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Using XQuery to Build Updatable XML Views Over Relational Databases

Abstract
XML has become an important medium for data exchange, and is frequently used as an interface to - i.e. a view
of - a relational database. Although much attention has been paid to the problem of querying relational
databases through XML views, the problem of updating relational databases through XML views has not been
addressed. In this paper we investigate how a subset of XQuery can be used to build updatable XML views, so
that an update to the view can be unambiguously translated to a set of updates on the underlying relational
database, assuming that certain key and foreign key constraints hold. In particular, we show how views defined
in this subset of XQuery can be mapped to a set of relational views, thus transforming the problem of updating
relational databases through XML views into a classical problem of updating relational databases through
relational views.
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c defghijkflhe
mno pqr stuvwt qx ywzv{|qx| wt}y~w �v{ }q|q t�upqx�t� qx} yr �{t�~tx|�� ~rt} qr qx yx|t{�qut |v � y�t� q
�yt� v� � q {t�q|yvxq� }q|qsqrt� n~up q||tx|yvx pqr sttx zqy} |v |pt z{vs�tw v� �~t{�yx� {t�q|yvxq� }q|qsqrtr
|p{v~�p mno �yt�r ���� ��� ��� �y�tx q �~t{� yx rvwt mno �~t{� �qx�~q�t� pv� yr |pt �~t{� |{qxr�q|t} |v qx
��o �~t{� q�qyxr| |pt {t�q|yvxq� yxr|qxut qx} |pt {tr~�| |ptx wqxyz~�q|t} |v z{v}~ut qx mno {tr~�|� �v�t�t{�
|pt z{vs�tw v� ~z}q|yx� |pt {t�q|yvxq� }q|qsqrt |p{v~�p qx mno �yt� pqr xv| sttx q}}{trrt}� �y�tx qx ~z}q|t
|v qx mno �yt� t�z{trrt} yx rvwt mno ~z}q|t �qx�~q�t� pv� yr |pt ~z}q|t |{qxr�q|t} |v qx ~z}q|t vx |pt
{t�q|yvxq� yxr|qxut� �x zq{|yu~�q{� q{t |pt{t u�qrrtr v� mno �yt�r �pyup q{t ��������� �v{ q �y�tx |�zt v� ~z}q|t
�yxrt{|yvx� }t�t|yvx v{ wv}y�uq|yvx  yx |pt rtxrt |pq| |pt mno ~z}q|t uqx st |{qxr�q|t} |v qx ~z}q|t vx |pt
{t�q|yvxq� yxr|qxut �pt{t |pt vx�� |~z�tr q¡tu|t} q{t |pvrt �pv uvwz�t|t�� rq|yr�� |pt ~z}q|t rztuy�uq|yvx�

¢v{ t�qwz�t� uvxry}t{ |pt }q|qsqrt v� ��~{t £ �pyup uvx|qyxr yx�v{wq|yvx qsv~| q~|pv{r� uvx�t{txutr� zqzt{r
qx} svv¤r� ¥x mno �yt� v� |pyr }q|qsqrt �pyup �{v~zr zqzt{r z~s�yrpt} s� �tq{ �v{ tqup q~|pv{ yr rpv�x yx
��~{t ��q � �~zzvrt �t �yrp |v upqx�t |pt |y|�t v� nq{� ¦vxtr§r zqzt{ �y|p y} �̈©¨� qx} {t�t{txut |pyr t�twtx|
yx |pt ~z}q|t rztuy�uq|yvx s� ~ryx� |pt zq|p t�z{trryvx ª«¬­®¯°ª±®°²³« µ́¶·¸¹º¹»ª¼±¼¬«­ª¼±¼¬« µ́¶·¸¹½¾¹»ª°¶°¯¬�
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¢y�~{t £� �qwz�t }q|qsqrt
�yxut åpq{�tr �{ttx yr q�rv q uvæq~|pv{ v� |pyr zqzt{� |{qxr�q|yx� |pyr ~z}q|t |v |pt {t�q|yvxq� }q|qsqrt �v~�}
{tr~�| yx åpq{�tr �{ttx§r �© zqzt{ q�rv styx� ~z}q|t} yx |pt mno �yt�� çpyr �yt� yr |pt{t�v{t xv| ~z}q|qs�t �y|p
{trztu| |v |pt �y�tx ~z}q|t� �v�t�t{� y� �t ~z}q|t |pt |y|�t v� |pt zqzt{ �y|p y} �̈©¨ ~ryx� |pt zq|p t�z{trryvx
ªª¼±¼¬« µ́¶·¸¹½¾¹»ª°¶°¯¬ �y�t� vwy| |pt q~|pv{ yx |pt ~z}q|t zq|p  xv r~up ry}tæt¡tu|r �v~�} vuu~{� �yxut �t q{t
xv| rztuy��yx� |pt q~|pv{ yx |pt ~z}q|t zq|p t�z{trryvx� q�� |y|�tr v� zqzt{r �y|p y} �̈©¨ �v~�} st q�|t{t} yx |pt
�yt�� qx} xv ry}t t¡tu|r �v~�} vuu~{�

�x z{t�yv~r �v{¤ �è�� �t q}}{trrt} |pyr z{vs�tw s� uvxry}t{yx� |pt xtr|t} {t�q|yvxq� q��ts{q �é©¥  ��£� qr |pt
�qx�~q�t }t�xyx� |pt mno �yt�� qx} rpv�t} |pq| qx é©¥ �yt� uqx st wqzzt} |v q {t�q|yvxq� �yt�� �x }vyx�
rv� �t �t{t qs�t |v s~y�} ~zvx z{t�yv~r �v{¤ vx ~z}q|tr |v {t�q|yvxq� �yt�r �£è� ���� qx} wqz q xt� z{vs�tw
�~z}q|yx� {t�q|yvxq� }q|qsqrtr |p{v~�p é©¥ �yt�r  |v q �t�� r|~}yt} z{vs�tw�

¥�|pv~�p |pt é©¥ uqz|~{tr wqx� trrtx|yq� qrztu|r v� mno� yx zq{|yu~�q{ |pt xv|yvx v� |~z�tr qx} xtr|yx�� y|
}vtr xv| uqz|~{t v|pt{ qrztu|r v� mno� yx zq{|yu~�q{ |pt qsy�y|� |v u{tq|t pt|t{v�txtv~r rt|r �v{ �yr|r � ¥r q rywz�t
t�qwz�t� uvxry}t{ |pt mno �yt� v� ��~{t ��s � �pyup �yr|r zqzt{r �ê� �ëëìí z~s�yrpt} s� �tq{� �yxut |pt xtr|t}
rt| yr pt|t{v�txtv~r �zqzt{r qx} svv¤r pq�t }y¡t{tx| q||{ys~|tr � |pyr uqxxv| st rztuy�t} yx |pt é©¥� �v�t�t{�
r~up q �yt� yr tqry�� }t�xt} yx r|qx}q{} mno �~t{� �qx�~q�tr�

�x |pyr zqzt{� �t |pt{t�v{t uvxry}t{ q r~srt| v� m�~t{� �î� �pyup q��v�r xtr|yx� qr �t�� qr pt|t{v�txtv~r rt|r�
qx} rpv� pv� ~z}q|tr v�t{ mno �yt�r q{t z{vzq�q|t} |v |pt ~x}t{��yx� {t�q|yvxq� }q|qsqrt� çpt ¤t� vsrt{�q|yvx
yr |pq| mno �yt�r �y|p pt|t{v�txtv~r rt|r uqx st wqzzt} |v q í�� v� xtr|t} {t�q|yvxq� �yt�r� ¢v{ t�qwz�t� |pt
�yt� yx ��~{t ��s  uqx st wqzzt} |v q rt| uvxryr|yx� v� |pt xtr|t} {t�q|yvxq� �yt� v� ��~{t ��q  qx} y|r uv~x|t{zq{|
uvx|qyxyx� vx�� svv¤ yx�v{wq|yvx s� �tq{ �v{ tqup q~|pv{� ïz}q|tr |v r~up mno �yt�r uqx |ptx st wqzzt} |v q
rt| v� ~z}q|tr |v |pt ~x}t{��yx� xtr|t} {t�q|yvxq� |qs�tr�

ðt upvrt m�~t{� qr |pt mno �~t{� �qx�~q�t ryxut y| yr �y}t�� quutz|t}� qx} yr stuvwyx� rvwt�pq| v�
q r|qx}q{}� ðt q�rv sv{{v�t} rvwt y}tqr �{vw ��om �£ñ�� qx t�|txryvx |v ��o styx� }t�t�vzt} s� �éå�ç�
�òóóô õöö÷÷÷ øùúûóüøýþÿöóú�òý��öò�øòó� � �t ~rt |pt ��om {tz{trtx|q|yvx �v{ {t�q|yvxq� |qs�tr �«³� � qx}
}t�xt qx yxz~| �~xu|yvx |v m�~t{� uq��t} °±�¯¬ |v quutrr {t�q|yvxq� |qs�tr� çpyr �~xu|yvx� pv�t�t{� yr r�y�p|��
}y¡t{tx| �{vw |pt vxt z{vzvrt} yx ��om�

çpt r|{~u|~{t qx} uvx|{ys~|yvxr v� |pyr zqzt{ q{t�
£� �tu|yvx �� çpt }t�xy|yvx v� q r~srt| v� m�~t{� �v{ t�|{qu|yx� ~z}q|qs�t mno �yt�r �{vw {t�q|yvxq�
}q|qsqrtr� çpt r~srt| yr q~�wtx|t} �y|p |�v xt� �tq|~{tr� q �~xu|yvx °±�¯¬ |v t�|{qu| }q|q �{vw {t�qæ|yvxq� rv~{utr qx} |{qxr�v{w |~z�tr yx|v q rt| v� mno xv}tr� qx} q wqu{v vzt{q|v{ �¬­° |v �quy�y|q|t xtr|yx��
év|t |pq| �¬­° }vtr xv| q}} qx�|pyx� |v |pt �qx�~q�t� qx} |pq| �~t{ytr uvx|qyxyx� �¬­° uqx st wqzzt} |v
m�~t{��

�� �tu|yvx î� ¥ wt|pv} �v{ wqzzyx� mno �yt�r |v q rt| v� {t�q|yvxq� �yt�r� çpt {t�q|yvxq� �yt�r uqx |ptx st
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¢y�~{t �� �q  étr|t} {t�q|yvxq� mno �yt� �s  mno �yt�
~rt} |v uptu¤ �v{ mno �yt� ~z}q|qsy�y|��

î� �tu|yvx �� ¥x v�t{�yt� vx pv� ~z}q|tr yx|v mno �yt�r q{t |{qxr�q|t} |v ~z}q|tr vx |pt uv{{trzvx}yx�
{t�q|yvxq� �yt�r�

©t�q|t} �v{¤ yr �y�tx yx rtu|yvx è� qx} rtu|yvx = uvxu�~}tr |pt zqzt{ �y|p q r~wwq{� qx} �~|~{t {trtq{up�

> ? @jA@Bf hC DEjBgF fh AjlGi DHI JlBK@

L~{ �vq� yr |v �x} q r~srt| v� m�~t{� �pyup z{v}~utr ~z}q|qs�t mno �yt�r� ¥r rpv�x yx �è�� |pyr r~srt| rpv~�}
ut{|qyx�� yxu�~}t �~t{ytr �pyup z{v}~ut xtr|t} {t�q|yvxr� �v�t�t{� �t �yrp |v s{vq}tx |pyr |v �~t{ytr �pyup q��v�
w~�|yz�t rt|r �y|pyx q xtr|t} uvwzvxtx|� ðt uq�� r~up mno �yt�r M�t��æstpq�t}N yx |pt rtxrt |pq| |pt� uqx st
wqzzt} |v q rt| v� uv{{trzvx}yx� {t�q|yvxq� �yt�r� �pvrt ~z}q|qsy�y|� uqx st {tqrvxt} qsv~| ~ryx� tr|qs�yrpt}
|tupxy�~tr�
OPQRSRTRUS V W X��� ��Y�Z�� [\] Z^�X ^í �ê [\] �_�� �`�_�a��� b_ëc � _����^ëê�� ������í� X^�Y �Y� bë��ëX^êd
��í�_�a� �e�� τ f

τ g E0 f {E1 : τT }, . . . , {En : τT }h n > 1

τT g [E1 : τ1, . . . , Ek : τk, {Ek+1 : τT }, . . . , {Ek+m : τT }] ik > 1h m > 0
j �ê� τi (1 6 i 6 k) ^í τS

ë_ τC k
τC g [E1 : τ1, . . . , Ek : τk] ik > 1

j �ê� τi (1 6 i 6 k) ^í τS
ë_ τC

iXY�_� lmkkkn o ��êë��í � ����� �ê� lpkkkq o ��êë��í � í��jk τT
��êë��í � ����� �e��h τC

��êë��í � êëêr_�����^êd
aëc���` �e�� �ê� τS

��êë��í �ê ��ëc^a �e�� i�kdk stuvWwW ë_ uvWwWjk E0
^í �ê ���c�ê� ê�c� ��êë�^êd �Y�

_ëë� ëb �Y� �ëa�c�ê�h �ê� Ei ii > 1
j ^í �ê ���c�ê� ë_ ���_^���� ê�c�k

î



év|t |pq| �t�� stpq�t} �yt�r q��q�r pq�t q {vv| �E0
 � pq�t q| �tqr| vxt {tztq|yx� t�twtx| �{y�p| ~x}t{ |pt

{vv| � qx} |pq| {tztq|yx� t�twtx|r q{t q��q�r }t�ywy|t} s� qx t�twtx| �E1, ..., En
yx |pt }t�xy|yvx v� τ

qx}
Ek+1, ...Ek+m

yx |pt }t�xy|yvx v� τT
 � ðt q}vz| |pt uvx�tx|yvx |pq| q||{ys~|t xqwtr r|q{| �y|p MxN�

yzU{U|RTRUS V }[~��_e Z^�Xí �_� ��X�eí X��� ��Y�Z��k
t_ëëb � çpt z{vv� v� |pyr z{vzvry|yvx yr sqrt} vx |pt r�x|q� qx} rtwqx|yur v� ïm�~t{�� ðt zvr|zvxt |pyr z{vv�
~x|y� |pt tx} v� |pyr rtu|yvx�

�x v~{ wqzzyx� qzz{vqup� y| �y�� st ywzv{|qx| |v {tuv�xy�t xv}tr v� |�zt τT
q�� v� �pvrt }trutx}qx|r q{t

xvxæ{tztq|yx� xv}tr �τS
qx}�v{ τC

 � ¢v{ |pyr {tqrvx� �t �y�� {txqwt r~up τT
xv}tr |v τN

�
¢v{ t�qwz�t� |pt �yt� yx ��~{t ��s  yr �t�� stpq�t}� ðt rpv� |pt ruptwq v� |pt �yt� st�v�� �y|p |pt qsr|{qu|

|�zt v� tqup t�twtx| rpv�x |v |pt {y�p|� év|t |pq| |pt t�twtx| ����_í pqr |~z�tr v� |�v }y¡t{tx| |�ztr �����_
qx} �ëëì � ¥}}y|yvxq���� ����_ qx} �ëëì q{t {tztq|yx� xv}tr �pvrt }trutx}qx|r q{t xvx {tztq|yx� xv}tr� ¢v{ |pyr
{tqrvx� |pty{ |�ztr q{t {txqwt} |v τN

�
������ � �

τ �������� � �
τT ����� � ������ �
τS ������ �������� �
τS ��������� �
τC �������� ��������� �
τS ��������� �
τT ������� � ������ �
τS ������� � �
τN ����� � ������ �
τS ������� �������� �
τS ����� � � ��������¡� �
τS ��¢��£ � �
τN �����¢� � ������ �
τS ������� ��������¡ �
τS ��¡

�
¡
çp{v~�pv~| |pyr zqzt{� �t ~rt |pt uvx�tx|yvx v� {t�t{{yx� |v |pt qsr|{qu| |�zt v� qx t�twtx| s� |pt qsr|{qu|

|�zt |pq| �qr ~rt} |v �txt{q|t y| �v��v�t} s� |pt t�twtx| xqwt� ¥r qx t�qwz�t� |pt qsr|{qu| |�zt v� |pt t�twtx|
�ëëì yr {t�t{{t} |v qr τN i�ëëìj� qx} y|r |�zt �¤ç¤  yr �¥^í�êf uvWwWh �^���f stuvWwW��
yzU{U|RTRUS ¦ wY� �e�� ëb �êe X��� ��Y�Z�� Z^�X c�í� aëê��^ê �� ���í� ëê� τN

êë��k
t_ëëb � çpt z{vv� v� |pyr z{vzvry|yvx �v��v�r �{vw |pt }t�xy|yvx v� �t��æstpq�t} �yt�r �}t�xy|yvx £ � ðt��æstpq�t}
�yt�r pq�t qsr|{qu| |�zt τ

� �pt{t τ § E0

�
{E1 : τT }, . . . , {En : τT }

� �
n > 1 � �yxut |pt uvx}y|yvx �

n > 1  yrywzvrt}� |pt rwq��tr| zvrrys�t �t��æstpq�t} �yt� pqr |pt �v{w τ § E0

�
{E1 : τT }

� év� y| yr xtutrrq{� |v qxq���t
|pt r|{~u|~{t v� E1

� �pvrt |�zt yr τT
� ¢{vw }t�xy|yvx £� �t pq�t |pq| τT § [E1 : τ1, . . . , Ek : τk, {Ek+1 :

τT }, . . . , {Ek+m : τT }]
�
k > 1

�
m > 0  qx} τi (1 6 i 6 k) yr τS

v{ τC
� ¥�qyx� �t|r |q¤t |pt wyxywq� rutxq{yv� �pt{t

�
k = 1

qx} m = 0 � ðt |pt{t�v{t pq�t τT § [E1 : τ1]
� �pt{t

τ1
yr τS

v{
τC
� �~zzvryx� t�twtx| xqwtr A

�
B
qx}

C
� |pt |�zt v� qx �t��æstpq�t} �yt� uvx�v{wyx� |v |pyr r|{~u|~{t �v~�} st�
τ § A

�
{B : τT (B)}

τT (B) § [C : τS ]¥r }t�xt} z{t�yv~r��� τN
xv}tr q{t xv}tr v� |�zt τT

r~up |pq| q�� v� |pty{ }trutx}qx|r q{t xvxæ{tztq|yx� xv}tr�
τS

qx}�v{ τC
 � å�tq{��� |pyr uvx}y|yvx yr rq|yr�t} s� xv}t B

� qx} uvxrt�~tx|�� y|r |�zt yr {txqwt} |v τN (B)�çpt{t�v{t� |pt rywz�tr| zvrrys�t �t��æstpq�t} �yt� pqr vxt xv}t v� |�zt τN
�

�



¢v{ wv{t uvwz�yuq|t} �yt�r� y| yr vs�yv~r |pq| |pt{t �y�� st q| �tqr| vxt xv}t v� |�zt τN
� �| |~{xr v~| |pq|

q �t��æstpq�t} �yt� pqr |v pq�t q| �tqr| vxt xv}t v� |�zt τT
� çpt }t�xy|yvx v� |�zt τT

yr {tu~{ry�t �τT
uqx st

uvwzvrt} v� xv}tr τT
�
τS

qx}�v{ τC
 � çpt {tu~{ryvx vx�� tx}r �ptx q�� upy�}{tx v� q xv}t �y|p |�zt τT

q{t τSqx}�v{ τC
� �yxut |pyr yr |pt uvx}y|yvx |v q xv}t τT

|v st {txqwt} |v τN
� |pyr z{v�tr |pq| t�t{� �t��æstpq�t} �yt�pqr q| �tqr| vxt xv}t τN

�

yzU{U|RTRUS ¨ wY�_� ^í �� cëí� ëê� τN
êë�� ��ëêd �êe ���Y b_ëc �Y� _ëë� �ë � ���b ^ê �Y� ��í�_�a� �e�� ëb � X���

��Y�Z�� Z^�Xk
t_ëëb � �x |pyr z{vv�� �t uvxry}t{ q sv||vwæ~z zq|p �{vw qx� �tq� xv}t |v |pt }vu~wtx| {vv|� ¢v{ |pyr z{vzvry|yvx
|v pv�}� |pt{t w~r| st q| wvr| vxt xv}t τN

q�vx� |pyr zq|p�
¥xq���yx� }t�xy|yvx £� y|§r tqr� |v rtt |pq|�

•
otq� xv}tr pq�t |�zt τS

� çpt zq{tx| v� q �tq� xv}t uqx pq�t |�ztr τC
�
τT

v{ τN
�

•
év}tr v� |�zt τC

uqx pq�t zq{tx| v� |�ztr τC
�
τT

v{ τN
�

•
év}tr v� |�zt τN

uqx vx�� pq�t zq{tx| v� |�zt τT
v{

τ
� �pyup yr |pt |�zt v� |pt }vu~wtx| {vv|� çpt zq{tx| v�

q xv}t v� |�zt τN
uqx xt�t{ pq�t |�zt τN

� ryxut s� }t�xy|yvx� xv}tr v� |�zt τN
q{t |pt vxtr �pvrt upy�}{tx

pq�t |�zt τS
qx}�v{ τC

�
•
év}tr v� |�zt τT

uqx vx�� pq�t zq{tx| v� |�zt τT
v{

τ
� �pyup yr |pt |�zt v� |pt }vu~wtx| {vv|�

©qrt} vx |ptrt {~�tr� r|q{|yx� �{vw q �tq� xv}t� �t uqx pq�t |pt �v��v�yx� zq|p p
|v |pt }vu~wtx| {vv| ��t

rpv� ª~r| |pt |�ztr v� xv}tr yx p � ðt }txv|t q r|tz yx p
s� ¨�¨ �uvwwq � ryxut �t q{t �vyx� sv||vwæ~z � ~ryx�¨�¨ �v~�} z{vsqs�� u{tq|t uvx�~ryvx�

p § τS
�
τC1

�����τCn

�
τT1

�����τTm

�
τ
�
n > 0

qx} m > 1 ��x |pyr zq|p� |pt vx�� uqx}y}q|t v� pq�yx� |�zt τN
yr |pt xv}t �pvrt |�zt yr τT1

� çpyr xv}t �y�� st {txqwt}
|v τN

y� q�� v� y|r upy�}{tx q{t v� |�zt τC
qx}�v{ τS

� ¤trzy|t xv| styx� zvrrys�t |v }t|t{wyxt |pt |�zt v� |pt
upy�}{tx v� |pyr xv}t ª~r| s� �vv¤yx� q| p

� y| yr txv~�p |v ¤xv� |pq| |pyr yr |pt vx�� xv}t |pq| uqx pq�t |�zt τN
�

åvxrt�~tx|��� qr �t �qx|t} |v }twvxr|{q|t� |pt{t yr q| wvr| vxt xv}t v� |�zt τN
yx p�

m�~t{�§r r�x|q� yr �t{� s{vq} qx} pqr �v|r v� vzt{q|v{r� �vwt v� |ptrt vzt{q|v{r æ r~up qr v{}t{ {t�q|t}
vzt{q|v{r æ }v xv| {tq��� wq¤t rtxrt �ptx �t q{t z{v}~uyx� �yt�r v� {t�q|yvxq� }q|qsqrtr yx �pyup |pt{t yr xv
yxpt{tx| v{}t{� ¢~{|pt{wv{t� q��{t�q|t vzt{q|v{r u{tq|t qwsy�~y|� �ptx wqzzyx� q �y�tx �yt� |~z�t |v |pt
~x}t{��yx� {t�q|yvxq� }q|qsqrt� ðt �y�� |pt{t�v{t y�xv{t v{}t{yx� vzt{q|v{r qx} v~|�q� q��{t�q|t vzt{q|v{r� çpyr
wtqxr |pq| |pt ~rt v� ¯¬° yx v~{ r~srt| v� m�~t{� w~r| st �t{� uq{t�~��� uvx|{v��t}� qx} �v{ |pyr {tqrvx �t �y��
q��v� y| vx�� qr t�zqx}t} s� q xt� wqu{v uq��t} �¬­°�

çpt r~srt| �t pq�t upvrtx yr uq��t} ïm�~t{� �}�������� [~��_e � qx} uvx|qyxr |pt �v��v�yx��

•
¢ðL© «³«ª�²¬«¬ª³«·¬« �¬ª«¬°®«� t�z{trryvxr �xv|t |pq| �t }v xv| q��v� ¯¬° t�z{trryvxr �

• ­�twtx| qx} q||{ys~|t uvxr|{~u|v{r�
•
åvwzq{yrvx t�z{trryvxr�

• ¥x yxz~| �~xu|yvx °±�¯¬� �pyup syx}r q �q{yqs�t |v |~z�tr v� q {t�q|yvxq� |qs�t |pq| yr rztuy�t} qr q zq{qwt|t{
|v |pt �~xu|yvx�

• ¥ wqu{v vzt{q|v{ uq��t} �¬­°� �pyup �quy�y|q|tr |pt uvxr|{~u|yvx v� pt|t{v�txtv~r xtr|t} rt|r�
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¥ �~t{� uvx|qyxyx� q �¬­° vzt{q|v{ uqx st xv{wq�y�t} |v vxt ~ryx� z~{t m�~t{� r�x|q�� çpt xv{wq�y�t}
�~t{� uv{{trzvx}yx� |v |pt �~t{� yx ��~{t î ��yxtr £æ�£  yr rpv�x yx ��~{t î ��yxtr ��æ�î � çpt xv{wq�y�q|yvx
z{vutrr wq¤tr r~{t |pq| |pt xtr| �q{yqs�t �yx |pt t�qwz�t� é¬¬±«  qzztq{r yx |pt ê����_ t�twtx| qr qx q||{ys~|t
v{ q r~sæt�twtx|� �x |pt t�qwz�t� |pt ê����_ t�twtx| yr ¼±¼¬«­� év|yut |pq| yx |pt xv{wq�y�t} �~t{�� �t r|y�� ~rt
|pt yxz~| �~xu|yvx °±�¯¬� çpyr yr zvrrys�t stuq~rt st�v{t z{vutrryx� y|� �t q}} |pt �~xu|yvx }t�xy|yvx yx |pt |vz
v� |pt �~t{��

åvx|yx~yx� �y|p |pt t�qwz�t� |pt �¬­° vzt{q|yvx ��yxtr =æ£»  yr xv{wq�y�t} |v |pt t�z{trryvx rpv�x yx �yxtr�ëæ��� çpt t�z{trryvx uvxryr|r v� q ¯¬°ª«³« ��yxtr �ëæ�»  qx} qx q}}y|yvxq� «³« ��yxtr î£æî»  �v{ tqup ì�í_ë��
��yxtr ££æ£=  rztuy�t} yx |pt �~t{�� �x |pt xv{wq�y�q|yvx z{vutrr� �t yx|{v}~ut xt� �q{yqs�tr yx |pt ¯¬° u�q~rt�
çptrt �q{yqs�tr q{t z{ywt} �§ � qx} uv{{trzvx} |v |pt �q{yqs�tr rztuy�t} yx |pt �¬­° vzt{q|v{� çpt{t �y�� st vxt
z{ywt} �q{yqs�t yx |pt ¯¬° u�q~rt �v{ tqup �q{yqs�t rztuy�t} yx |pt �¬­° vzt{q|v{ �m�~t{� }vtr xv| quutz| �q{yqs�t
xqwtr �y|p �§ � �v�t�t{� �t ~rt |ptw pt{t �v{ tqr� v� t�z�qxq|yvx �

çpt xv{wq�y�q|yvx z{vutrr q�rv wq¤tr r~{t |pq| xtr|t} t�twtx|r q{t {t�q|t} |v |pt xtr|yx� �q{yqs�t� çpyr yr
}vxt s� q}}yx� q xt� uvx}y|yvx yx |pt �²¬«¬ u�q~rt� �x |pt t�qwz�t ��yxt î�  �t q}}t} q uvx}y|yvx {t�~y{yx� |pq|
|pt zqzt{ �qr z~s�yrpt} yx |pt �tq{ rztuy�t} s� é¬¬±«�

év|t |pq| |pyr t�qwz�t rpv�r q xtr|yx� v�t{ q ryx��t q||{ys~|t� s~| |pq| y| yr zvrrys�t |v rztuy�� xtr|r v�t{ wv{t
|pqx vxt q||{ys~|t�

¥ �v{wq� rztuy�uq|yvx v� |pt xv{wq�y�q|yvx z{vutrr uqx st �v~x} yx qzztx}y� ©�
�q�yx� z{trtx|t} |pt rtwqx|yur qx} r�x|q� v� ïm�~t{�� �t q{t xv� qs�t |v z{v�t z{vzvry|yvx £�

t_ëëb ëb t_ë�ëí^�^ëê î� ¥x ïm�~t{� �yt� q��q�r pq�t q {vv|� çpyr {vv| yr z{v}~ut} s� |pt �{r| |�v z{v}~u|yvxr
yx ïm�~t{� �{qwwq{�
º́» ïðñ®¬«¬ òò̧ ñ®¬«¬ó³·¬
ố» ñ®¬«¬ó³·¬ òò̧ õ¯Ï°ö³�­°«®Î°³«
çpt õ¯Ï°ö³�­°«®Î°³« z{v}~u|yvx z{v}~utr q xv}t v� |�zt τ

� �pyup yr |pt }vu~wtx| {vv|� ©� }t�xy|yvx £� τ §
E0

�
{E1 : τT }, . . . , {En : τT }

�
n > 1� E0

yr |pt xqwt v� |pt t�twtx| uvxr|{~u|t} s� õ¯Ï°ö³�­°«®Î°³«�
év� y| yr xtutrrq{� |v wq¤t r~{t |pq| q�� upy�}{tx v� E0

q{t v� |�zt τT
� çpt �{qwwq{ z{v}~u|yvx v�

õ¯Ï°ö³�­°«®Î°³« yr�
÷́» õ¯Ï°ö³�­°«®Î°³« òò̧ ¹ø¹ ñù±Ï¬ ú°°û¶­° ¹ªü¹ ý ¹ø¹ ñù±Ï¬ ú°°û¶­°þ ¹ü¹ õ¯Ï°ö³�°¬�°ÿ ¹øª¹ ñù±Ï¬ �þ ¹ü¹
çpyr z{v}~u|yvx yr q upvyut� �v�t�t{� |pt �{r| vz|yvx yx |pyr upvyut �¹ø¹ ñù±Ï¬ ú°°û¶­° ¹ªü¹  uqx xv| st |q¤tx

q| |pyr zvyx|� ryxut ú°°û¶­° yr t�zqx}t} |v �±°²õ�¼«ú°°�
�́» �±°²õ�¼«ú°° òò̧ ¹é¹ �±«ù±Ï¬ ¹ª¹ ñù±Ï¬ ¹ª¹ ù³·¬�¬­°
çpyr z{v}~u|yvx {t�t{txutr q �q{yqs�t� qx} ryxut q| |pyr zvyx| |pt{t yr xv u�q~rt |pq| sv~x}r |pt �q{yqs�t |v q

|qs�t� |pyr uvxr|{~u|yvx yr xv| rtwqx|yuq��� uv{{tu|� �q{yqs�tr q{t sv~x} vx�� yx ��¾õ�¼« v{ ù¬­° z{v}~u|yvxr�
åvxrt�~tx|��� |pt vx�� zvrrys�t upvyut yx z{v}~u|yvx ÷́» q| |pyr zvyx| yr ¹ø¹ ñù±Ï¬ ú°°û¶­°þ ¹ü¹ õ¯Ï°ö³�°¬�°ÿ

¹øª¹ ñù±Ï¬ �þ ¹ü¹� �t{t� ú°°û¶­° �y�� st twz|� �v{ |pt rqwt {tqrvx t�z�qyxt} qsv�t� çpt upy�}{tx v� E0

q{t |ptx
}t|t{wyxt} s� õ¯Ï°ö³�°¬�°ÿ� �yxut |pyr z{v}~u|yvx yr wq{¤t} �y|p ¨	¨� y| yr �~q{qx|tt} |pq| E0

�y�� pq�t q| �tqr|
vxt upy�}� |pq| yr� |pt {tr|{yu|yvx �n > 1  yx |pt }t�xy|yvx v� E0

§r |�zt yr �~q{qx|tt} s� |pt ­©é¢� ­qup {tzt|y|yvxv� |pyr z{v}~u|yvx �y�� �txt{q|t qx t�twtx| Ei
� upy�}{tx v� E0

� ©twtwst{ |pq| E0

�
{E1 : τT }, . . . , {En : τT }

�
�
n > 1 � �x |pyr uqrt� �1 6 i 6 n �çpt z{v}~u|yvx |pq| }t�xtr õ¯Ï°ö³�°¬�° yr�

́» õ¯Ï°ö³�°¬�° òò̧ õ¯Ï°ö³�­°«®Î°³« ý õ�Î¯³­¬·õ�¼«ÿ

ë



¥�qyx� �t pq�t q upvyut� �v�t�t{� upvvryx� |pt �{r| vz|yvx �v~�} �tq} |v q xvx �t��æstpq�t} �yt�� ¢v{ |pyr
{tqrvx� �t uvxry}t{ |pyr q rtwqx|yu t{{v{� qx} |pt zq{rt{ {qyrtr qx t�utz|yvx y� |pyr z{v}~u|yvx yr upvrtx q| |pyr
zvyx|� çp~r� |pt vx�� uv{{tu| upvyut yr õ�Î¯³­¬·õ�¼«�
º́�» õ�Î¯³­¬·õ�¼« òò̧ ¹�¹ Ì��¾õ�¼« ý �±°²õ�¼« ý ù¬­°Í ¹
¹

Ei
w~r| st q {tztq|yx� t�twtx| v� |�zt τT

� çpt {tzt|y|yvx yr }t|t{wyxt} s� |pt ~rt v� ¨� �¨ yx |pt }t�xy|yvx
v�

E0
� ©tztq|yx� t�twtx|r q{t �txt{q|t} s� ��¾õ�¼« v{ ù¬­°� ¥| |pyr zvyx|� ryxut �t r|y�� }v xv| pq�t �q{yqs�t

syx}yx�r� |pt z{v}~u|yvx �±°²õ�¼« uqx xv| st upvrtx stuq~rt q zq|p t�z{trryvx uvx|qyxr q �q{yqs�t {t�t{txut�
º́�» �±°²õ�¼« òò̧ ¹é¹ �±«ù±Ï¬ ¹ª¹ ñù±Ï¬ Ì¹ª¹ ù³·¬�¬­°Íþ
¥r q {tr~�|� |pt upy�}{tx v� E0

q{t uvxr|{~u|t} s� z{v}~u|yvx ��¾õ�¼« v{ ù¬­°� ot|§r qxq���t sv|p q�|t{xq|y�tr�
��¿� ¢ð©­�z{� ¥ ��¾õ�¼« pqr |pt �v{w�

º́
» ��¾õ�¼« òò̧ ÌÌ�³«ö¯±®­¬Íÿ �²¬«¬ö¯±®­¬þ �«·¬«ó¬ö¯±®­¬þ ¹«¬°®«�¹Í� õ¯Ï°ö³�­°«®Î°³«
�x |pyr uqrt� |pt t�twtx| xqwt v� Ei

yr }t|t{wyxt} s� õ¯Ï°ö³�­°«®Î°³«�
���� étr|� ¥ ù¬­° pqr |pt �v{w�

÷́º» ù¬­° òò̧ ù¬­°ö¯±®­¬ ó¬ö¯±®­¬ �²¬«¬ö¯±®­¬ ¹«¬°®«�¹ �¬±·¬«
�x |pyr uqrt� |pt t�twtx| xqwt v� Ei

yr }t|t{wyxt} s� �¬±·¬«�
ot|§r {t�yt� �pq| �t pq�t ~x|y� xv�� τ § E0

�
{E1 : τT }, . . . , {En : τT }

� �
n > 1 � �yxut tqup Ei

�
1 6 i 6 n  pqr|�zt τT

� y| yr xtutrrq{� |v qxq���t |pt r|{~u|~{t v� |pyr |�zt qx} wq¤t r~{t |pq| ïm�~t{� z{v}~utr y| uv{{tu|���
¥uuv{}yx� |v }t�xy|yvx £�

τT § [F1 : τ1, . . . , Fk : τk, {Fk+1 : τT }, . . . , {Fk+m : τT }]
�
k > 1

�
m > 0  qx} τj

(1 6 j 6 k) yr τS
v{

τC
�

¥r rpv�x z{t�yv~r��� xv}t Ei
v� |�zt τT

yr uvxr|{~u|t} s� ��¾õ�¼« v{ ù¬­°� åvxrt�~tx|��� |pt r|{~u|~{t v� y|r
|�zt yr }t|t{wyxt} s� õ¯Ï°ö³�­°«®Î°³« �yx uqrt |pt xv}t �qr �txt{q|t} s� q ��¾õ�¼«  v{ �¬±·¬« �yx uqrt |pt xv}t
�qr �txt{q|t} s� q ù¬­° � ¥�qyx� �t qxq���t sv|p uqrtr�
��¿� ­�w|åvxr|{~u|v{� õ¯Ï°ö³�­°«®Î°³« yr }t�xt} qr�

÷́» õ¯Ï°ö³�­°«®Î°³« òò̧ ¹ø¹ ñù±Ï¬ ú°°û¶­° ¹ªü¹ ý ¹ø¹ ñù±Ï¬ ú°°û¶­°þ ¹ü¹ õ¯Ï°ö³�°¬�°ÿ ¹øª¹ ñù±Ï¬ �þ ¹ü¹
�t{t� ñù±Ï¬ uv{{trzvx}r |v |pt xqwt v� t�twtx| Ei

� �yxut �t pq�t q�{tq}� �q{yqs�tr syx}yx�r� qx� v� |ptrt
|�v vz|yvxr q{t �q�y}� �x |pt �{r| uqrt �¹ø¹ ñù±Ï¬ ú°°û¶­° ¹ªü¹ � |pt upy�}{tx v� Ei

q{t �txt{q|t} s� ú°°û¶­°�
�́» ú°°û¶­° òò̧ Ì� Ìñù±Ï¬ �þ ¹¸¹ �þ ú°°�±¯®¬ÍþÍÿ
¥||{ys~|tr q{t q|vwyu t�twtx|r� rv |pty{ |�zt yr τS

� çpt ¨	¨ yx |pt }t�xy|yvx v� ú°°û¶­° yx}yuq|tr |pq| |pt{t
w~r| st q| �tqr| vxt q||{ys~|t� �x v{}t{ �v{}r� Ei

w~r| pq�t q| �tqr| vxt upy�} v� |�zt τS
� çpyr uvx�v{wr

|v |pt }t�xy|yvx v� Ei
§r |�zt �τT § [F1 : τ1, . . . , Fk : τk, {Fk+1 : τT }, . . . , {Fk+m : τT }]

�
k > 1

�
m > 0  qx}

τj (1 6 j 6 k) yr τS
v{ τC

 � �x |pyr uqrt� �t txr~{t |pt {tr|{yu|yvx �
k > 1 � qx} τj

yr τS
� ¥�rv� |pt{t yr xv

{tztq|yx� upy�}� rv �m = 0 �
çpt rtuvx} uqrt yr �¹ø¹ ñù±Ï¬ ú°°û¶­°þ ¹ü¹ õ¯Ï°ö³�°¬�°ÿ ¹øª¹ ñù±Ï¬ �þ ¹ü¹ � �x |pyr uqrt� y� ú°°û¶­° yr
z{trtx|� y| �txt{q|tr upy�}{tx v� |�zt τS

� �v�t�t{� ryxut ú°°û¶­° yr vz|yvxq�� �t w~r| qxq���t |pt r|{~u|~{t
z{v}~ut} s� õ¯Ï°ö³�°¬�°ÿ�

»




́» õ¯Ï°ö³�°¬�° òò̧ õ¯Ï°ö³�­°«®Î°³« ý õ�Î¯³­¬·õ�¼«ÿ

¥�qyx� �t pq�t q upvyut� ot|§r qxq���t õ�Î¯³­¬·õ�¼«� ¥uuv{}yx� |v z{v}~u|yvx º́�»� y| uqx st ��¾õ�¼«�
�±°²õ�¼« v{ ù¬­°� ¥r rttx st�v{t� ��¾õ�¼« qx} ù¬­° z{v}~utr upy�}{tx v� |�zt τT

� �v yx |pyr uqrt� �t pq�t
|pq|

Ei
pq�t {tztq|yx� upy�}{tx� qx} uvxrt�~tx|�� �m > 0 � ¥ zq|p t�z{trryvx z{v}~utr q �tq� xv}t v� |�zt

τS
� rv �t pq�t �k > 1 � �v�t�t{� ryxut õ�Î¯³­¬·õ�¼« yr q upvyut� y| wq� st |pt uqrt |pq| y|r uvx|tx| }vtr xv|

pq�t qx� �±°²õ�¼«� qx} yx |pyr uqrt� v~{ uvx}y|yvx �k > 1  �v~�} �qy�� çpyr yr q rtwqx|yu {tr|{yu|yvx� qx} y| yrtx�v{ut} s� |pt ïm�~t{� zq{rt{� �yxut õ¯Ï°ö³�°¬�° pqr q ¨	¨ ry�x� Ei
uqx pq�t rt�t{q� upy�}{tx {tr~�|yx�

�{vw |pt {tzt|y|yvx v� |pyr {~�t� �� q�|t{ |pt zq{ryx� z{vutrr Ei
}vtr xv| pq�t qx� upy�}{tx v� |�zt τS

v{
τC
�

|pt zq{rt{ {qyrtr qx t�utz|yvx�
¥xv|pt{ vz|yvx �v{ |pt uvx|tx| v� õ¯Ï°ö³�°¬�° yr õ¯Ï°ö³�­°«®Î°³«� çpyr z{v}~u|yvx �txt{q|tr qx t�twtx|
Fj
� upy�}{tx v�

Ei
� �pvrt |�zt yr }t|t{wyxt} s� z{v}~u|yvx ÷́»� çpt }t|t{wyxq|yvx v� Fj

§r |�zt yr }vxt
{tu~{ry�t�� s� {~�t ��q � év|yut |pq| Fj

�y�� pq�t |�zt τC
y� õ¯Ï°ö³�­°«®Î°³« }t{y�tr vx�� �±°²õ�¼«r qx}�v{

ú°°û¶­°� �� q ryx��t �±°²õ�¼« yr }t{y�t} �{vw õ¯Ï°ö³�­°«®Î°³«� |ptw Fj
pqr |�zt τS

�
���� �tq}t{� �¬±·¬« yr }t�xt} qr�

÷́
» �¬±·¬« òò̧ ¹ø¹ ñù±Ï¬ Ìñù±Ï¬ ¹¸¹ ù¬­°ú°°�±¯®¬Íÿ ¹ü¹ Ì ¹�¹ õ¯�«³®¼ ¹
¹ Íÿ ¹øª¹ ñù±Ï¬ �þ ¹ü¹
ý ¹ø¹ ñù±Ï¬ ¹ü¹

ÌÌ ¹�¹ ¹é¹ �±«ù±Ï¬ ¹
¹Í
ý Ì¹ø¹ ñù±Ï¬ ¹ü¹ ¹�¹ ¹é¹ �±«ù±Ï¬ ¹ª¹ �¬�°�¬­° ¹
¹ ¹øª¹ ñù±Ï¬ ¹ü¹ÍÍÿ

Ì ¹�¹ õ¯�«³®¼ ¹
¹ Íÿ ¹øª¹ ñù±Ï¬ �þ ¹ü¹

�x |pyr uqrt� |pt{t q{t |�v vz|yvxr� s~| |pt� q{t t�~y�q�tx|� çpt �{r| vxt z�qutr |pt xtr| �q�~tr qr q||{ys~|tr
v�

Ei
� qx} |pt rtuvx} vxt z�qutr |pt xtr| �q�~tr qr r~st�twtx|r v� Ei

� çptrt q||{ys~|tr v{ r~st�twtx|r q{t
v� |�zt τS

� �yxut |pt� pq�t q ¨	¨� �t �~q{qx|tt |pq| �k > 1 � ðptx Ei
yr uvxr|{~u|t} s� q �¬±·¬«� y| yr q�rv

�~q{qx|tt} |pq| y| pqr q| �tqr| vxt upy�} v� |�zt τT
� çpyr yr |pt upy�} uvxr|{~u|t} s� õ¯�«³®¼ �xv|yut |pt ¨	¨

ry�x yx |pyr z{v}~u|yvx � �v �t pq�t �m > 1 � çpt xqwt v� |pyr upy�} yr }t|t{wyxt} s� õ¯Ï°ö³�­°«®Î°³«�
ryxut �t pq�t�

÷́�» õ¯�«³®¼ òò̧ õ¯Ï°ö³�­°«®Î°³«

çpt |�zt v� |pyr upy�} yr }t|t{wyxt} {tu~{ry�t�� s� {~�t ��q �
¥r �t uqx rtt� |pt ­©é¢ qx} q�rv |pt rtwqx|yur v� ïm�~t{� �~q{qx|tt |pt z{v}~u|yvx v� q �yt� �pvrt |�zt

uvx�v{wr |v }t�xy|yvx £�

� H���le� KBGG AB!�JBi DHI JlBK@ fh gBG�flhe�G JlBK@

�x v{}t{ |v uptu¤ |pt ~z}q|qsy�y|� v� �t��æstpq�t} mno �yt�r uvxr|{~u|t} s� ïm�~t{�� �t wqz q �y�tx mno
�yt� |v q rt| v� uv{{trzvx}yx� {t�q|yvxq� �yt�r qx} ~rt |pt |tupxy�~tr v� ~z}q|yx� |p{v~�p {t�q|yvxq� �yt�r |v
}t|t{wyxt |pt mno �yt� ~z}q|qsy�y|�� �x zq{|yu~�q{� �t ~rt |pt ¤q�q� qx} ©t{xr|tyx |tupxy�~t �£�� £è� £=��

ðt w~r| |pt{t�v{t �{r| wqz qx mno �yt� |v y|r rt| v� uv{{trzvx}yx� {t�q|yvxq� �yt�r� çpt wqyx y}tq stpyx}
|pt wqzzyx� z{vutrr yr |v ~xxtr| |pt mno �yt� qx} z{v}~ut |pt "q| uv{{trzvx}yx� {t�q|yvxq� �yt�r� �x v{}t{ |v
}v rv� �t ~rt qx q~�y�yq{� �~t{� |{tt |pq| uq{{ytr yx�v{wq|yvx qsv~| |pt r|{~u|~{t v� mno �yt�� |pt rv~{ut v� tqup
mno t�twtx|�q||{ys~|t qx} |pt {tr|{yu|yvxr qzz�yt} |v s~y�} |pt �yt�� ­qup xvxæ�tq� xv}t v� |pt q~�y�yq{� �~t{�|{tt pqr q xqwt qx} zvrrys�t qxxv|q|yvx� qx} tqup �tq� xv}t yx |pt |{tt pqr q xqwt qx} q �q�~t�

ñ
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¢y�~{t �� ­�qwz�t v� ïm�~t{� |pq| ªvyxr |�v {t�q|yvxr qx} y|r q~�y�yq{� �~t{� |{tt
OPQRSRTRUS ¦ Wê ��`^�^�_e #��_e �_�� ^í � �_�� XYëí� êë��í _��_�í�ê� ���c�ê� ��dí �ê� XYëí� ��d�í �_� �^�Y�_
í^c��� ë_ $r��d�í XY^aY _�%�a� ���c�ê�rí�����c�ê� _����^ëêíY^�í ^ê �Y� _�í���k ì�aY ^ê��_^ë_ êë�� ^í �êêë����� X^�Y
�Y� Z�_^���� �^ê�^êdí �ê� aëê�^�^ëêí �Y�� X�_� ^ê�_ë��a�� �� �Y�� ��Z��k ì�aY ���b êë�� ^í �êêë����� X^�Y � ���Y
b_ëc XY^aY �ë aëêí�_�a� ^�í Z����k

çv y��~r|{q|t� �t �y�t q rywz�t t�qwz�t |pq| }vtr xv| pq�t |pt �¬­° vzt{q|v{� ¢y�~{t � rpv�r q �~t{� qx}
y|r uv{{trzvx}yx� q~�y�yq{� �~t{� |{tt� ¥xxv|q|yvxr q{t rpv�x st|�ttx s{qu¤t|r �M � �N � çpt{t q{t |�v |�ztr v�
qxxv|q|yvxr� ¨�pt{t¨ qxxv|q|yvxr qx} �̈q{yqs�t syx}yx�¨ qxxv|q|yvxr� ­qup mno t�twtx| rztuy�t} yx |pt �~t{� yr{tz{trtx|t} s� q xv}t yx |pt q~�y�yq{� �~t{� |{tt� ðptx qx mno t�twtx| yr �txt{q|t} s� qx t�z{trryvx uvx|qyxyx�
q �q{yqs�t� �t xqwt |pt xv}t �y|p |pt uv{{trzvx}yx� t�z{trryvx �rtt xv}t é¼ª¼¶· � ¥||{ys~|tr q{t {tz{trtx|t} yx
|pt q~�y�yq{� �~t{� |{tt yx |pt rqwt �q� qr r~st�twtx|r� �y|p |pt }y¡t{txut |pq| |pty{ xqwt r|q{|r �y|p ¨x¨ �rtt
xv}t µ¶· �

¥~�y�yq{� �~t{� |{ttr q{t uvxr|{~u|t} �{vw |pt �yt� �~t{� qr �v��v�r� ¢v{ tqup mno t�twtx| rztuy�t} yx |pt
�~t{�� q xv}t yr u{tq|t} yx |pt |{tt� ¢v{ tqup xv}t� �t qxxv|q|t q�� �q{yqs�t syx}yx�r qx} �²¬«¬ uvx}y|yvxr �v~x}
st|�ttx |pt xv}t qx} |pt xt�| xvxæ�tq� xv}t yx |pt �~t{�� ¥r qx t�qwz�t� xv}t Î³�«¬«¬�Î¬�±¼¬«­ yx |pt �~t{�
|{tt v� ��~{t � pqr qx qxxv|q|yvx �v{ |pt syx}yx� v� �q{yqs�t éÎ� év}t Î³�«¬«¬�Î¬ pqr qxxv|q|yvxr qsv~| |pt
syx}yx� v� �q{yqs�t é¼ qx} |pt uvx}y|yvx �²¬«¬ éÎªÎ³�«½·¸é¼ªÎ³�«½· ±�· é¼ª¬¬±« ü ô����

�x |pt r~srt| v� m�~t{� �t q{t ~ryx�� �tq� xv}tr uqx st uvxr|{~u|t} yx |�v }y¡t{tx| �q�r� ðt uqx t�z�yuy|��
rztuy�� qx mno t�twtx|� qx} |pt �q�~t v� y|r uvx|tx| ~ryx� q �q{yqs�t �t�� ø�±Ï¬ü�éÎªÎ³�«ù±Ï¬ª°¬�°ÌÍ
øª�±Ï¬ü �
v{ �t uqx rztuy�� |pt tx|y{t t�twtx| ~ryx� q �q{yqs�t �t�� �éÎªÎ³�«ù±Ï¬
 � ©v|p uvxr|{~u|v{r q{t wqzzt} |v �tq�
xv}tr yx |pt q~�y�yq{� �~t{� |{tt�

åvxxtu|yvxr yx |pt q~�y�yq{� �~t{� |{tt {tz{trtx|r zq{tx|�upy�} {t�q|yvxrpyzr� ¥ {tztq|yx� t�twtx| yr uvxxtu|t}
|v y|r zq{tx| s� qx &æt}�t� �py�t xvxæ{tztq|yx� t�twtx|r q{t uvxxtu|t} s� q rywz�t t}�t� ©tztq|yx� t�twtx|r q{t|pvrt {t|~{xt} q�|t{ q «³« v{ q �¬­°� ¥}}y|yvxq���� |pt {vv| xv}t v� qx ���c�ê� d_ë�� �y|pyx q �¬­° q�rv {tuty�t
qx &æt}�t�ðy|p |pyr q~�y�yq{� �~t{� |{tt� �t q{t xv� qs�t |v wqz qx mno �yt� uvxr|{~u|t} �y|p ïm�~t{� |v y|r rt| v�
uv{{trzvx}yx� {t�q|yvxq� �yt�r� çpt �txt{yu wqzzyx� z{vutrr yr qr �v��v�r�
'()(�� Ð���� *����Ò �' Ð���� ����Ò� ÕÕÕ� Ð���� *����Ò �' Ð���� ����Ò+,-. �Ð��������Ò �' Ð*����¢��Ò )(+� /- Ø Ð��������Ò �' Ð*����¢��Ò -Ø Ð0�������Ò� )(+� /- Ø ÕÕÕÐ��������Ò �' Ð*����¢��Ò -Ø Ð0�������Ò12(,( �ÐÝÑ����Ý ����������Ò -, ÐÝÑ����Ý *����¢��Ò  ' Ø3))� �Ø� ÕÕÕ�Ø� �ÐÝÑ����Ý ����������Ò -, ÐÝÑ����Ý *����¢��Ò  ' Ø3))�

¢v{ �~t{� v� ��~{t �� |pt �txt{q|t} {t�q|yvxq� �yt� yr |pt �v��v�yx��
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¢y�~{t è� ­�qwz�t v� ïm�~t{� |pq| xtr|r t�twtx|r� qx} y|r uv{{trzvx}yx� q~�y�yq{� �~t{� |{tt
'()(�� �Õ���� � �' ��� �Õ����Ø��� �' ����Ø���� � Õ��� �' ���� � Õ����� �' ������ � Õ���� �' ����+,-. ���������� �' � )(+� /- Ø ����� �' � -Ø �Õ���� �Ü� Õ���� �12(,( �� Õ���� Ò 4555 -, � Õ����  ' Ø3))�

çpt xqwt v� tqup q||{ys~|t yx |pt {t�q|yvxq� �yt� �rztuy�t} q�|t{ qx ú� t�z{trryvx  yr �txt{q|t} s� |pt t�q�~q|yvx
v� |pt t�z{trryvx rztuy�t} yx |pt xqwt v� tqup �tq� xv}t� ¥r qx t�qwz�t� |pt xv}t ¶· pqr �±Ï¬¸6µ¶·6� rv |pt xqwt
µ¶· yr uvzyt} |v |pt �­o­åç t�z{trryvx �y|pv~| |pt ¨x¨� çpt xv}t Î³�«ù±Ï¬ rztuy�tr �±Ï¬¸éÎªÎ³�«ù±Ï¬� çpyr
t�z{trryvx yr t�q�~q|t} qr |pt xqwt v� |pt Î³�«ù±Ï¬ q||{ys~|t zvyx|t} s� �q{yqs�t éÎ� �pyup yr vs�yv~r�� Î³�«ù±Ï¬�
çpt rqwt yr }vxt �v{ |pt v|pt{ q||{ys~|tr�

çpt �¾�7 u�q~rt yr uvxr|{~u|t} ~ryx� |pt rv~{ut |qs�t v� tqup �q{yqs�t qxxv|q|t} yx |pt q~�y�yq{� �~t{� |{tt�
çpt �q{yqs�t xqwt yr ~rt} qr qx q�yqr� ¢v{ t�qwz�t� éÎ yr q �q{yqs�t |pq| yr sv~x} |v |pt Î³�«¬«¬�Î¬ |qs�t� rv Î yr
y|r q�yqr yx |pt �¾�7 u�q~rt� ðt ~rt ûõ�� 8�½ù st|�ttx qxutr|v{æ}trutx}qx| xv}tr yx |pt |{tt stuq~rt y| z{trt{�trtwz|� rt|r yx |pt xtr|yx�� ¢v{ t�qwz�t� y� q uvx�t{txut pqr xv zqzt{r� |pt uvx�t{txut �y�� r|y�� qzztq{ yx |pt mno
�yt��

çpt ��õ¾õ u�q~rt yr �txt{q|t} ~ryx� |pt qxxv|q|yvxr yx |pt |{tt |pq| �t{t xv| ~rt} qr ªvyx uvx}y|yvxr� ¢v{ tqup
v� |ptrt uvx}y|yvxr� �t q}} qx ML© �� éïooN u�q~rt |v txr~{t |pq| twz|� rt|r q{t z{trt{�t} yx |pt xtr|yx� �t���
v|pt{�yrt uvx�t{txutr |pq| pq�t xv zqzt{r �v~�} xv| qzztq{ yx |pt �yt�� stuq~rt |pt� }v xv| rq|yr�� |pt ��õ¾õ
uvx}y|yvx �

çpt q~�y�yq{� |{tt v� �~t{ytr yx�v��yx� �¬­° q{t uvxr|{~u|t} yx q r�y�p|�� }y¡t{tx| wqxxt{� ¥xxv|q|yvxr v�
�q{yqs�tr qx} �pt{t u�q~rtr �y|pyx q xtr| t�z{trryvx q{t z�qut} vx |pt xv}t |pq| {tz{trtx|r |pt Y����_ t�twtx| v�
|pt �¬­° t�z{trryvx� ¢v{ t�qwz�t� |pt �~t{� yx ��~{t î yr rpv�x q�qyx yx ��~{t è |v�t|pt{ �y|p y|r q~�y�yq{� �~t{�
|{tt� 9{vutt}yx� �y|p |pt wqzzyx� z{vutrr� |pt �~t{� yx ��~{t è uv{{trzvx}r |v |pt �v��v�yx� {t�q|yvxq� �yt��
'()(�� �Õ���� � �' ��� �Õ����Ø��� �' ����Ø���� � Õ���� �' ����� � Õ��� �' ���� � Õ����� �' �����+,-. ���������� �' � )(+� /- Ø ����� �' � -Ø �Õ���� �Ü� Õ���� �

çpt{t q{t uqrtr �pt{t qx mno �yt� yr wqzzt} |v wv{t |pqx vxt {t�q|yvxq� �yt�� qr yx |pt �~t{� v� ��~{t = �|pt
{tr~�|yx� mno yxr|qxut yr rpv�x yx ��~{t » � çpyr mno �yt� yr wqzzt} |v |�v {t�q|yvxq� �yt�r� vxt uvx|qyxyx�
}q|q qsv~| q~|pv{r qx} zqzt{r� qx} |pt v|pt{ vxt uvx|qyxyx� }q|q qsv~| q~|pv{r qx} svv¤r� çpt }tuyryvx v�
�pt{t |v Mrz�y|N |pt �yt� yr sqrt} vx «³«r |pq| qzztq{ vx |pt rqwt xtr|yx� �t�t� yx |pt xv{wq�y�t} �~t{� �|pt
xv{wq�y�t} �~t{� �v{ |pt �~t{� yx ��~{t = yr rpv�x yx ��~{t ë � ­qup v� |ptrt «³«r u{tq|tr q xt� rt| v� |~z�tr�
�pyup rpv~�} st wqzzt} |v }yr|yxu| {t�q|yvxq� �yt�r� �x�v{wq|yvx vx �t�t�r qsv�t yr uvxry}t{t} |v st uvwwvx |v
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¢y�~{t =� ­�qwz�t v� ïm�~t{� |pq| wy�tr yx�v{wq|yvx v� }y¡t{tx| {t�q|yvxr yx |pt rqwt xtr|yx� �t�t� qx} |ptuv{{trzvx}yx� q~�y�yq{� �~t{� |{tt
sv|p rt| v� |~z�tr� çpt {tr~�|yx� {t�q|yvxq� �yt�r q{t rpv�x st�v� ��t xqwt |ptrt �yt�r yx v{}t{ |v st qs�t |v
{t�t{txut |ptw yx xt�| rtu|yvx �
�,(��( : (1 : (1;--< �'
'()(�� �Õ�� �' ��� �Õ���� �' ����� �Õ����� �' ������ ¢ Õ���� �' ����� ¢ Õ����� �' ������ ¢ Õ��¢� �' ��¢�+,-. ������� �' � )(+� /- Ø ¢� �' ¢� -Ø ¢� Õ������Ü� Õ��� )(+� /- Ø ¢��£ �' ¢ -Ø ¢ Õ��¢�Ü¢� Õ��¢�
�,(��( : (1 : (1���(, �'
'()(�� �Õ�� �' ��� �Õ���� �' ����� �Õ����� �' ������ � Õ���� �' ����� � Õ����� �' ������ � Õ��� �' ���+,-. ������� �' � )(+� /- Ø �� �' �� -Ø �� Õ������Ü� Õ��� )(+� /- Ø ����� �' � -Ø � Õ���Ü��Õ���

çpt q��v{y|pwr }tru{yst} yx |pyr rtu|yvx q{t q�qy�qs�t yx qzztx}y� å�

= >!Bk?le� Chg DHI JlBK j�i�f�AlGlfF
�x |pyr rtu|yvx� �t ~rt |pt wqzzyx� �{vw qx mno �yt� |v y|r uv{{trzvx}yx� {t�q|yvxq� �yt�r qr t�z�qyxt} yx rtu|yvx
î |v t�twz�y�� ~z}q|t vzt{q|yvxr v�t{ mno �yt�r� ðt �~{|pt{ }yru~rr |pt yx|~y|yvx v� }t|t{wyxyx� |pt ~z}q|qsy�y|�
v� mno �yt�r uvxr|{~u|t} s� ïm�~t{�� ¥ uvwz�t|t r|~}� v� ~z}q|qsy�y|� v� mno �yt�r z{v}~ut} s� ïm�~t{�
yr v~| v� |pt ruvzt v� |pyr zqzt{�

©t�v{t z{trtx|yx� v~{ ~z}q|t r|{q|t��� y| yr xtutrrq{� |v }t�xt z{tuyrt�� �pq| �t wtqx s� ry}tæt¡tu|r� v{
z{vs�twq|yu ~z}q|tr�
OPQRSRTRUS ¨ ]��

D �� � _����^ëê�� ������í� �ê� V � Z^�X #��_e ��@ê^�^ëê ëZ�_ D k ]��
U �� �ê ������ ëZ�_ �Y�

Z^�X �_ë��a�� �e V �ê� t ^�í �_�êí���^ëê �ë �Y� _����^ëê�� ������í�k A� í�e �Y�� U ^í � í^��r�B�a� b_�� ������ XY�ê
U(V (D)) g V (t(D)) k

L~{ r�x|q� �v{ ~z}q|tr yr rywy�q{ |v |pq| v� �è�� ©qryuq���� qx ~z}q|t vzt{q|yvx yr q |{yz�t Cu
�
∆
�_�b D� �pt{t uyr |pt |�zt v� vzt{q|yvx �yxrt{|� }t�t|t� wv}y�� E ∆ yr |pt mno |{tt |v st yxrt{|t}� v{ �yx uqrt v� q wv}y�uq|yvx 
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����°���� ���°'��
'��°'���
'� ���°'��	���°�	���	
����'��8�¯°'�
�
�	²¯°'��
'�²��'��8�²̄(�� °!� �� 
�'�	6�!��7ã°! �� 
�'�	6�!�!	��7¶�	�	 °!����
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���� ��(�¯°!�
�
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�
¢y�~{t ë� év{wq�y�t} �~t{� uv{{trzvx}yx� |v �~t{� yx ��~{t =

qx q|vwyu �q�~tE qx} _�b yr q rywz�t zq|p t�z{trryvx yx m9q|p �££� �pyup yx}yuq|tr �pt{t |pt ~z}q|t yr |v vuu~{�
év|t |pq| |pt zq|p t�z{trryvx wq� t�q�~q|t |v q rt| v� xv}tr yx |pt |{tt� ¤t�t|yvxr }v xv| xtt} |v rztuy�� q ∆

�
ryxut q�� |pt xv}tr ~x}t{ |pt t�q�~q|yvx v� _�b �y�� st }t�t|t}�

�x |pt t�qwz�tr v� |pyr rtu|yvx� �t ~rt |pt mno �yt� {tr~�|yx� �{vw |pt �~t{� yx ��~{t = qr rpv�x yx ��~{t »�
çpt ~z}q|t vzt{q|yvxr q{t q�rv rztuy�t} yx ��~{t »�

¥x q||twz| |v yxrt{| q xt� q~|pv{ yx |pyr �yt� �v~�} st rztuy�t} qr U1
� çpyr �v~�} st |{qxr�q|t} |v |pt

�v��v�yx� yxrt{|yvxr v�t{ |pt {t�q|yvxq� �yt�r�
 Ø'(,�  Ø�- : (1;--< ���� ����� ������:�)3(' �F� Ý,�¢��� 1����Ý� ÝÑ�����GGG Õ���Ý�
 Ø'(,�  Ø�- : (1���(, ���� ����� ������:�)3(' �F� Ý,�¢��� 1����Ý� ÝÑ�����GGG Õ���Ý�

çpt |{qxr�q|yvx wtupqxyrw q�rv ~rtr |pt q~�y�yq{� �~t{� |{tt v� |pt �yt� }t�xy|yvx �~t{�� ¢y{r|� |pt zq|p
t�z{trryvx yx _�b ��y|pv~| |pt ��|t{r rztuy�t} st|�ttx s{qu¤t|r �y� qx�   yr t�q�~q|t} q�qyxr| |pt q~�y�yq{� �~t{�
|{tt� çptx |pt r|{~u|~{t v� |pt �yt� styx� yxrt{|t} yr Mr~zt{ywzvrt}N vx |pt q~�y�yq{� �~t{� |{tt� ¥�|t{ |pyr� �t
uptu¤ |v rtt �pq| zv{|yvxr v� |pt |{tt q{t {t�t{txut} s� |pt ~z}q|t vzt{q|yvx qx} }tuy}t �pyup {t�q|yvxq� �yt�r
|pt vzt{q|yvx rpv~�} st |{qxr�q|t} |v� �x |pyr �{r| t�qwz�t� |pt r~s|{tt styx� yxrt{|t} yr vx |pt MuvwwvxN zq{| v�
|pt |{tt� rv �t |{qxr�q|t y| |v sv|p {t�q|yvxq� �yt�r ��t }yru~rr q�|t{xq|y�tr |v |pyr wt|pv} yx rtu|yvx = � Lxut �t
}tuy}t �pyup �yt�r |v wqz |pt yxrt{|yvx |v� �t �txt{q|t qx �é�­©ç ��o r|q|twtx| uvx|qyxyx� |pt yx�v{wq|yvx
rztuy�t} yx |pt r~s|{tt styx� yxrt{|t}� qx} q�rv �y|p yx�v{wq|yvx uv��tu|t} �{vw |pt �tq�tr ~x}t{ |pt t�twtx|r
q�vx� |pt zq|p �{vw _�b |v |pt {vv| v� |pt mno |{tt �|pyr �y�� st u�tq{t{ yx |pt xt�| t�qwz�t �
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¢y�~{t »� mno �yt� {tr~�|yx� �{vw �~t{� yx ��~{t = qx} t�qwz�tr v� ~z}q|t vzt{q|yvxr
¥x t�qwz�t �pt{t �t ~rt q}}y|yvxq� yx�v{wq|yvx |v �txt{q|t |pt �é�­©ç ��o r|q|twtx| yr rztuy�t} yx U2

�
�x |pyr t�qwz�t� ryxut _�b zvyx|r |v qx yx|t{yv{ xv}t� |pt yx�v{wq|yvx uv��tu|t} �{vw |pt �tq�tr ~x}t{ |pt t�twtx|r
q�vx� |pt zq|p �{vw _�b |v |pt {vv| v� |pt mno |{tt q{t q�rv ~rt} yx |pt �é�­©ç r|q|twtx|� �x |pyr t�qwz�t� �t
~rt |pt q~|pv{§r �±Ï¬� ¬Ï±¶¯ qx} ¶·� çpt |{qxr�q|yvx yr qr �v��v�r�
 Ø'(,�  Ø�- : (1;--< ���� ����� ������ ����� ������ ��¢��:�)3(' �k� Ý.��� /����Ý� Ý����0��������Õ���Ý� 4555� Ý;��£lÝ� mnnn�

�| yr q�rv zvrrys�t |v yxrt{| qx q~|pv{ �y|p z~s�yuq|yvxr �U3
 � ¥r |pt r|{~u|~{t v� |pt r~s|{tt styx� yxrt{|t}

wq|uptr t�twtx|r yx |pt q~�y�yq{� �~t{� |{tt |pq| q{t rz�y| yx|v rtzq{q|t {t�q|yvxq� �yt�r� �t rz�y| |pt r~s|{tt styx�
yxrt{|t} yx |pt rqwt �q�� çpt {tr~�|yx� |{qxr�q|yvx yr�
 Ø'(,�  Ø�- : (1;--< ���� ����� ������ ����� ������ ��¢��:�)3(' �o� Ý/���� ����GÝ� Ý0�����GGG Õ���Ý� 4555� Ý3������Ú ,��������� :��Ñ�Ý� mmm�
 Ø'(,�  Ø�- : (1���(, ���� ����� ������ ����� ������ ����:�)3(' �o� Ý/���� ����GÝ� Ý0�����GGG Õ���Ý� 4555� Ý:��Ñ� ��� p.)Ý� Ý: (1Ý�

¥r qx t�qwz�t v� q wv}y�uq|yvx ~z}q|t� uvxry}t{ U4

�pyup wv}y�tr |pt |y|�t v� q �y�tx svv¤� çpt q||{ys~|t
|v st wv}y�t} yr |pt �qr| q||{ys~|t rztuy�t} yx |pt zq|p t�z{trryvx yx _�b � çpt uvx}y|yvxr �v{ |pt wv}y�uq|yvx q{t
|pt ��|t{r ~rt} yx |pt zq|p t�z{trryvx� çpyr �v~�} st |{qxr�q|t} qr�
3����( : (1;--< '(� �����ÜÝq������Ú ��� 1�¢ ����Ú p.)Ý12(,( ��¢�Ük4rF

¥r wtx|yvxt} yx |pt yx|{v}~u|yvx� q z{vs�twq|yu ~z}q|t vzt{q|yvx �v~�} vuu~{ y� �t pq} rztuy�t} qx q~|pv{
yx |pt zq|p t�z{trryvx v� U4

� åvxry}t{ |pt z{t�yv~r t�qwz�t� �y|p |pt �v��v�yx� zq|p t�z{trryvx�
ª±®°²³«­ª±®°²³« µ́¶·¸¹º¹»ª¼®�¯¶Î±°¶³�­ª�³³s ¶́­��¸¹ºô÷
¹»ª°¶°¯¬�

£�



çpt |{qxr�q|yvx �v{ |pyr vzt{q|yvx �v~�} yxu�~}t yx�v{wq|yvx qsv~| |pt q~|pv{ |vv� s~| y| �v~�} xv| st zvrrys�t
|v |{qxr�q|t |pyr |v |pt ~x}t{��yx� {t�q|yvxq� }q|qsqrt �y|pv~| uq~ryx� ry}t t¡tu|r� nv{t rztuy�uq���� |pt svv¤
~x}t{ q~|pv{ �y|p µ¶·¸¹ô¹ �v~�} q�rv st upqx�t} �rtt ��~{t » �

¥x t�qwz�t v� }t�t|yvx �v~�} st rztuy�t} qr U5
� ¥r �y|p wv}y�uq|yvxr� �t ~rt |pt ��|t{r rztuy�t} yx |pt zq|p

t�z{trryvx |v �txt{q|t |pt ð�­©­ u�q~rt v� |pt }t�t|t r|q|twtx|� çpyr �v~�} st |{qxr�q|t} |v |pt {t�q|yvxq� �yt�
qr�
�()(�( +,-. : (1;--<12(,( ��Ük �Ø� ����Ü4555
�()(�( +,-. : (1���(,12(,( ��Ük �Ø� ����Ü4555

çpt q��v{y|pwr �v{ |{qxr�q|yx� ~z}q|tr yx |pt mno �yt� |v ~z}q|tr yx |pt uv{{trzvx}yx� {t�q|yvxq� �yt�r q{t
z{trtx|t} yx qzztx}y� å�î�

¥r �t uqx tqry�� rtt� �yt� ~z}q|qsy�y|� }tztx}r vx |pt ~z}q|t vzt{q|yvx styx� qzz�yt}� �v�t�t{� y| }tztx}r
q�rv vx |pt r|{~u|~{t v� |pt �yt�� ðt �t{t qs�t |v |{qxr�q|t wvr| v� |pt ~z}q|t vzt{q|yvxr rztuy�t} v�t{ |pt �yt�
qsv�t stuq~rt |pt �yt� pqr |pt �v��v�yx� z{vzt{|ytr� y| ¤ttzr |pt z{ywq{� ¤t�r v� q�� |pt |qs�tr yx�v��t}� qx} ªvyxr
�t{t wq}t v�t{ �v{ty�x ¤t�r� ¢v{ q �yt� |pq| }vtr xv| vst� |ptrt {tr|{yu|yvxr� �t �v~�} xv| st qs�t |v |{qxr�q|t
wvr| v� |pt rqwz�t ~z}q|t vzt{q|yvxr� ¢v{ }t|qy�r� z�tqrt rtt �è��

ðt ~rt |pt |tupxy�~t v� ¤q�q� qx} ©t{xr|tyx �£�� £è� £=� |v |{qxr�q|t ~z}q|tr vx |pt {t�q|yvxq� �yt� |v ~z}q|tr
vx |pt ~x}t{��yx� {t�q|yvxq� }q|qsqrt� çpty{ �v{¤ z{trtx|r qx q��v{y|pw |v ~z}q|t |pt ~x}t{��yx� {t�q|yvxq�
}q|qsqrt �ptx q ~xy�~t� ry}t t¡tu|æ�{tt |{qxr�q|yvx t�yr|r� qx} }t|tu|r �ptx r~up qx ~z}q|t }vtr xv| t�y|r ��v{ qr~wwq{� v� |pty{ q��v{y|pwr� z�tqrt {t�t{ |v �=� �

t uBG�fBi vhg?

çpt{t pqr sttx q �v| v� �v{¤ q}}{trryx� |pt z{vs�tw v� s~y�}yx� mno �yt�r �{vw {t�q|yvxq� }q|qsqrtr ���� ��� ��
ñ� �è�� nvr| v� |ptw qzz{vqup |pt z{vs�tw s� s~y�}yx� q ��b���� mno �yt� �{vw |pt {t�q|yvxq� rv~{ut qx} |ptx
~ryx� qx mno �~t{� �qx�~q�t |v �~t{� |pt }t�q~�| �yt� ���� ��� �� ñ�� nvr| v� |ptrt qzz{vquptr ~rt t�|tx}t} ��o
|v s~y�} |pt }t�q~�| �yt�� çpt t�utz|yvx yr m9­©¥éçL ����� �pvrt }t�q~�| �yt� yr qx mno }vu~wtx| uvx|qyxyx�
q�� |pt }q|qsqrt |qs�tr {tz{trtx|t} yx mno� çpyr �yt� uqx |ptx st �~t{yt} ~ryx� m�~t{� q~�wtx|t} �y|p q xt�
yxz~| �~xu|yvx uq��t} w¶¬�� çpyr �~xu|yvx quutrrtr |pt }t�q~�| mno �yt� yx |pt rqwt �q� |pq| v~{ yxz~| �~xu|yvx
°±�¯¬ yr ~rt} |v quutrr {t�q|yvxq� |qs�tr� �v�t�t{� �t }v xv| pq�t |pt uvxutz| v� q }t�q~�| �yt�� ðt rywz�� r~zz��
|pt °±�¯¬ �~xu|yvx |v quutrr |pt {t�q|yvxq� |qs�tr }y{tu|���

¥xv|pt{ }y¡t{txut st|�ttx m9­©¥éçL qx} v~{ qzz{vqup yr |pq| |pt� �txt{q|t q ryx��t ��o �~t{� �v{ tqup
�~t{� v�t{ |pt �yt�� çpty{ |{qxr�q|yvx yx�v��tr |{qxr�v{wyx� qx m�~t{� yx|v q {tz{trtx|q|yvx uq��t} m��n� �pyup
yr �t{� rywy�q{ |v |pt yx|t{xq� {tz{trtx|q|yvx v� ��o �~t{ytr yx ¤©� ���n � �v�t�t{� |pt z~{zvrt v� |{qxr�v{wyx�
m�~t{� yx|v ��o yr }y¡t{tx| yx v~{ qzz{vqup� m9­©¥éçL }vtr |pyr |{qxr�v{wq|yvx �y|p |pt �vq� v� ~ryx� |pt
{t�q|yvxq� tx�yxt |v t�tu~|t |pt �~t{�� ðt zt{�v{w |pt |{qxr�v{wq|yvx stuq~rt �t �qx| |v ~rt |pt {t�q|yvxq� �yt�
|v uptu¤ �v{ mno �yt� ~z}q|qsy�y|��

évxt v� |pt qsv�t z{vzvrq�r q}}{trrtr |pt z{vs�tw v� ~z}q|yx� |pt {tr~�|yx� mno �yt� qx} wqzzyx� |pt
~z}q|tr |v |pt ~x}t{��yx� {t�q|yvxq� }q|qsqrt�

åvwwt{uyq� }q|qsqrtr q�rv z{v�y}t �q�r v� t�zv{|yx� {t�q|yvxq� }q|q qr mno� �©n ¤©� mno ­�|tx}t{ �£��~rtr q wqzzyx� ��t uq��t} ¤¥¤ �v��� Waa�íí v�@ê^�^ëê  |v rztuy�� pv� q �y�tx ��o �~t{� yr wqzzt} |v mno�
çpyr wqzzyx� ��t yr �t{� uvwz�t�� qx} yr �txt{q��� s~y�| ~ryx� q �y�q{}� L{qu�t ñy {t�tqrt � ~rtr ��o�mno �£ñ��
��o �t{�t{ t�|tx}r ��o �y|p q }y{tu|y�t uq��t} ��¾ ð7û �£î�� ¥r �t uqx rtt� wvr| uvwwt{uyq� }q|qsqrtr pq�t |pty{
v�x �q� v� }tq�yx� �y|p mno� �pyup wq¤tr y| }yxu~�| |v ~rt |ptw �v{ quutrryx� �t�qu� }q|qsqrtr� ¥r �v{ ~z}q|tr�
¤©�� �pyup q��v�r |pt u{tq|yvx v� mno }vu~wtx|r �{vw {t�q|yvxq� |qs�tr� {t�~y{tr |pq| ~z}q|tr st yrr~t} }y{tu|��

£è



|v |pt {t�q|yvxq� |qs�tr� �x ��o �t{�t{ qx mno �yt� �txt{q|t} s� qx qxxv|q|t} mno �uptwq uqx st wv}y�t}
~ryx� ������d_�cí� �xr|tq} v� ~ryx� �é�­©ç� ï9¤¥ç­ v{ ¤­o­ç­ r|q|twtx|r� |pt ~rt{ z{v�y}tr q st�v{t ywq�t
v� �pq| |pt mno �yt� �vv¤r �y¤t qx} qx q�|t{ ywq�t v� |pt �yt� �£��� çpt r�r|tw uvwz~|tr |pt }y¡t{txut st|�ttx
|ptrt ywq�tr qx} �txt{q|tr uv{{trzvx}yx� ��o r|q|twtx|r |v {t"tu| upqx�tr vx |pt {t�q|yvxq� }q|qsqrt� L{qu�t
v¡t{r |pt vz|yvx v� rztuy��yx� qx qxxv|q|t} mno �uptwq� s~| |pt vx�� zvrrys�t ~z}q|t vzt{q|yvx yr |v yxrt{|
mno }vu~wtx|r |pq| q�{tt �y|p qx qxxv|q|t} mno �uptwq�

çpt{t pqr sttx q ry�xy�uqx| qwv~x| v� �v{¤ yx �~t{�yx� mno }vu~wtx|r r|v{t} yx {t�q|yvxq� }q|qsqrtr
���� £ë� �ë�� 9{vzvrq�r �v{ ~z}q|yx� mno }vu~wtx|r r|v{t} yx {t�q|yvxq� }q|qsqrtr yxu�~}t ��=� �ë�� çptrt
qzz{vquptr q{t }y¡t{tx| �{vw v~{r stuq~rt |pt� uvxry}t{ q }y¡t{tx| �~tr|yvx� |pt� �~t{� mno }vu~wtx|r r|v{t}
yx {t�q|yvxq� }q|qsqrtr� �py�t �t �~t{� {t�q|yvxq� }q|qsqrtr |v t�|{qu| mno �yt�r� çpt{t�v{t� |pt ~x}t{��yx�
qrr~wz|yvxr ~rt} q{t }y¡t{tx|� ¢v{ t�qwz�t� �~t{�yx� mno }vu~wtx|r r|v{t} yx {t�q|yvxq� }q|qsqrtr w~r|
z{trt{�t }vu~wtx| v{}t{� �py�t yx v~{ uqrt� v{}t{ yr xv| ywzv{|qx|� ryxut |pt {t�q|yvxq� wv}t� yr ~xv{}t{t}� Lx
|pt v|pt{ pqx}� |pt "q| xq|~{t v� {t�q|yvxq� }q|qsqrtr wq� uq~rt {t}~x}qxu� �ptx |{qxr�q|t} |v mno �yt�r�
�pyup wq� uq~rt z{vs�twr {t�q{}yx� ~z}q|tr qr y��~r|{q|t} yx |pt yx|{v}~u|yvx� çpq| yr� q �t�� }try�xt} {t�q|yvxq�
}q|qsqrt }vtr xv| ywz�� q {t}~x}qxu�æ�{tt mno �yt�� çpyr z{vs�tw yr xv| u{y|yuq� �v{ mno }vu~wtx|r r|v{t}
yx {t�q|yvxq� }q|qsqrtr ryxut �t�� }try�xt} mno }vu~wtx|r �£� |tx} xv| |v st {t}~x}qx|� ¥}}y|yvxq���� t�yr|yx�
z{vzvrq�r �v{ ~z}q|yx� mno }vu~wtx|r r|v{t} yx {t�q|yvxq� }q|qsqrtr }v xv| uvxry}t{ ~z}q|tr |p{v~�p �yt�r�

y zl@kj@@lhe �ei {jfjgB vhg?

�x |pyr zqzt{ �t z{vzvrt q r~srt| v� m�~t{�� ïm�~t{�� |v s~y�} ~z}q|qs�t mno �yt�r v�t{ {t�q|yvxq� }q|qsqrtr�
çpt wqyx uvx|{ys~|yvx v� |pt zqzt{ yr q wqzzyx� �{vw qx mno �yt� uvxr|{~u|t} ~ryx� ïm�~t{� |v q rt| v�
uv{{trzvx}yx� {t�q|yvxq� �yt�r� �pyup q{t |ptx ~rt} |v |{qxr�q|t ~z}q|tr v�t{ |pt mno �yt� |v ~z}q|tr v�t{ |pt
uv{{trzvx}yx� {t�q|yvxq� �yt�r� çpt qzz{vqup |pt{t�v{t {t}~utr |pt z{vs�tw v� ~z}q|yx� mno �yt�r |v q �t��
r|~}yt} z{vs�tw� |pq| v� ~z}q|yx� {t�q|yvxq� �yt�r�

çpt{t q{t q �t� vztx z{vs�twr yx v~{ qzz{vqup� çpt �{r| yr {t�q|t} |v |{qxr�q|yx� yxrt{|yvxr |v MuvwwvxN
zq{|r v� |pt �yt�� L~{ z{trtx| wt|pv} wqzr yxrt{|yvxr |v uvwwvx zq{|r v� |pt �yt� |v vxt yxrt{|yvx yx tqup
uv{{trzvx}yx� {t�q|yvxq� �yt� �{tuq�� |pt �{r| t�qwz�t v� rtu|yvx � �pyup yxrt{|r |pt q~|pv{ ¨©vst{| ðpy|t  ̈� ðptx
|{qxr�q|yx� |ptrt ~z}q|tr |v |pt ~x}t{��yx� {t�q|yvxq� }q|qsqrt� {t}~x}qx| yxrt{|yvxr q{t �txt{q|t}� �v�t�t{� |pt
{t�q|yvxq� r�r|tw �y�� vx�� zt{�v{w vxt v� |ptw qx} |pt v|pt{r �y�� �qy�� çp~r� �t {t�� vx |pt {t�q|yvxq� r�r|tw |v
t�ywyxq|t {t}~x}qx| ~z}q|tr� ¥x q�|t{xq|y�t |v |pyr qzz{vqup yr |v }t|tu| |ptrt uqrtr �ptx �txt{q|yx� |pt �é�­©çr|q|twtx|r æ upvvrt vxt v� |pt �yt�r qx} |{qxr�q|t |pt yxrt{|yvx vx�� vxut� ¥xv|pt{ q�|t{xq|y�t yr |v �txt{q|t q��|pt yxrt{|yvxr qx} qxq���t |pt �txt{q|t} ��o r|q|twtx|r �v�t{ |pt sqrt |qs�tr  |v {twv�t {t}~x}qxu�� ðt �tq�t
|pyr |v �~|~{t �v{¤� ryxut sv|p q�|t{xq|y�tr xtt} uq{t�~� {tqrvxyx� qsv~| pv� |v uv{{tu|�� }t|tu| {t}~x}qxu��

çpt rtuvx} vztx yrr~t yr {t�q|t} |v |pt q��v�t} ~z}q|t vzt{q|yvxr� å~{{tx|��� �t q{t q��v�yx� vx�� ~zæ}q|tr |pq| uqx st ~xqwsy�~v~r�� wqzzt} |v |pt {t�q|yvxq� }q|qsqrt �y|pv~| uq~ryx� ry}t t¡tu|r� 9{vs�twæq|yu ~z}q|tr q{t xv| q��v�t}� ¥ zvrrys�t rv�~|yvx |v |pyr �ywy|q|yvx yr |v vs|qyx ~rt{ yxz~| �v{ z{vs�twq|yu
~z}q|tr� çpyr rv�~|yvx �v~�} st sqrt} vx }yq�v�r �y|p |pt ~rt{� yx q �q� rywy�q{ |v |t��t{§r z{vzvrq� ����
��� çptrt }yq�v�r uv~�} vuu~{ q| �yt� }t�xy|yvx |ywt� v{ �ptx q z{vs�twq|yu ~z}q|t yr yrr~t}� ¥r qx t�æqwz�t� y� q ~rt{ q||twz|t} |v ~z}q|t q svv¤ |y|�t s� rztuy��yx� q zq|p |pq| q�rv yxu�~}tr qx q~|pv{ �qr yx
ª±®°²³«­ª±®°²³« µ́¶·¸¹º¹»ª¼®�¯¶Î±°¶³�­ª�³³s ¶́­��¸¹ºô÷
¹»ª°¶°¯¬ � �t �v~�} qr¤ |pt ~rt{ y� pt �qx|r |v wv}y��
q�� |pt |y|�tr v� |pt svv¤ �y|p ¶­��¸¹ºô÷
¹� �� rv� |pt vzt{q|yvx �v~�} st zt{�v{wt}� v|pt{�yrt� |pt vzt{q|yvx
�v~�} st uqxut��t}�

ïm�~t{� yr vs�yv~r�� �trr t�z{trry�t |pqx m�~t{�� �x zq{|yu~�q{� y| yr xv| uqzqs�t v� t�z{trryx� q��{t�q|yvxr
qx} q{sy|{q{� {tr|{~u|~{yx� yx |pt mno �yt�� ¥�|pv~�p |pyr yr q |{q}tæv¡ ywzvrt} s� v~{ �vq� v� ~z}q|yx� |pt
{t�q|yvxq� }q|qsqrt |p{v~�p mno �yt�r� y| wq� st zvrrys�t |v {tuv�xy�t ~z}q|qs�t zv{|yvxr v� �yt�r t�z{trrt} yx

£=



q wv{t �txt{q� �qx�~q�t� ¢v{ t�qwz�t� y� |pt �yt� z{trtx|t} q~|pv{ yx�v{wq|yvx qx} |pt |v|q� x~wst{ v� zqzt{r
|pt� pq} �{y||tx� y| yr r|y�� zvrrys�t |v ~z}q|t q~|pv{ yx�v{wq|yvx t�tx y� ~z}q|yx� |pt |v|q� x~wst{ v� zqzt{r yr
xv| q��v�t}�

uBCBgBekB@

�£� }zPS~|� ��� ~S� �R��RS� �� ¥ xv{wq� �v{w �v{ mno }vu~wtx|r� �x t_ëa���^êdí ëb t�v� ���� �nq}yrvx�
ðyruvxryx� ¦~x ���� �

��� �~z|~�U�� ��� �R~��P�~� ��� �P��Pz� }� ��� ~S� �RP�Pz�U��� �� ïz}q|yx� {t�q|yvxq� }q|qsqrtr
|p{v~�p vsªtu|æsqrt} �yt�r� �x t_ëa���^êdí ëb ��í\�v �¤tx�t{� åv�v{q}v� £ññ£ � zz� ��»��èë�

�î� �U~�� ��� ��~��Pz�RS� O�� �PzS~S�P�� �� ��� ��UzP|��� O�� �U�RP� ��� ~S� �R��US� �� m�~t{�
£��� ¥x mno �~t{� �qx�~q�t� ðîå ðv{¤yx� ¤{q�|� nq� ���î� p||z��������î�v{��ç©����î�ð¤æ��~t{�æ���î�è����

��� �U�~SSUS� y�� �~S����� ��� �UzT�� ��� �~z~�~S� y�� ~S� ��PSU�� y� Lz|ywy�yx� �yt� �~t{ytr yx
©Lo­m |v r~zzv{| xq�y�qs�t {tr~�| |{ttr� �x t_ëa���^êdí ëb  ]v¡ ���� ��vx� |vx�� åpyxq� ¥~�� ���� �

�è� �z~�~S�U�U� ¢�� O~£R�|US� ��� ~S� �P�|Pz� �� Lx |pt ~z}q|qsy�y|� v� mno �yt�r v�t{ {t�q|yvxq�
}q|qsqrtr� �x t_ëa���^êdí ëb Aì¡v¡ ���¤ ��qx ¤yt�v� åq�y�v{xyq� ¦~xt ���î � zz� î£�î=�

�=� �z~�~S�U�U� ¢�� O~£R�|US� ��� ~S� �P�|Pz� �� ©tqrvxyx� qsv~| |pt ~z}q|qsy�y|� v� mno �yt�r v�t{
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gZ` i cZ `aZ ^YAcZ[ =M dYc`[ZZd N=[[ZdO=^>]^_ `= `aZ 6Y7]8]6[\ `[ZZ 6Y7e^]`]68]fZ i S]`a ggZ` Z >Z^=`Z `aZ dZ` =M ^=>Zd ]^ 6Y7@TU Z6Na ^=>Z z ]^ Z

LTgZ` X cZ `aZ dZ` =M ^=^98Z6M >][ZN` Na]8>[Z^ =M aux?@ d]fZ:X; h i BCDE@TU Z6Na x ]^ X
LT]^N i

n I xiO6[Z^`<[Z6`Z ^=>Z:ni; I N8=^Z:n;
xiO6[Z^` I ni>Z8Z`Z96^^=`6`]=^:ni Px;
ri I niO6[Z^`jC?FD ri kh [==`:aux; LT<[Z6`Z ^=>Z:c; I N8=^Z:ri;WN8=^Z ri Hd Na]8>[Z^hgZ` Y cZ `aZ dZ` =M >][ZN` Na]8>[Z^ =M `aZ ^=>Z ri

:Z7NZO` n;@TU Z6Na y ]^ Y
LT<[Z6`Z ^=>Z:c′; I N8=^Z:y;

c′ iO6[Z^` I cDEL @TU
W]M ]`Hd `aZ l[d` `]AZP N=^^ZN` ni

S]`a c
h

?@
ri I niO6[Z^` BCDE
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ni iO6[Z^` I cDEL ?@
ri I ri iO6[Z^`DEL jC?FD<[Z6`Z ^=`Z:c′; I N8=^Z:ri;

ciO6[Z^` I c′

ri I cWmZ68 S]`a ^Zd` 6``[]cY`ZdhgZ` Nest cZ `aZ dZ` =M 688 8Z6M Na]8>[Z^ =M n@TU Z6Na nest ]^ Nest
LT<[Z6`Z ^=>Z:z; I N8=^Z:nest;

z iO6[Z^` I ni>Z8Z`Z9P68YZ:z Pni;DEL @TU
DEL @TU

DEL ?@
DEL @TU?@

i I g BCDE_Z^Z[6`Z9[Z86`]=^689P]ZS:aux;DFGD@TU j
M[=A i `= i

LT_Z^Z[6`Z9[Z86`]=^689P]ZS:rj;DEL @TU
DEL ?@
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>Z8Z`Z96^^=`6`]=^:nPx;
W>Z8Z`Zd 688 `aZ 6^^=`6`]=^d ]^ n `a6` 6[Z ^=` [Z86`Z> S]`a x

hgZ` W cZ `aZ dZ` =M 6^^=`6`]=^d =M SaZ[Z N86YdZd ]^ ngZ` C cZ `aZ dZ` =M Na]8>[Z^ =M ngZ` V cZ `aZ P6[]6c8Zd [ZMZ[Z^NZ> ]^ `aZ P68YZ =M `aZ ^=>Zd ]^ CgZ` V ′ I V@TU Z6Na w ]^ W
LT?@ :w a6d `aZ M=[A Vx

RXp6AZ
x qrs Vy

RXp6AZ
y PSaZ[Z Vx P Vy

6[Z P6[]6c8ZdP Vx ∈ V P
qrs

∈ WQIQP QkQP QhQP QtIQP QkIQP QhIQh; BCDE
V ′ I V ′ J VDEL ?@

DEL @TU@TU Z6Na w `a6` >=Zd [ZMZ[Z^NZ 6 P6[]6c8Z ]^ V ′
LT

>Z8Z`Z9SaZ[Z96^^=`6`]=^:wPW ;DEL @TUgZ` A cZ `aZ dZ` =M 6^^=`6`]=^d =M P6[]6c8Z c]^>]^_d ]^ ngZ` W ′ cZ `aZ dZ` =M SaZ[Z N86YdZd ]^ n W`a]d dZ` S6d A=>]lZ> c\ `aZ O[ZP]=Yd 8==Oh@TU Z6Na a ]^ A
LT?@

a >=Zd ^=` [ZMZ[Z^NZ 6 P6[]6c8Z ]^ W ′ BCDE
>Z8Z`Z:a;DEL ?@

DEL @TU
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?@ d]fZ:W ; h i BCDE?@
w ]d N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ e =M `aZ M=[A e1

6^> w BCDE[ZO86NZ e c\ e1DFGD?@
w ]d N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ e =M `aZ M=[A w 6^> e1

BCDE[ZO86NZ e c\ e1DFGD?@
w ]d N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ e =M `aZ M=[A w =[ e1

BCDE[ZO86NZ e c\ e1DFGD?@
w ]d N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ e =M `aZ M=[A e1

=[ w BCDE[ZO86NZ e c\ e1
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DEL ?@
DEL ?@

DEL ?@
DEL ?@

DEL ?@
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hgZ` niP68YZ cZ v1

RXp6AZ Y^]=^ v2

RXp6AZ Y^]=^ iii Y^]=^ vk

RXp6AZgZ` A cZ `aZ dZ` =M P6[]6c8Z c]^>]^_d ]^ x@TU i
M[=A i `= k

LT?@
vi /∈ A BCDE
>Z8Z`Z :vi;DEL ?@
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_Z^Z[6`Z9[Z86`]=^689P]ZS:t;
v`[]^_ viewP selectP fromP where

select I Qvwgw<x QgZ` L >Z^=`Z `aZ dZ` =M 8Z6M ^=>Zd Na]8>[Z^ =M t@TU Z6Na l ]^ L
LT?@

l ]d 6``[]cY`Z BCDE>Z8Z`Z QIQ M[=A l î 6AZDFGD
>Z8Z`Z QyzRQ M[=A l î 6AZDEL ?@

[ZO86NZ QRQ c\ QiQ ]^ liP68YZ?@
select kh Qvwgw<x Q BCDE
select I select J QP Q J liP68YZ J Q {v Q J l î 6AZDFGD
select I select J Q Q J liP68YZ J Q {v Q J l î 6AZDEL ?@

DEL @TU
from I Q |}~f QgZ` J I QQKgZ` newJoin I M68dZKgZ` nl I tKgZ` A cZ `aZ dZ` =M P6[]6c8Z c]^>]^_d ]^ nlgZ` a cZ 6 P6[]6c8Z ]^ A?@

nl a6d 6 ^=^98Z6M Na]8> c BCDE?@ d]fZ:A; h i BCDE
a I l[d` P6[]6c8Z c]^>]^_ ]^ ADEL ?@

from I Q:Q J a ì 6c8Z^6AZ J Q {v Q J aiP6[]6c8Z^6AZ J Q gw|x�~ep QA6[�:a;K WA6[� a 6d 68[Z6>\ YdZ>h
jC?FD N ]d ^=` p�gg LTgZ` V C cZ `aZ dZ` =M P6[]6c8Z c]^>]^_d ]^ cgZ` W cZ `aZ dZ` =M SaZ[Z 6^^=`6`]=^d ]^ nl 6^> cjC?FD `aZ[Z ]d 6^ Y^A6[�Z> P6[]6c8Z vc ]^ V C

LTgZ` joinCond I QQ?@ ^=`:newJoin; BCDE
v I l^>�=]^x6c8Z:aPW P V C P joinCond;WjoinCond [Z`Y[^d S]`a `aZ �=]^ N=^>]`]=^ M=Y^> c\ `aZ O[=NZ>Y[Z l^>�=]^x6c8Zh
from I from J v ì 6c8Z^6AZ J Q {v Q J v iP6[]6c8Z^6AZ J Q ~p Q J joinCond J Q; Q
newJoin I `[YZ
a I vA6[�:v;
J I J J joinCondDFGD
v I l^>�=]^x6c8Z:aPW P V C P joinCond;
from I Q:Q J from J Q gw|x �~ep Q J v ì 6c8Z^6AZ J Q {v Q J v iP6[]6c8Z^6AZ J Q ~p Q J joinCond J Q;
a I v
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A6[�:v;
J I J J joinCondDEL ?@

DEL jC?FD
nl I c

c I ^=^98Z6M Na]8> =M nlDEL jC?FD
DFGD?@ d]fZ:A; I i 6^> nl a6d ^= 8Z6M Na]8> BCDE

from I a ì 6c8Z^6AZ J Q {v Q J v iP6[]6c8Z^6AZDFGD?@ d]fZ:A; h i 6^> nl a6d ^= 8Z6M Na]8> BCDEgZ` W cZ `aZ dZ` =M SaZ[Z 6^^=`6`]=^d ]^ nl

a I l[d` P6[]6c8Z c]^>]^_ ]^ A

from I Q:Q J a ì 6c8Z^6AZ J Q {v Q J aiP6[]6c8Z^6AZ J Q gw|x�~ep QA6[�:a;gZ` newJoin I M68dZ
jC?FD `aZ[Z ]d 6^ Y^A6[�Z> P6[]6c8Z ]^ A

LT?@ ^=`:newJoin; BCDE
v I l^>�=]^x6c8Z:aPW PAPjoinCond;
from I from J v ì 6c8Z^6AZ J Q {v Q J v iP6[]6c8Z^6AZ J Q ~p Q J joinCond J Q;Q
newJoin I `[YZ
a I vA6[�:v;
J I J J joinCondDFGD
v I l^>�=]^x6c8Z:aPW PAPjoinCond;
from I Q:Q J from J Q gw|x �~ep Q J v ì 6c8Z^6AZ J Q {v Q J v iP6[]6c8Z^6AZ J Q ~p Q J joinCond J Q;Q
a I vA6[�:v;
J I J J joinCondDEL ?@

DEL jC?FD
DEL ?@

DEL ?@
DEL ?@
where I Qb�w}w QgZ` b cZ `aZ dZ` =M SaZ[Z 6^^=`6`]=^d ]^ 688 `aZ `[ZZ@TU Z6Na w ]^ W `a6` ]d ^=` ]^ J

LT
where I where J wKDEL @TU

view I select J Q Q J from J Q Q J where[Z`Y[^ viewÉF1 a�b���5�4����5��b��4c��d 57J82/?FA C5773 ?F1 3<K28<?/.1 �bn���b�����I
l^>�=]^x6c8Z:aPW PV C PjoinCond;
joinCond I QQ@TU Z6Na v ]^ V C

LT?@ `aZ[Z ]d 6 w ]^ W =M `aZ M=[A Va

RXp6AZ
a qrs Vv

RXp6AZ
v P:SaZ[Z Va P Vv

6[Z P6[]6c8ZdP Va ∈ aP Vv ∈ v

qrs
∈ WQIQP QkQP QhQP QtIQP QkIQP QhIQh; BCDE@TU Z6Na w ]^ W `a6` ]^P=8PZd P6[]6c8Zd a 6^> v

LT
joinCond I joinCond J w J QKQDEL @TUZ7]` WZ7]` `aZ M=[ 8==OhDEL ?@

DEL @TU
W`[Z6`d `aZ �=]^ Z7O[Zdd]=^ ]^N8Y>]^_ {pmd 6^> ~}dh@TU Z6Na w1 K w2

]^ joinCond
LT?@

w1
6^> w2

6[Z N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ =M `aZ M=[A Qw1
6^> e 6^> w2

Q BCDE[ZO86NZ K c\ andDFGD?@
w1

6^> w2
6[Z N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ =M `aZ M=[A Qw1

=[ e =[ w2
Q BCDE[ZO86NZ K c\ orDFGD?@

w1
6^> w2

6[Z N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ =M `aZ M=[A Qw1
=[ e 6^> w2

Q BCDE[ZO86NZ K c\ or
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DFGD?@
w1

6^> w2
6[Z N=^^ZN`Z> ]^ W c\ 6^ Z7O[Zdd]=^ =M `aZ M=[A Qw1

6^> e =[ w2
Q BCDE[ZO86NZ K c\ andDEL ?@

DEL ?@
DEL ?@

DEL ?@
DEL @TU[Z`Y[^ joinCond[Z`Y[^ v
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∆
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LT?@ `\OZ:m; I τN

BCDE
�MKMN�OM�KLMNO�����JM��m�� NTTO�∆�� n� V �DFGDgZ` X cZ `aZ dZ` =M ^=>Zd =M `\OZ τN
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DEL ?@
DEL @TU
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_Z^Z[6`Ze^dZ[`vXg:RelV iewP r P InsertionPointP V ;
sql I Qepvw}x epx~Q J RelV iew J _Z`{``[]cY`Zd:RelV iew;
sql I sql J Q  {g�wv :Q@TU ] I g `= _Z`x=`68pYAcZ[{``[]cY`Zd:RelV iew; 9 i LT

att I _Z`{``[]cY`Z:RelV iewP i;?@
att ]d 6 Na]8> n =M r BCDE
sql I sql J _Z` 68YZ:n;DFGD
|]^> att ]^ V P d`6[`]^_ M[=A InsertionPoint Z76A]^]^_ `aZ 8Z6M ^=>Zd Y^`]8 V Hd [==` ]d M=Y^>
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gZ` `aZ ^=>Z M=Y^> cZ m

sql I sql J _Z` 68YZ:m;DEL ?@
?@ ] k _Z`x=`68pYAcZ[{``[]cY`Zd:RelV iew; 9 i BCDE

sql I sql J QP QDFGD
sql I sql J Q;QDEL ?@

DEL @TU
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gZ` p cZ `aZ Y^�Y68]lZ> O=[`]=^ =M refgZ` m cZ `aZ ^=>Z [ZdY8`]^_ M[=A `aZ ZP68Y6`]=^ =M p 6_6]^d` aux?@ `\OZ:m; I τN

BCDE
�MKMN�OM¤MjMOM�����JM��m�� ref�DFGDgZ` X cZ `aZ dZ` =M ^=>Zd =M `\OZ τN

Y^>Z[ m@TU Z6Na x ]^ X
LT

�MKMN�OM¤MjMOM�����JM��x�� ref�DEL @TU
DEL ?@
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_Z^Z[6`ZmZ8Z`ZvXg:RelV iewP ref ;
sql I Qmwgwxw |}~f Q J RelV iew J Qb�w}w Q@TU Z6Na l8`Z[ f ]^ ref

LT?@
f ]d `aZ l[d` l8`Z[ ]^ ref BCDE
sql I sql J fDFGD
sql I sql J Q{pm Q J fDEL ?@

DEL @TU
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• ∆
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82 τS
ÍI ÉF1 3<K28<?/.1 c��d�n� 21?<2.3 ?F1 .5A1 8@ ?F1 2175?/8.570/1^ 5338C/5?14 ^/?F .841 nE 533<A/.J ?F5? n /3 8@ ?LO1 τN

I
`[6^d86`Zf=>]M\:V P auxPref P∆;
gZ` p cZ `aZ Y^�Y68]lZ> O=[`]=^ =M refgZ` m cZ `aZ ^=>Z [ZdY8`]^_ M[=A `aZ ZP68Y6`]=^ =M p 6_6]^d` auxgZ` r cZ `aZ 6^NZd`=[ =M m Sa=dZ `\OZ ]d τT

=[ τNgZ` N cZ `aZ dZ` =M ^=>Zd [ZdY8`]^_ M[=A `aZ ZP68Y6`]=^ =M ref ]^ V@TU Z6Na n ]^ N
LT?@ `\OZ:r; I τN
BCDE

�MKMN�OM©TUJQV�����JM��r�� ∆� ref�DFGDgZ` X cZ `aZ dZ` =M ^=>Zd =M `\OZ τN
Y^>Z[ r@TU Z6Na x ]^ X

LT
�MKMN�OM©TUJQV�����JM��x�� ∆� ref�DEL @TU

DEL ?@
DEL @TU
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� ?F1 .1^ 057<1
• ref

� ?F1 <O45?1 O5?F
_Z^Z[6`ZmZ8Z`ZvXg:RelV iewP ∆P ref ;
sql I Q�ªm{xw Q J RelV iew J Q vwx QgZ` t cZ `aZ `Z[A]^68 ^=>Z ]^ ref

sql I sql J t J QIQ J ∆ J Qb�w}w Q@TU Z6Na l8`Z[ f ]^ ref
LT?@

f ]d `aZ l[d` l8`Z[ ]^ ref BCDE
sql I sql J fDFGD
sql I sql J Q{pm Q J fDEL ?@

DEL @TU
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