz£�4es�®�
­®edz£wx`Bp}es��nq«bc¼´E��y{��pr`{e��4z©nrnrz¨c�z£¦£�x�rz¨p�mªc�es��nq«{�re*¬Ee�p�­®ededy¼p�­®v�¥oz£�4esvªnqeswxc�edyBp$n

r
�xy{�

s
z©nGµ{y{�x¦¨¦£m

w�z¨¥�edy�¬Bm

Φ(r, s|(C(s)) =
L∑

d=1

ωd(C(s))Td(r, s)
? < A

­�`{ed�}e
Td

z©n��.nrz£c.z£¦©���}z|p�m.preMn�pu­�`{z£t$`�z£nGybv)­ �4e�µ{y{es��z¨y�pr`{e*nr«b¬{nres¸B«besyBpGnr«b¬{nrest�prz£vxy»�4¯ ���xy{�
ω
z£n

��td¦£��nrnq±9�bed�Eedy{�4esyBpG­®edz£wx`Bp}z¨ybw.­�`bz©t$`¼­�z¨¦£¦¾¬;e�e �4�b¦£�xz¨y{es��z¨y¼nr«b¬{nrestÄp}z¨v�y��4¯ < ¯
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� -;� � )4� $
�Ãy½��c�e�p}`bv4�V«;nqz£ybw¼¦¨v4ts��¦I�4eMnrtd�rz£�4prv��}ns´0��¥oz£�bedv»nqeswxc�edyBp�z©n��res�b�}esnredyBpreM��¬om � 
��$" vx~

m
~¶eM�)p}«b�re

¥�est�prvx�$nJv�~G�4z¨c�esy{nqz£vxy � ?Áp}`beªyo«bc3¬;es��v�~®tdvxy{nrz©�4ed�}es�^�4esn}t��}z£�4prv��}n0AÄ´¾­�`bes�re�c�z£n*p}`be�yo«bc�¬Eed��vx~
nred¦£est�preM��z¨yBp}ed�}esnqp �Evxz£y�p$nXz£y�p}`be�¥oz©�4edv.nqeswxc�edyBpM¯�°?z¨pr`�v�pr`{ed�®­ v��}�bns´x­®e��x�reJt�v�y4~¶�rv�yBpres��­�z¨pr`'pr`be
�{�rv�¬b¦¨esc·vx~�t�v�c��{���}z¨y{w*p�­ v.nqedp}n v�~¾~¶es��pr«b�}e¤¥)�x¦¨«beMn

Θr, Θs
v�~�ybv�p®ybestdesn}nr�x�rz£¦¨m3es¸B«{�x¦Enrz¨²se

mr, ms
¯

�Ãy�t�vxyBp}�}��n�pIp}v3tdvxc��{���}z£ybw�~¶es��pr«b�}eu¥�estÄp}vx�$nd´�pr`{e�t�v�c��{���}z£nrvxy�vx~0nqedp}n v�~¾~¶eM�)pr«{�re�¥xest�prv��}nXz£n ybv�p
v�¬o¥Bz£vx«;nd¯+� �;vBnrnrz¨¬{¦¨e*­G��m�z£n®p}v.eMn�p$��¬b¦£z©nq`�t�vx�}�}esnr�;v�y{�4edy;t�eJ¬;edp�­ esedy�pr`beJ~¶es��pr«b�}esn®vx~0pr`{e*p�­ v�nqedp}n
¬om¼�{�xz¨�}z¨y{w�pr`be.vxy{esn�­�`bz£t$`V���}e�ybeM���}esnqp¤z¨y ~¶es��pr«b�}e3nr�{�xtde ?Onqese3À�z¨w;¯�� ?��6A AÄ¯ B¤v)­ es¥xed�M´;pr`bes�re.���}e

f(r,1) f(r,2) f(r,3) f(r,4)

f(s,1) f(s,2) f(s,3)

����� D�������� ��� �!� " �$#�# � %�M!"&� M'� #

f(r,1) f(r,2) f(r,3) f(r,4)

f(s,1) f(s,2) f(s,3)

�)(*��+ "�%,"�M!"&- � ��"&./� � �!��� M!%

À�z£wx«b�}e�� B �Ã¦£¦¨«;n�p}�}��prz£vxy�v�~��Ev�n}nrz¨¬b¦£e*c����b�bz£ybwBnG¬;edp�­ esedy�~¶es��pr«b�}e�nqedp}n���y;�'p}`bedz£���b�}vx¬b¦£edc�n

nred¥�ed�$��¦b�{�rv�¬b¦¨esc�nX«{nrz£ybw�nr«{t$`'�
c��x�b�bz£ybw{¯+�9~0­®eu�}esnqpr�}z£t�pXpr`{e�c����{�bz¨y{w�nq«;t$`�pr`{��p®eM�xt$`�~¶eM�)pr«{�re�z£n
«;nqeM�3v�yb¦£m3v�y{t�eGp}`bedy�p}`bed�}e¤���}eunrvxc�eG~¶es��pr«b�}esn[­�`{z£t$`�`{��¥�eGybv�pX¬Eedesyªt�v�y{nqz©�4es�reM��?O�xn+p}`be�p�­®v
nqedp}n
�bv�ybvxp `{��¥�e�pr`be*n}��c�e�nrz¨²se AX��y{��`{edy{tde�­®e¤¦£vov�nre¤nqv�c�e¤v�~¾p}`beJe �opr�$�xt�pres�ªz¨y4~¶v��rc���prz£vxy5¯ Buv)­®ed¥�ed�M´
z¨~0­®e��x¦¨¦£v)­?c�«b¦¨prz£�b¦£eJ��nrnrz£wxybc�edyBp$nIp}`be��{�rv�¬b¦¨esc v�~��3�4edw�edybes�}��pres�ªc��x�b�bz£ybw�c���m����}z©nqe�­�`bed�}e��x¦¨¦
~¶eM�)p}«b�reMn*v�~Gvxybeªnre�p��x�re���nrnrv4t�z©�)preM��­�z¨pr`½v�ybe�nqz£ybwx¦£e.~¶es��pr«b�}e�v�~®pr`be�vxpr`bes��nre�p ?�nredeªÀ�z£w{¯»�6?¶¬%A2AÄ¯
_G`{eJtdvxy{nres¸B«besy{t�eJz£nG�xw���z£yªp}`{�)p�­®eJ�bv3ybvxput�vxy;nqz©�4ed�G��¦£¦E~¶es��pr«b�}esns¯[� ~¶«{�qp}`bed���Ev�n}nqz£¬bz£¦¨z¨p�m�c���m�¬;e
p}v»t�vxy;n�p}�}�xz¨y pr`be�c����{�bz¨y{w¼nrvxc�es`bv)­�nr«{t$` p}`{�)p��x¦¨¦+~¶eM�)p}«b�reMn����}e3eM¸B«{��¦£¦¨mVt�vxy;nqz©�4ed�}es�5´¾¬b«4p
z¨p
z£n
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{
f(r,1), . . . , f(r,mr)

} {
f(s,1), . . . , f(s,ms)

}

�

À�z£wx«b�}e3� B _G`be3¥oz£�4esv'nres¸B«bedy;t�esn����}e
t�v�y{nqz©�4es�reM��prv'¬Ee
p}`be��}esnr«b¦¨p¤v�~I�xy�«byb³oybv)­�y»�b�}vx¬;��¬bz£¦¨z©nqprz©t�{�rv4t�eMnrns¯�f v�y{nqeM¸B«bedyBpr¦£mx´M­®eI�xn}nq«bc�e[p}`{�)p0pr`be e �opr�$�xt�pres��~¶eM�)pr«{�reMn0���}e[�}es��¦£z£²s�)p}z¨v�y{nTv�~{�xy*«byb³oybv)­�y5´
¬{«4p¤t�¦©�xn}n�±Ã�4es�;esy{�4edyBpu�4z©n�p}�rz£¬b«4p}z¨v�y5¯

y{v�p�vx¬o¥oz¨v�«{n `bv)­?prv��4v.p}`{�)pM¯IÀb«b�rpr`bes�rc�v��re�´B­®eJ­ v�«b¦£��`{��¥�euprv�ts��¦©t�«b¦©�)p}e¤p}`be��4z£nqp}�xy{t�e*¬Ee�p�­®edesy
es¥xes�rm^�;vBnrnrz£¬b¦¨e��{�xz¨�.v�~u~¶eM�)p}«b�reMn
p}v�µ{y;�¹p}`be�y{es���}esnqp�~¶eM�)p}«b�re�z¨y�pr`be�v�p}`bed��nre�pM¯º_G`{z£n.z©n.¸B«bz¨pre
e �4�;esy{nqz£¥xe��xy{�'`{edy{tde
��~¶«{�qp}`bed�u�4�$��­�¬{��t$³�v�~�nr«{t$`¼��y»���{�b�rvB�xt$`5¯

�Ãy{nqpreM�x��vx~5esnqp}��¬{¦¨z©nq`{z¨ybw
tdvx�}�reMnq�Evxy;�4edy{tde�¬;edp�­ esedy�p}`be¤es¦¨esc.esyBp}nIvx~Tpr`be¤p�­ v
nre�p$nd´B­ e�t�vxy;nqz©�4ed�
p}`beG¥)��¦£«besn��xn��}es��¦£z£²s�)p}z¨v�y{n�v�~;��«byb³oybv)­�y.�4z£nqpr�}z£¬b«4prz£vxy D ?Onqese®À�z£w{¯[� A�¯CB¤edy{tdex´�prv��4eMt�z©�4e®­�`be�p}`bed�
p�­®v
nredwxc�esy�p$n[�M´ nI�x�re�vx~Tpr`be¤n}��c�eutd¦£��nrn[z¨p z©nInr«4§ªt�z£edyBpIp}v��4estdz£�bex´B­�`be�p}`bed�[p}`be¤¥)�x¦¨«beMnI���}eu�4�$��­�y
~¶�}vxc pr`{e3n}��c�e
«byb³oybv)­�y��bz£nqpr�}z¨¬{«4prz£vxy»v��¤ybvxps´EzO¯ ex¯Gp}esnqprz£ybwªp}`be�`omo�;vxpr`beMnqz©n H0 : Dr ≡ Ds

¯ �5e�p
«;n®µ{�}nqp¤t�v�y{nrz£�4es�®pr`be
ts�xnreJvx~���nrz¨ybw�¦¨e*¦£v4td��¦5�besn}t��}z¨�4p}vx��?

L = 1
A�¯

_G`be*p�­®v�±Ãn}��c��b¦£esn °?z¨¦©t�v �4vxy¼�u�xyb³B±Ãko«{c(_0eMn�puz©n��.­ es¦¨¦¨±9³By{v)­�y D � G���y{��n�p$�)p}z£nqprz©td�x¦¾c.edpr`bv4��prv
p}esnqpGpr`bz©n�`omo�;vxpr`beMnqz©n H0

~¶vx��nrts��¦©���G¥)��¦£«besns¯[_G`bz©nGybvxy4±9�{�x�}�xc.edpr�}z£tupreMn�pu`{��n pr`be
���4¥)��yBp}�xwxe�prv�¬;e
�bz£nqpr�}z¨¬{«4prz£vxy4±=~¶�}edeu��y;����¥xvxz©�bn�p}`beuµbp v�~5���b�}estdz£nre�c�vo�bed¦=¯[k4�;eMt�z¨µ;td�x¦¨¦£mx´xpr`be¤presnqp nqp}��prz©n�p}z£t�z©nIw�z¨¥�edy5´
z£y»�.ybvx�}c���¦£z¨²ses��~¶v��rc¼´b¬om

Wd =

(
12(mr + ms)

mrms

) 1
2

mr∑

j=1

(
R(mr+ms)j

mr + ms + 1
− 1

2

) ? � A

­�`{ed�}e
R(mr+ms)j

z©n+pr`{eu�}�xyb³�vx~;p}`be
j
±=pr`�¥)��¦£«be�v�~Tp}`be�µ{�$n�p[~¶eM�)p}«b�re�nqedpIz¨y�p}`be¤t�v�c�¬bz£ybeM��~¶eM�)p}«b�re

nre�pM´�z=¯ ex¯�pr`be��;vBnqz¨prz£vxy�z£y�p}`beuvx�$�4es�reM��nqeM¸�«{edy{tde�v�~5¬Ev�pr`'¥��x¦¨«{e¤nqedp}ns¯[_G`be¤�4z©n�p}�rz£¬b«4p}z¨v�yªv�~Tp}`bz£nXpreMn�p
nqp}��prz©n�p}z£tsnu­�z£¦¨¦+t�v�yo¥xed�}wxe*~¶v��

mr, ms → ∞ prv'pr`be N (0, 1)
±Ã�4z©n�p}�rz£¬b«4p}z¨v�y»z|~[p}`be.`Bmo�Ev�p}`besnrz£n H0

z£n
~¶«{¦|µ{¦£¦£es�¾¯[�9~+ybv�pM´4pr`{e�¥��x¦¨«{eJ­�z£¦£¦5¬;e*~��x�G~¶�rv�c#²des�rv;¯

B¤edy{tdex´X­®e»�4e�µ;ybe
Td = W 2

d

�xn��xy�z£y{�4z©td�)p}vx��v�~J�4z£n}nrz¨c�z£¦£�x�rz¨p�mx¯���n��Vtdvxy{nres¸B«besy{t�e�v�~�pr`be
tdvxyo¥xes�rw�edy{tde*�reMnq«b¦¨p�?�z|~ H0

z©n�~¶«b¦¨µ{¦£¦¨eM��AÄ´
Td

z£n�z¨y;�4ed�Eedy{�bedyBp�vx~[pr`be3c��xwxybz¨pr«;�4e�vx~[pr`be.t�vxc��{�x�reM�
~¶eM�)p}«b�re�¥)��¦£«beMnd¯'_G`{z£n��{�rv��;es�qp�m�z©n�z£c��;v��qp$��yBp�­�`bedy½­®e�t�vxy;nqz©�4ed�
�»td¦£��nrnq±Ã�4ed�Eedy{�bedyBp�­ esz¨w�`�p}z¨y{w
��n
z¨p��x«4prv�c��)prz©td�x¦¨¦£m^edy{nr«b�}esn�pr`be�ybvx�}c���¦£z¨²M�)p}z¨v�y^vx~upr`{e��4z©n}nqz£c�z¨¦©���}z|p�m^¥)��¦£«beª~¶v��.�x¦¨¦Gt�v�y{nrz£�4es�reM�
�besn}t��}z¨�4p}vx�$nd¯

����� �.)+!#$ -;"A) � 7@� 0 ��5.!#$A� 7>5 0 & 2�)4� =��@$A� 5.=
��n�pr`be�°?z£¦£tdv �ov�y �u�xyb³B±Ãko«{c _0eMn�p*z£n*v�yb¦£m��4e�µ{y{es�»~¶v���nrts��¦©���*�b�)p$�b´T­ e�td�xybybvxp*�x�b�b¦£m¼pr`be.preMn�p
�bz¨�}est�pr¦£m^v�y½pr`{e��4eMnrtd�rz£�4prv��
p}«b�b¦£ex¯º�Ãy{nqpres���¾´+­ e'pr�}es��p3es��t$`¹¦£vots��¦®�4esn}t��}z¨�bprvx�.nqes�{���$�)p}ed¦£m^��n��xy
z£y{�4z£¥oz£�b«{��¦5�4eMnrtd�rz£�4p}vx�u��y;�'­®e*­�z¨¦£¦¾pr`{edy¼z¨yBp}�rv4�4«{tde��.tdvxc3¬bz¨y{es�¼�4z©nrnrz¨c�z£¦£�x�rz¨p�m�c�es��nq«b�}ex¯

CEDCK+CGF
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P[T|incorrect]
P[T|correct]

 0

 0.1

 0.2

 0.3

 0.4
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 0.6
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P[T|incorrect]
P[T|correct]

 0

 0.1

 0.2

 0.3
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 1
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P[T|incorrect]
P[T|correct]

À�z£wx«b�}e < B�� �b�xc.�{¦¨eMn�~¶vx��pr`be�tdvxy{�4z¨prz£vxy;��¦o�b�}vx¬{�x¬bz¨¦£z¨prz£esn pd(t|c)
?¶w��resedy�¦£z£ybe A���y;�

pd(t|c̄)
?��reM�
¦£z¨y{e A

v�¬4p}�xz¨y{es��~¶�}vxc#p}`be3�{�)p}��nqedp}ns¯®�¤¦¨¦�v�~+p}`bedc nq`{v)­j���{�rv�ybvx«by;t�es���Ees�x³���p¤²des�rvª�xy{�»�ª�4eMt��}es�xnrz£ybw
y;�)pr«{�reJ~¶vx��z£y{td�reM�xnrz¨ybw.¥)��¦£«besns¯

_G`be.nqz£c��b¦£esnqp�­G��m'p}v�t�v�c�¬bz£ybe�p}`be3�bz£n}nqz£c�z¨¦©���}z¨p�m�vx~X��¦£¦0z£y{�4z£¥Bz©�4«{�x¦��besn}t��}z¨�4p}vx�$n�­®vx«b¦©�»¬Ee
prv
��«;n�p�nr«bc p}`bedc¼´0z=¯ ex¯£´���«bybz¨~¶vx�}c ­®edz£wx`Bprz£ybw;¯�B¤v)­ es¥xed�M´¾ybvxp��x¦¨¦I�besn}t��}z¨�4p}vx�$nJ`{��¥xe3prv¼¬Eeªt$`{���$�xt�±
p}ed�}z£nqprz©t�~¶v�����¦£¦Etd¦£��nrnresn®��y{�'`bedy;t�ex´4��«bybz¨~¶vx�}c ­ esz¨w�`�p}z¨y{w�c���m����}¬bz|p}�}�x�rz£¦£m.�4eswx�$�x�4eupr`be�¸B«{��¦£z¨p�m.vx~
p}`be��bz£n}nqz£c�z¨¦©���}z¨p�m.c�eM�xnr«b�re�¯��Ãy;n�p}es�x�5´�­®eup}�rm.prv3¦¨eM���}y�pr`be*�4z©nrtd�rz£c�z¨y;�)prz£¥xe¤�;v)­®ed� v�~5es��t$`ªz£y{�4z£¥Bz©�o±
«;��¦I�4eMnrtd�rz£�4prv��

d
~¶�rv�c pr`be�p}�}�xz¨ybz£ybw¼�b�)p$���xy{�^�4es�4«;t�e����b�rv��;es�J­®edz£wx`Bp}z¨ybw�~¶«by{t�prz£vxy

ω
~¶v���vx«b�

�bz£n}nqz£c�z¨¦©���}z¨p�m�c.eM�xnr«b�}ex¯
�¤y�z¨y{�bz£ts�)prv��¾~¶vx�Tp}`beX�x�b�b�}vx�b�}z£��presybesn}nEv�~4���4esn}t��}z¨�bprvx�

d
z£nTp}`beXnr«{tdtdesn}nT�b�}vx¬{�x¬bz¨¦£z¨p�m P [tc < tf |d]p}`{�)pGp}`beJpresnqpu�}esnr«b¦|p

tc
~¶v��G��nredw�c.esyBp®�{�xz¨��moz£ed¦©�4z£ybw.��tdvx�}�reMtÄp®td¦£��nrnrz¨µ;td��prz£vxy'z©n�nrc��x¦¨¦£ed�®p}`{��y�pr`be

¥)�x¦¨«be
tf
~¶vx�+�¤nredwxc�esy�p��{��z£��mBz£ed¦©�4z£ybw��u~���¦©nqe®vxy{ex¯0°^e µ{�}nqp�z£yBpr�}v4�4«{t�eXpr`beGt�v�y{�4z¨prz£vxy{�x¦��{�rv�¬{��¬bz£¦£z|p�m

�bedy{nrz|p�m�vx~0p}`beJpresnqpun�p$�)p}z£nqprz©tdn
Td

wxz£¥xesyªpr`{e*td¦£��nrnresn v�~0pr`beJpreMn�p}es��nqeswxc�edyBpG�{��z£�M¯+��vx�}e��b�}estdz£nred¦£mx´
­®e�t�v�y{nqz©�4es� p}`be*p�­®v.ts�xnresnG­�`bes�reJedz¨pr`bes�u¬Ev�pr`¼nredwxc�esy�p$n����}e�vx~�p}`be�nr�xc�e*td¦£��nrn

c
vx�®p}`{�)puv�ybe*z£n

vx~�td¦£��nrn
c
��y{��p}`be�v�p}`bed��v�ybe*z£n ���
" v�~+t�¦©�xn}n

c
´4zO¯ ex¯

pd(t|c) = P [Td(r, s) = t|C(r) = C(s) = c]

pd(t|c̄) = P [Td(r, s) = t|C(r) = c, C(s) 6= c]

?O� A

B¤edy{tdex´4p}`be�nq«;tdt�eMnrnG�{�rv�¬{��¬bz£¦£z|p�mªvx~����4eMnrtd�rz£�4prv��
d
wxz£¥xesy���t�¦©�xn}n

c
td��y�¬Ee
td��¦©t�«{¦£��pres���xn

ko«{tst
(d|c) = P(tc < tf |tc ∼ pd(·|c), tf ∼ pd(·|c̄))

=

∫ ∞

0

pd(tc|c)
∫ ∞

tc

pd(tf |c̄)dtf dtc

?���A

_G`be.��y{�x¦¨m4nrz£n¤v�~[p}`be3esc��bz¨�}z©td��¦�`bz©n�p}vxwx�$��c�n�vx~[pr`be3p�­®v't�v�y{�4z¨prz£vxy{�x¦��4z©n�p}�rz£¬b«4p}z¨v�y{n�?¶vx¬bp}��z£ybeM�
~¶�}vxc pr`be¼p}�}�xz¨ybz£ybw½nre�p0A.`;�xn�nr`bv)­�y�p}`{�)p�p}`bed�}e»z©nª�^�b�rv�ybvx«{y{t�eM���Ees�x³��)pª²sed�}v ?Onqese�À�z£w{¯ < AÄ¯
�Ãy;nq�bz£�}es�¹¬om D �
G9´X­®e'esnqprz£c��)p}e�p}`besnre¼�4z£nqpr�}z£¬b«4prz£vxy;n3«;nqz£ybwº��c�z �op}«b�re�v�~*� ��z¨�$�xt��b«b¦©nre��xy{���xy
e �4�;v�ybedyBprz©��¦5�bz£nqpr�}z¨¬{«4prz£vxy

p̂d(t|c) = λd(c)δ0(t) + (1 − λd(c))
1

βd(c)
e

−t
βd(c) �

(t>0)

?1F�A

KLKNM
O�P�P�Q�R



� � �0*4�3�
�%����� ��-.")*��$�������%� �

­�`{z£t$` z¨yBpr�}v4�4«{tdesn�nqv�c.e^z£c.�{¦¨z©t�z¨p�nqc�vov�p}`bz¨y{w�­�`bz©t$` �b�}ed¥�edyBp}n�v)¥xes�qµ{pqprz£ybw�prvÂpr`beº�b�)p$�b¯#_G`be
eMn�p}z¨c���pre�~¶v��

λ
z©n¤�4edµ{ybeM���xnGp}`be�~¶�$�xt�prz£vxy¼v�~In}��c��b¦£esn

t < 1
¯®_G`be�esnqprz£c���pre�~¶v��

β
z©n¤nrz¨c��b¦£m�pr`be

n}��c��b¦£e�c�es�xy»v�~I��¦£¦0¥)��¦£«beMn
t ≥ 1

¯�_G`be�~¶v��rc3«b¦©�.~¶vx�
p̂d(t|c̄)

z£n���y{�x¦¨v�wx«be�¯®_G`{e
es¸B«{��prz£vxy�~¶vx�¤pr`be
nr«{tst�esn}n®�b�}vx¬{�x¬bz¨¦£z¨p�m'td�xy�ybv)­ ¬;e
ts��¦©t�«b¦©�)p}es���xn B

k4«{tdt
(d|c) = λd(c) + (1 − λd(c))(1 − λd(c̄))

βd(c̄)

βd(c) + βd(c̄)

?���A

_�v'³�eded�¼p}`be
µ;y{��¦��4z£n}nrz¨c�z£¦£�x�rz¨p�m�c�eM�xnr«b�reMnut�v�c��{���$��¬b¦£e
�xtd�rvBnrn¤�4z|¿Ted�}edyBp�td¦£��nrnresns´{­®e�`;��¥xe*prv
y{vx�}c��x¦¨z£²de*p}`besnre�nr«{tdtdesn}n��b�}vx¬{�x¬bz£¦¨z¨prz£esns´{nrv�pr`{��pupr`{e�nq«{c v)¥�ed�u�x¦¨¦��4esn}t��}z¨�bprvx�$nGz©nuvxy{ex¯ Buv)­®ed¥�ed�M´
��n pr`be
�4z¨¿Ted�}edy{tdesn®v�~�pr`beMnqe*�b�}vx¬;��¬bz£¦¨z¨prz£esnG�x�reJ�}��pr`bes��nqc���¦£¦=´4­ e����{�b¦¨m���e �o�Evxy{edyBprz©��¦5nqpr�}e�p$t$`�p}z¨y{w
�{�rz£vx�®prv�p}`be�ybv��rc���¦£z£²s�)p}z¨v�y5´BzO¯ ex¯£´

ωd(c) =
1

Z
eα ������� (d|c) ­�z¨pr`

Z =
∑

d

eα ������� (d|c) ? ��A

­�`{ed�}e ­®e esc��bz¨�}z©td��¦£¦£m�~¶vx«by;�
α = 10

prv*nq«4§ªtdz¨esy�p}¦¨m3n�p}�redp}t$`
p}`be��$�)pr`{ed�+nqc���¦£¦b�4z¨¿Ees�resy{t�eMn�v�~{p}`besnre
�{�rv�¬{��¬bz£¦£z|p}z¨eMnd¯

� � ��� � �	� ��!����
� �'���*!�&�	+��


����� 
<5>$�)4"A)4� $�� 7@��5>$ � )? )�� $A� 7>5
_G`{e
z¨yBp}ed�}esnqp¤nqes¦¨eMtÄprz£vxy»c�edpr`bv4�¼­�`bz©t$`»­ e�`;��¥xe�«{nres�¼z£y»vx«b�¤e �4�;es�rz£c�edyBp}n¤z£nu¬{�xnres�¼v�y¼�'nqz£c��b¦¨e
td�rz¨pres�rz£vxy'prvªnr�;vxp�vx«4p�p}`be��reswxz£vxy{n®­�z¨pr`»�.`bz£wx`¼�4edy{nrz¨p�m'v�~+nrtdedybe�c�vxprz£vxy¼�xtÄp}z¨¥oz¨p�mx´4z=¯ e�¯¨´

A(p, t) =
1

|F| ] {(q, τ) ∈ F(p, t) | |FD(q, τ)| > γ} ?��M��A

­�`{ed�}e F z©nu�ªnr�{�)p}z¨vx±Op}edc��;v��}�x¦¾ybedz£wx`o¬Evx«b�}`bvov4�'­�z£y{�4v)­ ?�ex¯ w{¯
15 × 15 × 3

AG��y{��p}`be
FD

z©n�pr`{e
p}edc��Evx�$��¦+~¶�$��c�e��4z|¿Ted�}edy;t�ex¯'°Veªts��yº��¦©nqv»�xtst�v�c.v4�b��pre3pr`be�td�xnre.v�~��¼c.v)¥oz£ybw¼td��c�es�}��¬om»µ{�$n�p
tdvxc��Eedy{n}�)p}z¨ybw^p}`be��4vxc�z£y{��yBp�z£c��xwxe¼c�v�p}z¨v�y ?�ex¯ w{¯£´ �}ed�{�reMnqesy�p}es�Â¬om���y?�)§�ybe¼c�v�p}z¨v�y c.v4�4es¦�A
­�`{z£t$`�td�xy�¬;eu«;nq«{�x¦¨¦£m3��nrnr«bc�es��prv�¬;eu�}ed¦©�)p}es��prv�p}`beutd�xc�ed�$��c�vxprz£vxy5¯+_G`bedy0´�z¨p td�xy�¬;euts��y{tded¦£¦¨eM�
¬om�tdvxy{nrz©�4ed�}z¨y{w p}`be

DFD
¥��x¦¨«{esn ? ��z©nq�b¦©�xtdes�DÀb�$��c�e �¤z¨¿Ted�}edy{tde A.z£y{n�p}es����vx~¤pr`{e

FD
¥)��¦£«besns¯

f v�y{t�es�ry{z¨ybw3pr`{e*pr`b�}esnr`bvx¦©�¾´4­®e*«{nqeM�
γ = 80

­�`bz©t$`��}esnr«b¦¨p}nGz£y»�3`{z¨w�`b¦¨m�nqes¦¨eMtÄp}z¨¥�e��b�}v4t�eMnrns¯
_G`be
��tÄp}«{��¦5nred¦£est�prz£vxy'vx~�p}`be*�;v�z¨yBp$n�z£n���t$`bz£ed¥xeM�ªz£y»�3w��reses�4m�~���nq`{z¨v�y5´4­�`bed�}e*­ e�nr«{tdtdesn}nqz£¥xes¦¨m

nred¦£est�p
pr`{e'�Evxz£y�p.­�z|p}`¹c�� �4z£c��x¦ td�rz¨pres�rz£vxyº¥)��¦£«bex¯V_0v ��¥�vxz©�Vpr`{��p.��¦£¦X�Evxz£yBp}n3���}e'nqes¦¨eMtÄp}es�^~¶�}vxc
�x¬;v�«4p
p}`be'n}��c�eª�Ev�nrz|p}z¨v�y{nd´+��y;�º`bedy{tdex´�prv�esy{nr«b�reªpr`{��p
pr`besm^�x�reªnr«4§ªt�z£edyBp}¦¨mºnq�{�reM�x�^v)¥xes��pr`be
­�`{vx¦£e¤¥oz£�bedv�nqeswxc�edyBps´o­®eJnr«{tst�esn}nrz¨¥�ed¦£m3c��xnr³.pr`be�nr«b�}�rv�«by{�4z£ybw
vx~0ed¥�ed�}m�nred¦£est�preM�ªz£y�p}ed�}esnqp®�Evxz£yBps¯
��tst�v��}�4z£ybw�¦¨m�´xp}`be�t��}z|p}ed�}z¨v�y

A(p, t)
z©nGe �4�b¦£z£tdz|p}¦¨m�c�v4�4z¨µ{es���)~Ápres�Ges�xt$`�nqes¦¨eMtÄp}z¨v�y'z£y'p}`be�nqesy{nqe�pr`;�)p

�x¦¨¦
FD

¥��x¦¨«{esn�z¨yº�ªybesz¨w�`o¬;v�«b�r`{vBv4� F ′ v�~Ip}`be�nqes¦¨eMtÄp}es��z£yBpres�reMn�pJ�;v�z¨yBp����}e3nre�pJprv�²ded�}v{¯��ÃyVvx«b�e �4�;es�rz£c�edyBp}ns´4pr`{z£n�c���nq³ F ′ `;�xnG¬Eededy�t$`{v�nredy¼nq«{t$`�p}`{�)p�p}`be�¬b¦£vot$³4n B ­�`{z£t$`»���}e*z¨yBp}�rv4�4«{tdes��z£y
nr«b¬{nrest�prz£vxy < ¯ < �4v�ybv�p�v)¥xes�r¦©���0¯

_G`be�nqes¦¨eMtÄprz£vxy½�{�rv4t�eMnrn
z£n
nqprv��b�Ees�¹��n
nqvov�yº��n*pr`{e�t��}z¨pred�}z£vxyº¥)��¦£«be�~���¦£¦©n�¬;es¦¨v)­ �¼p}`b�}esnr`bvx¦©�
�}ed¦©�)p}z¨¥�e*prv'pr`be.z¨y{z|p}z£�x¦�td�rz¨pres�rz£vxy»c�� �4z£c�«bc¼´EzO¯ ex¯£´

β max(p,t) A(p, t)
´¾­�`bz£¦£e�­®e
«{nres�

β = 0.01
z£y

p}`be�e �4�Eed�}z¨c�esy�p$nd¯
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Nodding

 0

 70

 0  384

t-
di
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x-dimension

Drinking

À�z£wx«b�}e � B �Ã¦¨¦£«{nqpr�$�)p}z¨v�y v�~
p}`be^�;v�z¨yBp»t�¦£vx«{�bn ?¶�{�rvx��estÄp}z¨v�y vxyBp}v¹pr`{e �opq±9�b¦©��ybeHA�~¶v��'p}`be^td¦£��nrnresn
� ybv4�b�4z£ybw�� ?�¦¨ed~Áp0A3��y{� � �4�}z£yb³oz¨ybw�� ?¶�}z¨w�`�p�AÄ¯��ÃyDtd��nqeªvx~ � �b�rz£yb³oz¨y{w��Ä´0p}`be�nr«b¬4��eMtÄp�wx�$��¬{n*p}`be'w�¦£��nrn
vx~J­G�)p}ed�M´��4�rz£yb³4nª�xy{�D�b«4p}n'z|p�¬{�xt$³Â­�`bz£t$` �}esnr«b¦¨p}n�z£y pr`beVnq`bv)­�y ¦£e�~Ápr±=�}z¨w�`Bpq±9¦¨ed~Ápª�{�)prpred�}y5¯j�¤n
� ybv4�b�4z£ybw��Jz©n���«{n�p¤�.�}v�p$�)prz£vxy�v�~�pr`be�`{es�x�5´{nq«;t$`��.�{��pqpres�ry¼td�xybybvxpG¬Ee�vx¬;nqes�r¥�es�¾¯

��� � � "A!��<)�� $ 7 "�� !, 
<5�� 7 "/�*!#$A� 7@5
_�v�t$`{�x�}��tÄpres�rz£²de.c�v�p}z¨v�y¹t�vxyBp}edyBp
z¨y½¥oz©�4edv;´�z¨p3nredesc�n
y{�)p}«b�}�x¦¨¦£m�p}v�nqv�c�ed`bv)­ �4esn}t��}z£¬;e�p}`be�pr�$�)±
��eMtÄp}vx�}m¹v�~�pr`be»c�v)¥oz¨y{wVv�¬4��est�p}n�z£yÂp}`be»z£c��xwxe»nres¸B«bedy;t�ex¯ B¤v)­ es¥xed�M´[p}`be»�4e�p}estÄp}z¨v�y v�~�v�¬4��est�p}n
�xy{��esnqprz£c���prz£vxy¼v�~�pr`{edz£�Gpr�$�)��est�prv��rz£esn®z©nu�.ybvxy�pr�}z£¥Bz©��¦¾�{�rv�¬b¦¨esc¼¯�Buedy;t�ex´{­ e�«{nre���c�«{t$`¼nrz¨c��b¦£ed�
�besn}t��}z¨�4p}vx�J­�`bz©t$` p}�rz£esnJp}v¼ts���4p}«b�}e�p}`be�nq�{��prz£v�±=presc.�Evx�$��¦+es¥xvx¦£«4p}z¨v�y v�~ pr`be�z£yBpred�}esnqp��;v�z¨yBp$nd¯.°Ve
tdvxy{nrz©�4ed��p}`be < �(�Evxz£yBp3t�¦£vx«;� ?�nrede�À�z£w{¯ � A�wxesybed�$�)p}es�^¬om p}`be�nred¦£est�preM�ºz¨yBpres�reMn�p3�;v�z¨yBp}n3z£y½pr`be
¥�vx¦£«bc�eJ~¶vx�}c.eM��¬Bmªpr`be�z£c���wxe
nres¸B«besy{t�e�¯Xkoz£y{t�e�­®e����}eJy{v�puz£y�p}ed�}esnqpreM��z£y�pr`be
�x¬{nrvx¦£«4pre*�Ev�nrz|p}z¨v�y
vx~Gpr`be�c.v)¥oz£ybw»vx¬b��estÄp$n ?O�xn
­®e'�4v ybv�p��xn}nq«bc�e�p}`be'¥oz©�4edv nredw�c�edyBp}n
prv�¬Ee��x¦¨z£wxybeM��AÄ´�¬b«4p.vxyb¦£m
��p�p}`bedz£�
nr�{�)p}z¨vx±Op}edc��;v��}�x¦�es¥xv�¦¨«4p}z¨v�y5´¾­®e3­�z£¦¨¦[�}e�~¶es�Jpr`be�c�es��nq«{�resc.esyBp}n��res¦£��prz£¥¼prv�pr`be�tdedyBpres�Jvx~
w��}��¥oz¨p�m�v�~�pr`beMnqe*�Evxz£y�p$nd¯

_�vÂ�4eMnrtd�rz£¬Ee�pr`{eV�Evxz£yBp�t�¦£vx«;�¾´¤­®e t�v�y{nrz£�4es�'~¶v��'eM�xt$` z£yBpred�}esnqp��Evxz£yBp
pi = (xi, yi, ti)

pr`be
~¶v�¦¨¦£v)­�z£ybw3c�eM�xnr«b�resc�edyBp

ν(pi) = (xi − x̄)g(yi − ȳ)h(ti − t̄)l ?q�x� A
vx~Ivx�$�4ed�

o = g + h + l
´T­�`bes�re�?

x̄, ȳ, t̄
A¤z©n¤p}`be�t�edyBp}ed�¤vx~Xwx�$��¥oz|p�m�v�~ �x¦¨¦�z£y�p}ed�}esnqp��Evxz£yBp}ns¯'B¤edy{tdex´

­®e�ts��y�td�x¦£td«b¦©�)pre
��~¶es�)p}«b�}e
¥xeMtÄprv���~¶vx�¤es�xt$`»z£yBpres�reMn�p¤�Evxz£yBp
pi
­�`bed�}e�p}`be��4z¨¿Ees�resyBpJt�v�c��;v�ybedyBp}n

v����4eMnrtd�rz£�4prv��}n�tdvx�}�reMnq�Evxy;��p}v �4z¨¿Ees�resy�p.t�vxc3¬bz£y{�)p}z¨v�y{n�v�~
g, h

�xy{�
l
¯��Ãy½vx«b��e �4�;es�rz£c�edyBp}ns´�­ e

tdvxy{nrz©�4ed��t�v�c�¬bz£y{��prz£vxy{nG­�z¨pr`
o = 1 . . . 6

¯
� ¥�edy»p}`bvx«{wx`¼pr`{esnre�c�es��nq«b�}edc�esy�p$n�­®ed�}e�z¨y{nr�bz£�reM�¼~¶�}vxc pr`be.td��¦©t�«{¦£��prz£vxy¼v�~Ic�vxc�esy�p$nd´{pr`bes�re

�x�reInrvxc�eXnr«b¬4p}¦¨e®�4z¨¿Ees�resy{t�eMnd¯��9~b­ eI­®vx«{¦£��tdvxc��{���}e[¥oz£�bedv¤nredw�c.esyBp}n5«;nqz£ybwuc�vxc�esy�p$nd´�z=¯ e�¯5p}`be nr«bc
vx~5pr`{e*tdvxc��b«4p}es�'¥��x¦¨«{esns´B­®eJ­ v�«b¦£�'�r«{y'z£y�p}v�p}`be*�b�}vx¬b¦£edc pr`;�)pGpr`beJ¥)���}z£��prz£vxy�v�~5p}`beJ�bz|¿Ted�}edy{tdesn
vx~[c.v�c�edyBp}n�v�~I�4z¨¿Ees�resyBp�vx�$�4es�}nu�x�re�ybv�pJes¸B«{��¦=´{­�`{z£t$`�c��x³xesnupr`be.�4e�µ;ybz|p}z¨v�y�v�~I�xy ���b�{�rv��b�rz©�)p}e
�bz£nqp}�xy{t�e�c.eM�xnr«b�}eu�b�}vx¬b¦£edc��)p}z£tx¯[_G`bz£n `bv)­®ed¥�ed�Xz©n®t��}«{t�z©��¦;~¶vx� pr`be*t�¦©�xn}nX�bed�Eedy{�4esyBp®­®edz£wx`Bprz£ybw;¯+�
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nrestdvxy{�V�4z¨¿Ees�resy{t�e.z£n�p}`{�)p*pr`{e�µ{�$nqp*v��}�bed�J¬{���}m4t�edyBp}�rz©t�c�vxc�edyBp$nJ�x�re���¦£­G��mon¤²des�rv�¬om��4e�µ{y{z|p}z¨v�y
�xy{���4v
ybvxpImoz¨es¦£���xyBm3z¨yb~¶vx�}c���prz£vxy5¯��Ãyªt�v�yBpr�$�xnqps´)p}`be�µ{�$n�pIv��}�bed�Ic�es��nq«{�resc.esyBp+­®e¤tdvxy{nrz£�bed�[`{��¥�e
nr`bv)­�y�«b��prv�¬Ee
�4z£n}t��}z£c.z£y{��prz£¥xe!?¶¬om'¦£vovx³oz¨y{w���pGpr`be�­®edz£wx`Bprz£ybwBn�A�¯

����� � 7,$A� 7@5 
 5>$ )45 �<� $'& 
 5 � 7 "/�*!#$ ��7@5
_G`{e�c�v�p}z¨v�y z£y�p}edy{nrz¨p�m ?�¥xes¦¨v4t�z¨p�m,A�z©n*��ybvxpr`bes�¤z£c.�Evx�rp}�xyBpJnrvx«b�$t�e3v�~Iz£y4~¶vx�}c��)prz£vxy�prv�t$`;���$�xtÄp}ed�}z¨²se
c�vxprz£vxy�es¥xedyBp$nd¯��9~X­®e�t�vxy;nqz©�4ed��~¶vx�Je �b�xc.�{¦¨e��ª­G��¦£³oz¨ybw���y{�V�'�}«byby{z¨ybw��;es�}nrvxy0´;p}`be.pr�$�)��eMtÄprv��rm
�besn}t��}z¨�4p}vx�Xtdvx«b¦©���b�}vx¬{�x¬b¦£m�ybvxpX¬;e�¥xes�rm.�4z|¿Ted�}edyBpM´�­�`bes�reM�xnI�
¥xed¦£v4t�z¨p�mB±=�}ed¦©�)p}es�.�4esn}t��}z¨�bprvx� nq`bv�«b¦©�
¬Eex¯ °^e^`{��¥xe ���b���bpres� pr`beºn}t�edy{e c�v�p}z¨v�y t$`{�x�}��tÄpres�rz£²s��prz£vxy z£y�p}�rv4�4«;t�es� ¬Bm D �
G*prvDvx«{��¦£v4td��¦
�x�b�b�}v���t$`5¯�_G`beJ`bz©n�p}vxw��}�xc·vx~5pr`be*t�v�y{nrz£�4es�reM��¦£v)­G±=¦£ed¥�ed¦{c�vxprz£vxy�~¶eM�)pr«{�reMnXz©n®ybv�¦£vxybw�ed�Gt�v�c.�{«4preM�
v)¥�ed�Xpr`be*­�`bv�¦¨eJ¥oz£�4esv.nredw�c�edyBps´4¬b«bpGz£y��.¬b¦£v4t$³ Bi

vx~�nrz¨²se
32× 32× 5

nq«b�}�}vx«by{�bz¨ybw�pr`beJz£y�p}ed�}esnqp
�Evxz£yBp

pi
´b­�`bed�}eJpr`be
tdvxy{nrz©�4ed�}es�'c.vxprz£vxy�~¶es��pr«b�}e�z£n®p}`be
��¥xes�}�xwxeM��ybvx�}c���¦��{v)­ c��xwxybz¨pr«;�4e

v̄(p, t) =

∑
q∈W(p) ‖∇I(q, t)‖2 · |vn(q, t)|

max
(
|W|η2,

∑
q∈W(p) ‖∇I(q, t)‖2

) ?q�M� A

­�`{ed�}e W z£n®�
3× 3

ybesz¨w�`B¬Evx«{�r`bvov4��­�z£y{�4v)­�´
η2 z©n®�
ybv�z£nre¤�}ed¦©�)p}es�.pr`{�reMnq`bv�¦£�'��y{� vn = −∂I/∂t

||∇I||

¯
�¤w��xz¨y5´B­®eJtdvx«b¦©�ª�xtst�v�c.v4�b��pre¤ts��c�ed�$��c�v�p}z¨v�y5´oz|~���yomx´o¬om�t�vxy;nqz©�4ed�}z£ybw�pr`{e��}esnrz£�b«{��¦Eybvx�}c���¦��{v)­
c��xwxybz¨pr«{�bex¯

��n*�b�rv��;vBnqeM��z£yID �
G9´¾p}`bz£n��bz£nqpr�}z¨¬{«4prz£vxyVz£n*c�v4�4ed¦£es�V­�z¨pr`º��c�z��opr«b�}e��4z£nqpr�}z£¬b«4prz£vxyVv�~G����z¨�$�xt
�{«b¦£nre3��p¤²des�rvE?�t�v��r�}esnr�Evxy{�4z£ybw�p}vªpr`{e3nrmBc3¬;v�¦¨z©t
nqp}��pre � ybvªc�vxprz£vxy ����y;���'tdvxyBprz£yo«bvx«{nu�{���rp��}ed�4±
�}esnredyBp}z¨ybwªpr`be3�reM��¦0c�vxprz£vxy�¥)��¦£«beMnd¯u�ÃyVt�vxyBp}�}��n�pup}v D �HG9´;p}`be�t�vxyBp}z¨yo«bv�«{n��{�x�qpJz£n�c�vo�bed¦£es�»­�z¨pr` �
¦£vxwx±=y{vx�}c��x¦4�4z£nqpr�}z£¬b«4prz£vxy0´�¬Eests��«{nreGpr`bes�re�­�`{ed�}e�vx¬{nred�}¥)�)prz£vxy;n+­�`bed�}eGpr`be¤²ded�}v�±Ãt�esyBpred�}es��h*��«;nrnrz£�xy
�}esnqpr�}z©tÄpreM��prv

(0,∞)
­G�xnIy{v3¦£vxybw�ed�®nq«bz¨p}�x¬b¦£e�?Onqese�À�z¨w;¯I� A�¯��9p�td�xyª¬Ee�e �o�{¦£�xz¨ybeM�ª¬om.pr`be�~��xt�p p}`{�)p

p}`be�¬b¦£v4t$³onG�x�re*�b¦©�xtdes��vxy¼�reswxz£vxy{n®­�z¨pr`¼�$�)pr`{ed�G`bz£wx`¼c�v�prz£vxy¼�xt�prz£¥oz|p�m�¯�°^e�wxedp

P [v|Bi] = λδ0(v) +
1 − λ

v
√

2πσ
e
− 1

2

„

log v
m

σ

«2

�
(v>0)

?q� < A

_G`{eJc�� �oz£c�«{c(¦£z¨³�ed¦£z¨`bvov4��esnqprz£c���prz£vxy�v�~�pr`be��;���$��c�e�p}ed�$nXz©n

λ̂ =
1

M

∑

v∈B

�
(v≤ε)

?q� � A

m̂ = exp(µ̂)
­�z|p}`

µ̂ =
1

M̄

∑

v∈B,v>ε

log v
?���� A

σ̂2 =


 1

M̄

∑

v∈B,v>ε

log2 v


 − µ̂2 ?q�s��A

­�`{ed�}e
M

z©n�pr`be.prvxp}�x¦�yo«bc3¬;es�*v�~ n}��c��b¦£esnJz£y�pr`{e.¬{¦¨v4t$³ Bi
��y{�

M̄
z£n�p}`be�yB«{c�¬Eed�Jv�~®n}��c��b¦£esn

­�z¨pr`
v > ε = 0.1

¯
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vres

the three typical types of distributions of vres
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Type I
Type II

Type III

À�z£wx«b�}e�� B k4vxc�e®p�mB�{z£ts��¦4e �b�xc.�{¦¨eMn+v�~;v4tst�«b�}�resy{t�eG�4z©n�p}�rz£¬b«4p}z¨v�y{n P [v̄|B]
v�¬4p}�xz¨ybeM�
~¶�}vxc pr`beGp}esnqpres�

¥oz©�4edv��b��p}�x¬{�xnresns¯

� � �*!��������?�
���3! ������
0
0� ���®�*!������

_G`{e'�Eed�r~¶vx�}c��xy{t�e�v�~uv�«b�3c�edpr`bv4�¹`;�xn3¬;esedy�es¥)��¦£«{�)p}es�¹v�y½p�­®vV�4z¨¿Ees�resyBp3¥oz£�bedvV�{�)p}�x¬{�xnresn
~¶vx�
p�­®v½ed¥�edyBp'�}estdvxwxy{z|p}z¨v�yD�{�rv�¬b¦¨esc�nd¯ ��nªp}`beVts��c�ed�$�ºz£nªµ��4es� z£y ¬Ev�pr` td�xnresns´G­ e^�4v¹ybvxp'`{��¥�e
p}v t�v�c��;esy{nr��pre�~¶v��3ts��c�ed�$�¼c�v�prz£vxy0¯¼À{vx��pr`be�ed¥)��¦£«{�)p}z¨v�y½­ e'«{nqeM�½�»¦£es��¥xed±=v�ybe�±9vx«bpJ¥)��¦£z©�b�)p}z¨v�y
nqpr�$�)p}edw�m B � �xt$`�¥oz©�4edv¼nqeswxc�edyBpJ`{�xn�¬;esedy^t�¦©�xn}nqz¨µ{es��¬{�xnres� vxy»p}`be3�}edc��xz¨ybz£ybw�vxybeMnd¯�_G`be�nqedpJvx~¦£v4td�x¦0�4esn}t��}z£�4prv��}nGz£y{t�¦£«{�4eMnG~¶vx�¤es�xt$`¼z£yBpred�}esnqpu�Evxz£y�p�?¶vx��¬{¦¨v4t$³,A®pr`{e�pr�$�)��eMtÄprv��rmª�besn}t��}z¨�4p}vx�$nG«b�¼prv
v��}�bed�

6
��y;��pr`{e�p}`b�}ede¤c�vxprz£vxy'z£yBpresy{nqz¨p�mª�4eMnrtd�rz£�4prv��}n

λ, m, σ
?�vx�®�{���rp®vx~5pr`{edc#�xtst�v��}�4z£ybw�prv3pr`be

e �4�;es�rz£c�edyBp}n�ts���}�rz£es�'vx«4p�AÄ¯

�;��� � )4� $A-."A)�����:;)+7�� !#$�! 0 ! �<)
_G`{e µ;�}nqpIt�vxy;nqz©�4ed�}es�3�b�)p$��¬{��nqe�tdvxy{nrz£nqp}n�vx~;`o«bc���y.wxeMn�p}«b�reMn ?�nrede�À�z¨w;¯���AÄ¯[_G`bed�}e����}e®nrz��3�4z¨¿Ees�resy�p
td¦£��nrnresns´¾z=¯ e�¯¨´ � nr`{��³oz£ybw'v�ybe � n*`beM�x� �Ä´ � ybv4�b�4z£ybw��Ä´ � t�¦©���b�bz£ybw�`{��y;�bn �Ä´ � ��y{nr­®ed�}z¨ybw'pr`be��b`{vxybe ����y;�
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87.5 6.2 6.2

16.1 64.5 6.5 3.2 9.7

3.2 3.2 77.4 16.1

1.8 3.5 10.5 82.5 1.8

6.5 6.5 87.1

3.4 6.9 89.7

Shaking

Nodding

Clapping

Waving
Phoning

Drinking

Shaking

Nodding

Clapping

Waving

Phoning

Drinking

84.4 12.5 3.1

3.2 74.2 6.5 12.9 3.2

96.8 3.2

1.8 1.8 96.5

3.2 6.5 90.3

6.9 93.1

Shaking

Nodding

Clapping

Waving
Phoning

Drinking

Shaking

Nodding

Clapping

Waving

Phoning

Drinking
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­®edz£wx`Bp}z¨ybw�nrz¨w�ybz|µEtd��yBp}¦¨mªz£y{td�reM�xnres��p}`be
t�¦©�xn}nrz|µ;ts�)p}z¨v�y'�$�)pre*¬om

8%
prv

89%
¯

_G`be��reMnq«{¦|p$n
«{nrz¨y{w»pr`be��4esn}t��}z¨�bprvx�$n
ts���4p}«b�rz£ybw�z£y4~¶v��rc��)p}z¨v�y¹��¬Evx«4p�pr`be�c.vxprz£vxy½z£yBpredy;nqz¨p�mVvx~
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3.1 89.2 7.7

34.7 20.4 44.9

Shot
Layup

1−1

Shot
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98.2 0.9 0.9
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16.3 12.2 71.4

Shot
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