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AbstractOQPGPGR-SUTGV�PXWZYGRGPQW7TGV\[ YX]�^_TXW>P [`]Ga�PXW>PX]�V\b cdP:eERDPX]�^D[ fGPHgihQj�V
V\a�YXW>YXj�kXalTX]�mon%YQpqRXW>PXa�PX]�^D[ fGPrRXW7PDs�SUPXb`btRHb TX]D]G[`]�kun%TQ]vTX[ mw[ ]
W>PGmXj�nx[`]�kymXW�[ b b [`]�kyn�YG^�V�^Dz {0](|�YQW�pqT:V�[ YQ]}|&W7YHp n%YHp~RXj�V�PXW
pqYDmGPHb`[`]�k�Y:|�n%TG^D[`]�kQgDmQW�[ b bE^�V\W�[`]�k�TQ]�m�hX[ V�mGPG^D[ kX]�[ ^�[`](f:TXb`j�TGhHb P
|�YXW�p~TX��[`]�k�[`](|�YXW$pqPGmomGPGnD[ ^D[ YX]�^lV\a�TGV�n�TX]lPE|�|�PGn�VQV\a�Po^Dj�n�n%PG^�^
YG|UV\a�P�mXW$[ b`b [`]�k�YDRGPXW>TGV�[ YX]Dz�{*pqRGYQW V�TX]�VFmGPG^D[ kQ]�n%YQ]�^D[ mGPXW>TGV\[ YX]�^
|�YXW�W7PGmQj�n-[`]�k mXW�[ b b`[`]�kyn�YG^�V�^�TXW7P pqT:e-[ p�[ �D[`]�k W7TGV�PG^�s�Y:|�s
RGPX]�PGV\W7TGV\[ YX] ���H���x��g�p�[`]G[ p�[ �x[`]�k PG�Xj:[ fETQb PX](V�nD[`W>n-j:b TGV+[`]�k
mGPX]�^D[ V![ PD^����x��OF� ^���TX]�m�YGRDV![ pl[ �-[`]�k�RXW7PD^�^DjGW7Pib YD^�^�PK^�[`]�V\a�P
n-[`W>n-j:b TGV+[`]�k�^�c�^�V0PQplz��Ua�P�SUPXb`b RXb TX]D]�PXW�TX]�TQb c��%PG^�fGTQW�[ YXj�^
n%YQpqhH[`]�TGV+[ YX]�^¡YG|U�Q����gE|\b YGS¢W>TGV�P£TX]�m£mXW�[ b`b [`]�kl|\b`j:[ m£RXW7YDRGPXW>V![ PG^
Sq[ V!a PDTGn-a n�TG^D[`]�kXg%mXW�[`b b(^�V!W$[`]�k�TX]�m�hH[ VGn�YX](|9[ kXjGW>TGV�[ YQ]Gz¤�¥aG[ ^v[ ^~T
f:PXW>c¦V�[ pqPDs�n�YX]�^DjGp�[`]�k�TX]�m�mGTGV�T§[`]�V0PQ]�^D[ f:P�RXW>YGn%PG^�^Dg�V\a�P
TGn�n-jGW>TGn%c¨Y:|¡S©aG[ nxaª[ ^�[`](|\b`j�PX]�n�PGm�hGc¨V\a�P�n%YHp~RXj�V�PXW¡pqYGmGPQb
TX]�m�TQ]�TXb c%^D[ ^©V�PGnxaG]G[ �Xj�PD^�j�^�PKmXz
�UaD[ ^�RGTGRGPXWUW>PEfH[ PGSU^�V\a�P�j�^�PrYG|�PX]�kQ[`]�PGPXW�[`]�k�^�YG|�V�S«TXW>Po|�YXW

SUPXb`b¬RXb TX]G]G[`]�k­TX]�m®mXW�[ b b`[`]�k®YGRGPXW>TGV+[ YX]�^Dz {�]�|$YXW�pqTDV�[ YX]®[ ^
RXW>PG^�PX]�V�PGmu|&W7YHp�V�S«YumGPDPGRKSUTGV�PXW�SFPXb`b ^�mXW�[ b b PGmw[`]�V!a�Pu¯�jGb |FYE|
° PGex[ n%YXz ±QPGS TX]�TQb c%^D[ ^²V�PGnxaG]G[ �Xj�PD^²S«PQW7PymGPGfDP3b YDRGPGm
^�RGPGnx[ |\[ n%THb`b c³|�YXWuS«PXb`b�RHb TX]D]G[`]�k´[`]�V!a�PG^�PµV�c%RGPD^¶YG|·SUPXb b ^Dz
{�]G]�Y:fGTGV+[ f:Pun�Y3p�p�jG]:[ n%TGV+[ YX]�^�V�PGnxaG]�YXb YDkGc¬TQb b YGSU^o^D[`pljGb T:V\[ YX]�^
n-W>PGTGV�PGm¨YX]�^Da�YXW>P�[`]¬V\a�P·RQb TX]G]:[`]�k·RXa�TG^�P·V�Y·hGP·V\W>TX]�^�|�PQW�W>PGm
YG|�|�^Da�YQW7P¡|�YXW3j�^�Pr[`] V\a�P�P:e:PGnxj�V\[ YX]¸RXa�TD^�PXz

Introduction�Ua�P�^D[ kX]G[ |![ n�TX]�VGV�PGnxaG]:[ n%TXb(nxa�TXb b PX]�kGPG^�YG|3mXW�[ b b [`]�ko[`] mGPGPDRGS«TDV0PQW
TXW>P�n�Y3p~RXb [ n%TGV�PGm�hGc�V\a�P�^�PQ]�^D[ V\[ fH[ V>coYE|FV\a�P�RXW>PE|$PXW�W>PGm�mXW�[ b b [`]�k
|\b`j:[ m·V�Y�V\a�PwmXW�[ b`b [`]�kwPX](f3[ W>YX]:pqPX]�V\z ¹�cx]�V\a�PGV+[ n%s�hGTG^�PGm¢p�j�mG^
�>¹»º�° �uTXW>P�V\a�P�|\b`j:[ mGs�YE|$s�nxa�YH[ n%P�|�YHW�mGPGPGRGSUTGV�PXW�YGRGPXW>TGV\[ YX]�^
hGPGn�TXj�^�P�V\a�PDc®n%YX]�^D[ ^�V�PX]�V!b c§THb b YGS YGRGPQW7TGV�YXW>^®V�Y¼W>PGTXb`[ �%P
^D[ kX]G[ |9[ n%TX]�V©W>PGmXj�n�V�[ YX]�^u[`]�Y:f:PXW>THb bKSUPXb`btn�YG^�V�^DzQ�Ua�PG^�P�^�TGfH[`]�kG^
W>PG^DjGb V�|&W7YHp W>PGmXj�n�V�[ YX]�^�[`]¶hX[ V¨V\W�[ RG^Dgw[ p~RXW7Y:f:PGmµhDYXW7PQa�YXb P
^�V�TGhX[`b`[ V�cDgu[`]�n-W>PGTG^�PGm´W>TGV�PG^¶YG|·RDPX]�PGV\W>TGV�[ YX]¶TX]�mXg�[`]i^�YQpqP
n%TD^�PK^Dg%V\a�P�PXb [ p�[`]�TDV�[ YX] Y:|-n%TG^D[`]�k�^�V\W�[`]�kG^Dz
OQPG^�RX[ V�P·V\a�PQ[`W¤n�YX]�^D[ mGPXW>TGhXb P�V�PGn-aD]E[ n�TXbUpqPXW�[ V�^Dg¥^�cx]�V\a�PGV+[ n%s

hGTG^�P-mµmXW�[`b b [`]�k´p�j�mG^¶TXW>P§]�YGVwT3b SUTGc�^¦V\W7YQj�hXb PGs�|\W7PGPQzr�¥a�P
YGn�n-jGW�W7PQ]�n%PoY:|»b YG^�VUnD[`W7nxjGb T:V![ YQ]�S©a�PQ]uj�^D[`]�ku¹»º�°½[ ^£T¨p~TE¾`YQW
n%YQ]�n%PXW�]¿|$YXWÀmGPGPDRGS«TDV0PQWÀYGRGPXW>TGV�YXW>^DzÁ�Ke:n%PG^�^D[ fGPÂb YG^�^�P-^�YG|
plj�mlfGYHb`j:pqP£n%TQ]ÀV�P3p~RGYXW>TXW�[ b c£^DaGj�V�mGYDS©]lmXW�[`b b [`]�koYGRGPXW>TGV\[ YX]�^
TX]�m�TDmGm�T�V\W7PHpqPQ]�mGYXj�^©PGe:RGPQ]�^�P�V�Y�YEfDPXW7THb`b�S«PXb`b�n%YG^�V\z
° YGmGPQW�]¬n%YQpqRXj(V�PXW¥V�PGnxaG]�YHb YGkGcÃa�TG^uPX]�TDhXb PGm·V\a�P·mDPG^D[ kX]

^�YGRXaD[ ^�V![ n�TGV�PGm a�c%mQW7TXjDb`[ n�^ p~YGmGPHb ^ |$YXW PQ]�kX[`]�PGPQW�[`]�k
TGRGRQb`[ n%TGV+[ YX]�^DzdÄQc%mXW>TXj:b`[ n�^ªTQ]�mÂa�YXb PÅnDb PGTX]G[`]�k³pqYDmGPHb ^ªTXW>P

PGe:V+W7PHpqPQb ci[ p~RGYXW>V0TQ]�Vl|�YQW�PX]�^DjGW�[`]�k³^Dj�n%n�PG^�^ÅS©a�PÆ]�mXW�[`b b [`]�k
n�YXpqRHb P:e�SUPXb b ^Dz OQPGPGRGSUTGV�PXW¬TX]�mÇaG[ kXaÈV�PHpqRDPXW7TDV!jDW7PGÉ\a:[ kXa
RXW>PG^�^DjGW7PZ��ÄQ�Xs�ÄF�3��SUPXb`b ^·TQW7P¢RGTXW>V�[ n-jDb TXW�b c·nxa�TXb b PX]�kX[`]�k¢TX]�m
RXW>PGs�S«PQb`b�pqYGmGPQb [`]�k³n%TQ]�hGP¶TX]�PX]�YQW�pqYXj�^�TD^�^�PGV¬V�YGSFTQW7mG^
RXW>YG¾`PGn�VK^Dj�n%n%PD^�^Dz

Ê ËXÌÎÍHÏ�Ð>ÑtÒ£ÓFËÔÑGÕXÐ ÌÎÍXÖ�×GØ�Ð ËÔÑtÕ
OFW�[ b`b [`]�k a�c�mXW>TXjGb [ n%^ÙTXW>P�TX]�TXb c%��PGmÁTGV³TGn�V!j�TXbªmGYGSq]Ga�YXb P
n�YX]�mX[ V+[ YX]�^Dg¦S©a�PDV!a�PXWÙ[`]ÚmGPGPDRGS«TDV0PQWÇS©a�PXW7P n-[`W>n-jGb TDV�[`]�k
V�PHpqRGPQW7TGV\jGW>PG^µTQW7P§V0c�RX[ n%TXb b c­hDP3b YDSÜÛDÝGÝ¥ÞÈß�YQW�[`]§aG[ kXa
V�PHpqRGPQW7TGV\jGW>PGÉ\aG[ kXaàRXW>PG^�^DjGW>P£S«PQb`b ^DgtSqa�PXW>P�V�PXp~RGPXW>TGV\jGW>PG^rpqTGc
PGe:n�PGPGmláDÝGÝ¥ÞÎßÎzà�ÎPHpqRDPXW7TDV!jDW7P£TX]�m£RXW>PG^�^DjGW>P£PG|�|�PGn�V3hGYGV\aàV�a�P
W�a�PGYXb YDkGc¨TX]�m�mGPX]�^D[ V�c¨Y:|~mXW�[ b b [`]�k·|\b`jG[ mG^Dg¸RGTXW>V�[ n-j:b TXW$b c�[`](f:PXW>V>s
PXp�j:b ^D[ YX]¬mXW�[ b b [`]�k�|\b`jG[ mG^Dzâ�Ua�PG^�P¨RGTQW7TXp~P:V0PQW7^oTXW>P·n%YXW�W>PGn%V�PGm
|�YQW�b YGn%TQbEn%YX]�mQ[ V�[ YX]�^�hGPG|�YQW7P�TQ]�YEf:PXW>TXb bÎ[`]�V�PGkQW7T:V�PGmuRXW>PGmX[ n�V\[ YX]
YG|-mGYGSq]Ga�YQb P�RXW7PD^%^DjGW>PK^v[ ^©RGPXW>|�YXW$pqPGmXz
{*pqRGYXW>V�TX]�VÆp YGmGPXb [`]�k�n%YX]�^D[ mDPXW7TDV![ YQ]�^�a�T:fGP�hGPDPX]£[ mGPX]�V+[ |\[ PGm

|�YQWwmDPGPGRGSUTGV�PXWÃTX]�m�ÄQ�Xs�ÄF�_SUPXb`b ^�TX]�mXg·hGPGn%TQj�^�PÙV!a�PX[`W
[ pqRGYQW7V�TX]�n�P®n%TX]D]�YGV�hGP§YEf:PXW>s�P3p~RXa�TG^D[ ��PGmXg�V\a�PGc�S©[`b bãhGP
W>P:f3[ PDS«PGm´[`]�V\a:[ ^�RGTDRGPXW�z �Ua�PG^�Pµn-W�[ V�[ n�THb�n%YX]�^D[ mDPXW7TDV�[ YX]�^
are:1,2,3

•
V�PHpqRGPQW7TGV\jGW>P�pqYGmGPQb g

•
ÄQ�Xs�ÄF�uW�a�PGYHb YGkX[ n�THb%pqYDmGPHb`g

•
mGPQ]�^D[ V�c�p~YGmGPXb`g

•
n�YXpqRGYD^D[ V�[ YX]�TQb�pqYGmGPQb g

•
|\[`]:[ V�PGs�mH[ |�|�PHW7PX]�n%P�TX]�TQb c%^D[ ^v��a�c%mXW>TXjGb [ n~kXW�[ mD^��

•
a�YQb P�nDb PGTX]G[`]�k�TQ]�TXb c%^D[ ^©TX]�m

•
^�S«TGhDÉ�^DjGW>kGP�TX]�TXb c�^D[ ^

ä�å"æ¡çGå(è"é%ê�ë:è(åUìuí�îGå"ï
��W>PGmX[ n�V�[`]�kwTX]G]GjGb TQW¤V�PHpqRGPQW7TGV\jGW>PG^Ã[ ^�]�YGV�T·V\W�[ fH[ TXbQV�TG^D�¬TX]�m
V\a�PXW$pqTXbEn�YX]�mX[ V+[ YX]�^o[`]Da�PXW>PX]�V�V�Y¬mGPDPGRGSUTGV�PXWQS«PQb`b ^lTGmGmuV�YuV\a�P
nxa�TXb`b PX]�kDPXzã�Ua�PG^�P¬SUPXb`b ^�PGeHaE[ hH[ V�mQj�THbtkXW>TGmX[ PX](V�^DðxTw]�PDkGTGV\[ f:P
kXW>TGmX[ PQ]�VªP:ex[ ^�V0^ñ|9W>YHp ^DjGW7|$TGn%P�V�Y®V!a�P}plj�m}b [`]�Pd�>SUTGV�PXW
n�YXb`j:pl]��<gÆ|�YHb`b YGSUPGm�hGc¨TªRDYG^D[ V�[ f:PªkXW>TGmX[ PQ]�V¡hGPXb YDS¦V\a�PÈplj�m
b`[`]�PHz�òÃa�PX]µ[`]:[ V�[ TDV�[`]�kµnD[`W>n-j:b TGV+[ YX]ZT:|�V�PXW�RGPXW�[ YDmG^¦YG|w^�V0TDV![ n
n�YX]�mX[ V+[ YX]�^DgÆV\a�P¨TX]D]GjGb TXW«V�PHpqRGPXW>TGV\jGW>P¨RXW7Y:|\[ b P�nxa�TX]�kDPG^uTG|�V�PXW
V\a�P¢fEYQb`jEp~PâY:|op�j�mâP:e:RGYG^�PDm�V�Y�V\a�P�n%YHb m�SUTGV�PXWln%YXb`j:p�]
YGRDRGYK^D[ V�P�V\a�P§W�[ ^�PXWª[ ^Ç[`]�n%YQW7RGYQW7TGV�PGmó[`]�V�Y�V!a�P®nD[`W7nxjEb TDV�[`]�k
system.ô»]�YGV\a�PXW¬n%YX]�mX[ V�[ YX]½jG]:[ �Xj�P½V0Y½mGPGPGRDS«TGV�PXW¬TXW�[ ^�PG^�|&W7YHp
hGYDYG^�V\[`]�kõV\a�PöW�[ ^�PXW�z ÄQPXW>PXg�n%YGYHb PXWÅp�j�m®|9W>Y3p ^DjGW>|�TGn�P
n�YX]�V\[`]Gj�TXb b c¦PQ]�V�PXW7^½V\a�P}W�[ ^�PXW·TX]�m®TXb V�PXW>^ñV!a�P®nD[`W7nxjEb TDV�[`]�k
V�PHpqRGPQW7TGV\jGW>P�RQW7Y:|\[ b P�S©[ V\aG[`]�V\a�Pwp�j�mun%YQb`jEp�]:zw÷ÔTXW�[ T:V\[ YX]�^�[`]

øoø¨ù¨úüû©ý©þ~ÿ:ù������ªÿ��	��ÿ�ý�
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ò�[ b b [ THpÅOQc%PHg%ôFb TQ]¤¯�[ b PG^Dg-�QYXb TX]�m�° TGc~TQ]�mà¯�W7PGkr°�j:b`b PX]:g-ºxTX��PXW3ÄFj�kXa�PD^Dg

INTEQ
OFW�[`b b [`]�k£ßXb`j:[ mG^
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V\a�P |&W7PG�Qj�PX]�n�c TX]�m W7TDV0P TGVõSqaG[ nxa hDYGYG^�V\[`]�k YGn%nxjGW
n%YQpqRHb [ n�TGV�PG^¶RXW>PGmX[ n�V�[ YX]�^¶Y:|·nD[`W>n-j:b TGV+[`]�k�V0PHp~RGPXW>TEV\jGW>P�TX]�m
RXW>PG^%^DjDW7P RXW>YG|9[ b PG^Dz �~V\a�PXW¦P:e:T3p~RXb PG^ [`]�nDb`j�mGP mXW$[ b`b [`]�k
YGRGPQW7TGV\[ YX]�^ân-a�TXW7TDn%V�PXW�[ �%PGm³hGciplj:b V+[ RXb P�kXW>TGmX[ PX]�V0^¢^Dj�n-aâTG^
mXW�[`b b [`]�k�V\aGW7YQj�kXa¦^�TXb V·mGYHpqPD^Dz OQPGPGRDS«TGV�PXW·S«PQb`b ^ümQW�[`b b PGm
V\aGW>YXj�kXa T�^�TXb V-mGYHpqP�n�TX]�a�T:f:P~|�YXjDWEV0PHp~RGPXW>TGV\jGW7P�kQW7TGmQ[ PX]�V�^Dz
�ÎPHp~RGPXW>TGV\jGW7P pqYDmGPXb ^â|$T3b bl[`]�V0Y³V�S«Y½n%TGV�PGkDYXW�[ PD^Dg�PX[ V\a�PQW

^�V�PGTGmGc�^�V�TGV�PÅYXWÀmDc-]�TXp�[ nxz�° YG^�V£RXW>YGkXW>T3p~^ij�^�P�T�^�V�PGTDmGc
^�V�TGV�PrpqYGmDP3b`z~ôumGPGV�TX[ b PGmlmH[ ^�nxj�^%^D[ YX]~YX]qV�PHpqRDPXW7TDV!jDW7Prp~YGmGPXb ^
[ ^�hGPGc%YQ]�mÙV!a�P�^�n�YGRGPÙYG|ÅV\a:[ ^®RGTGRGPXW�gªTXb V\a�YXj�kQaÇ^�YXpqP
[ pqRGYXW>V�TX]�V¡f:TXW�[ TGhXb PD^¢pqPXW�[ VrpqPX](V\[ YX]:z´�¥a�PG^�PÂ[`]�nDb`j�mDP½a�PGTGV
n%TDRGTGn-[ V�c©TX]�mra�PGTGV3V\W7TQ]�^(|$PXWKn%YGP:|�|\[ nx[ PX]�V�^~Y:|3V\a�P�|�YXW�pqTDV�[ YX]~TX]�m
mXW�[`b b [`]�k�|!b`j:[ mXgGkGPGYGV\a�PQW�pqTHbEkXW>TGmH[ PX]�V�^DgÎp~TG^�^�|\b YGSÈW7TGV�P�TQ]�m�V\a�P
fH[ ^�n%YG^D[ V*c~TX]�m�mDPX]�^D[ V�c~Y:|KV\a�P¡mXW�[ b b`[`]�k~|\b`jG[ mHz
° YGmGPQW�] a�c%mXW>TXjGb`[ n�^yp~YGmGPHb ^Ánxa�TXW>TGn%V�PXW�[ �%P mDYGS©]Da�YXb P

V�PHpqRGPXW>TGV\jGW>PG^�hGc�mX[`W7PDn�VQn�THb n-jGb T:V\[ YX]:gKYXWHhDc�TXb b YDS©[`]�krV!a�P¨j�^�PQW
V�Y¦mGP:|\[`]�PñTñV�P3p~RGPXW>TGV\jGW>P¦RXW>Y:|![`b PHz ¹�V�PGTGmGc�s�^�V�TGV�PÇpqYGmGPHb ^
n%TQb n-jGb T:V�P�V\a�P�RXW>Y:|9[ b P¬T:|�V�PXWHP:e:V�PX]�mGPDm¬RGPQW�[ YGmD^o�>^�V0PDTGmGc£^�V�TGV�PG��g
^Dj�nxaÈT-^�S©a%PX]�kGPGYGV\a�PXW�pqTQb�PD�XjG[ b`[ hXW�[`j:p [ ^ W>PGTGn-a�PGmñTX]�m
TX]G]DjGb TXWqV�PHpqRDPXW7TDV!jDW7PG^�a�T:fGP�^�V�TGhX[`b [ �%PGmQzõOQc-]�T3p�[ n�p YGmGPXb ^
^D[`plj:b TGV�P�nxa�TX]�kDPG^r[`]ÀmGYGSq]Ga�YQb P�V�P3p~RGPXW>TGV\jGW>P�TX]�moRXW>PG^�^DjGW>PK^
TG^ÙT�|9jG]�n%V�[ YQ]�YE|³V�[ pqPHz³�QPGkGTXW>mXb PG^�^ÙYG|¶V\a�P¼V>c�RGPÁY:|
V�PHpqRGPXW>TGV\jGW>P¨p~YGmGPXbXj�^�PGmXgQTQ]�TGn�n-jGW>TGV�P�V�PHpqRGPQW7T:V\jGW>P�RXW>Y:|![`b P
[ ^µV\a�P§^D[`]�kXb P}p YG^�Vi[ pqRGYQW V�TX]�V�RGTXW>THpqP:V�PXW¿|$YXW¿TGn�n-jGW>TGV�P
TX]�TQb c%^D[ ^©YG|-mGYGSq]Ga�YXb P�RXW>PG^�^DjGW7PQz
�Ua�P·V�P3p~RGPXW>TGV\jGW>P�p YDmGPXbFj�^�PGm�[`]rV\aG[ ^�RGTGRGPQW n%THb n-jGb T:V�PG^

mGYGS�]Da�YXb PoV0PHp~RGPXW>TGV\jGW7PoRXW>Y:|![ b PG^�hGTG^�P-muYX]�V\a�Pun%YX]�^�PXW fGTGV+[ YX]
YG|3PX]�PXW7kDcàSq[ V\aG[`] Tln�YX]�V\W7YHb(|\b`j:[ m�fEYHb`j:pqPQzq�UaD[ ^�[ ^¡mGYX]�P�Sq[ V\aG[`]
V\a�P�mXW�[ b b(^�V\W�[`]�kXg%TX]G]GjDb`j�^©TX]�m�V\a�P¡|�YXW�p TGV+[ YX]Gz 4
�Ua�P�PD�Xj�TGV\[ YX]�|�YHW¥n%YX]�^�PXW fGTGV+[ YX]¬Y:|¸PX]�PQW7kGcu|$YXW¥T·n�YX]�V\W7YHb

f:YHb`jEp~P£[`]�^D[ mGP�V\a�P�^�V\W�[`]�k�[ ^Dð

( )
t

T
Ac

z

T
cmTTUd p

pp
p

ppapp ∂
∂

+
∂

∂
=− ρπ

{�]�^D[ mGP�V\a�P�TX]D]GjGb`j�^Dg

( ) ( )

t

T
Ac

z

T
cm

TTUdTTUd

a
ap

a
p

pappafaa

∂
∂

+
∂
∂

−

=−−−

ρ

ππ

ô»]�mr[`]�^D[ mGP�V\a�Pà|�YXW$pqTGV+[ YX]Gð

t

T

k

c

z

T

r

T
r

rr
f

f

pffff

∂
∂

=
∂

∂
+++,
-../0

∂
∂

∂
∂ ρ

2

2
1

{�]G[ V�[ THb«TX]�m�hDYXjG]�mGTQW7c·n�YX]�mX[ V\[ YX]�^¨TXW>P³W>PG�XjG[`W>PGm�V�Yâ^�YQb f:P
V\a�PG^�P�PG�Qj�TGV\[ YX]�^Dz

1~ä3241�57698Gå"í�ï�í�:�;=<"é%ï%ìuí�îDå(ï
�Ua�PrW�a�PDYXb YGkX[ n%TXb�RXW>YGRGPXW>V\[ PG^©YE|-¹»º�°·n-a�TQ]�kGPojD]�mGPXWKmGYGSq]Ga%YXb P
n%YQ]�mX[ V�[ YQ]�^DzyºxYGV>V�YHpqs<a�YXb PiRXW7PD^�^DjGW7PD^�YX]ÃmGPGP-R-S«TGV�PXW�SUPXb`b ^
n%TQ]ãTGRGRXW>YGTGnxaãÛGÝXg ÝGÝDÝ·RG^D[`g«TX]�m¢p�j�m¢b`[`]�PwV0PHp~RGPXW>TGV\jGW7PD^�[`]
V\a�P�¯�j:b |~Y:|�° P:eH[ n%Ywn%TX]�hGP�TG^�b YGS¶TD^?>�@¥Þ�ßÎzZô½ÄQ�Xs�ÄF�
fH[ ^�n%YHpqP:V�PXWÀ^Dj�n-aªTG^�V!a�P½ßtTX]D]


° YGmGPQbBAGÝDÉCAD@¶p~PGTG^DjGW>PG^

mGYGS�]Da�YXb P³W�a�PGYQb YGkX[ n%THb¥RQW7YGRDPXW7V+[ PG^¢jG]�mGPXWÀV\a�PG^�PÅn�YX]�mX[ V\[ YX]�^Dz
�Ua�PõTGn�n-jGW>TGn%c®Y:|ZW�a�PDYXb YGkH[ n%THb·p~YGmGPHb`[`]�kd[ pqRQW7Y:f:PG^�S©[ V\a

kXW>PGTGV�PXW ]DjGpqhGPQW7^ YE| RXW>PG^�^DjGW>P TQ]�m V�PXp~RGPXW>TGV\jGW>P
n�YXpqhH[`]�TGV+[ YX]�^Dzñ{ mGPGTXb b cDgÆV\a�PD^�P·n%YXp~hH[`]�TGV\[ YX]�^�^Da�YXjGb m¢p�[ W�W>YXW
TGn�V\j�TXb�TX]D]GjGb TXWGn%YX]�mQ[ V\[ YX]�^�V0Y�|�T:n-[ b [ V�T:V�Po[`]�V�PXW>RGYXb TDV�[ YX]àhGPGV�SUPGPX]
mGTDV0ToRGYX[`]�V0^�TX]�m�p�[`]D[ p�[ ��P�PXW�W7YXW>^Dz·{�]�RXj�V�mGTGV�Tu^Da�YXjDb mun%Y:f:PXW
V\a�P�Sqa�YXb P�YG|3V\a�PlÛGs�mH[ p~PX]�^D[ YX]�TXb�^�RGTGn�PlmGP:|9[`]�PGmlhGc�V!a�PoW>TX]�kGP
YG|XRXW>PG^�^DjGW>P�TQ]�m£V0PQpqRGPXW>TGV\jGW>P£V0YrTEf:YH[ m�RGTQW7V+[ T3bEP:e�V!W>TGRGYQb TGV�[ YX]Dz
�xe�V\W7TGRDYXb TGV�[`]�k�mGTDV0TiYXj�V�^D[ mGP³YE|oV\a�P�W>TX]�kGP¶Y:|oV!a�P�ÄQ�3s�ÄF�
W�a�PGYXb YDkGcvpqTGV\W�[ e�[`]�nDW>PGTG^�P-^©PXW�W>YXW�z
¹»a�PGTXWKfH[ ^�n%YG^D[ V�c�[ ^àn�TXb nxjGb TGV�PGm£T:V�PGTGn-a�m3[ TQbKW>PGTGmX[`]�k�j�^D[`]�k>Gs�mX[ pqPX]�^D[ YX]�TXbU[`]�V�PXW>RGYXb T:V\[ YX]:zÈô³h3[ s�n-j�hX[ n�^�RXb`[`]�P¢p PGV\a�YGm¢[ ^

j�^�PDmâSqa�P�]�T�^��Qj�TXW>P³pqTDV!W$[ e�Y:|rÄQ�3s<ÄF�ÈV�PHpqRGPXW>T:V\jGW7P¢TX]�m
RXW>PG^�^DjGW7PrmGTGV�T�[ ^�T:fGTH[`b TGhHb PXz�{�]àV\a�Pon%TG^�PoY:|�|�PGSUPXWFW>PGTGmX[`]�kD^Dg
RXW>PGs�mGPG|\[`]�PGm�PD�Xj�TGV\[ YX]�^©PHpqhDPGmGmGPGmr[`] V\a�P�RQW7YGkQW7THpÃ^DjGW>|�TGn�PGs�|![ V
ßGTX]G]EAGÝ¶mX[ THb£W>PGTGmX[`]�kD^�TD^�T¶|&jG]�n%V+[ YX]ÈY:|uRXW>PG^�^DjGW>P¦TQ]'m
temperature.FFå�G�HI;�êKJ¸ìuí�îGå"ï
�¥a�P�p~YGmGPXbÀn�YXW�W7PGn�V�^�V\a�PñmGPX]�^D[ V0c³Y:|¨V!a�PµhGTG^�Pñ|9b`j:[ mµhGc
n�TXb n-jGb T:V\[`]�k�V\a�P�n-a�TQ]�kGPÈ[`]�mGPX]�^D[ V�c·TG^wT�|9jG]�n�V\[ YX]·YE|�b YGn�TXb
RXW>PG^�^DjGW7PoTX]�moV�PXpqRDPXW7TDV!jDW7PXzu�Ua�P�n�YHpqRXW>PG^�^D[ hX[`b [ V�c�Y:|FTohGTG^�P
|\b`j:[ m�TGVGTr��]�YGSq] V0PQpqRGPXW>T:V\jGW7P¡|�YHb`b YGSU^©V!aD[ ^ kDPX]�PXW>TXb(PG�Xj�TDV![ YQ]Gð

P
V

V

ilityCompressib
∆

∆

−=

�x�Qj�TGV\[ YX]�^�mGPQW�[ f:PGmÅ|9W7YHp�RXW>PG^�^DjGW>PGs�fGYHb`j:pqPGs�V�P3p~RGPXW>TGV\jGW>P
���x÷��X�«mGTDV0Ton%THb nxjGb T:V0PomGPX]�^D[ V0c£TG^£To|9jG]�n�V+[ YX]�Y:|«V�PHpqRDPXW7TDV!jDW7P
TX]�müRQW7PG^�^DjGW>PXz ßÎ[ kXjDW7PG^ML�s�Ûñ^Da�YGS²V\a�PñmGPGRDPX]�m-PX]�n%c¶YD|
mGPQ]�^D[ V�c�Sq[ V!auRXW7PD^�^DjGW7PwTX]�m·V�PXp~RGPXW>TGV\jGW7PwYE|©T�V�c%RH[ n%THbÆ¹¤º�°
hGTD^�P�|9b`j:[ mXz 1

N í�æàç-í�HI;�êK;0í�GDé%ïGìuí�îGå"ï
ô�n%YHpqRDYG^D[ V�[ YX]�TXb3pqYGmDP3bGn%THb n-j:b TGV�PG^ãplj�mumDPX]�^D[ V�c�j�^D[`]�kw�3÷Q�
nxa�TXW>TGn%V�PXW�[ ^�V\[ n�^_YG|½V\a�P b [ �XjG[ m¼|9W7TDn�V![ YQ]Gz OFj�PyV�Y V\a�P
n�YXpqRXW>PG^�^D[ hXb P�]�TGV\jGW>P¬Y:|�hGTD^�P¬|\b`j:[ mG^DgxTX]lTGn�n-jGW>TGV�P�W>PE|$PXW7PQ]�n%P
V�PHpqRGPQW7TGV\jGW>PuTX]�muRQW7PG^�^DjDW7PÃ��j%^Dj�TXb`b coTGV�p~YG^�RXa�PQW�[ n��F|�YXW¸[`]:[ V+[ TXb
p�j�m�mGPX]�^D[ V�cÀ[ ^�W>PG�XjD[`W7PGmQz
�xTDn-aÀhGTD^�P�|\b`jG[ m a�TG^lTon-a�TXW7TDn%V�PXW�[ ^�V![ n£PG�Xj�TDV�[ YX]lV�Y¬mGP:|\[`]�P

�x÷Ô�¦hGPXa�TEfH[ YHW�zó�Ua�Pâ|\[`]G[ ^Da�PGmüplj�m [ ^âmGPD^�n-W�[ hGPGm³TG^âV\a�P
n�YXpqRGYD^D[ V�[ YX] Y:|Gf:TXW�[ YQj�^vb`[ �Xj:[ m�TX]�ml^�YQb`[ mà|9W>TGn�V\[ YX]�^DgEP:e:RXW>PG^�^�PGm
TG^�V\a�PiRGPXW>n%PX]�V�TGkDP�YG|£PGTGnxa�n�Y3p~RGYX]�PQ]�V\zö�Ua�Pi|0YQb b YGSq[`]�k
PG�Qj�TGV\[ YX]�n%TQb n-j:b TGV�PG^¨V\a�PÅb YDn%THb«mGPX]�^D[ V�c·hGc¨n�YX]�^D[ mGPXW�[`]�k�V\a�P
[`]�mQ[ fH[ mXj�TXb�n-a�TX]�kGPG^v[`] mGPX]�^D[ V�c~Y:|-PGTGnxa¤|\b`j:[ m�n%YHpqRDYX]�PX]�V\z 5,6
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�¥a�P·^Dj�hG^�nxW�[ RDV�V�[ V�[`]�mX[ n%TDV0PD^�V\a�PWV�]XV�b`[ �Xj:[ mªn�Y3p~RGYX]�PQ]�V�^Dg
SqaG[`b PYV�¾[Zã[`]�mX[ n�TGV�PG^ªV\a�PÅ^�YXb [ mÅn%YHpqRDYX]�PX]�V�^Dz �¥a�P [`]�mGP:e\V�e
Z
[`]�mQ[ n%T:V�PG^âV\a�P³mGPX]�^D[ V�cÅY:|£|!b`jD[ m]V�[ Z�TDV�b YGn%THbàRXW>PG^�^DjGW>P¶TX]�m
temperature.
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(�;=G�;�ê�å�2KF9;*) )�å�è"å�G�<�å,+9GGé%ï=J�H ;=H.-K1 J�îGè"é%ë:ï=;C<,/©è�;�î�H10
�Ua�PõhGPX]�PG|\[ V�^�YG|ân�T3b nxjGb T:V\[`]�kõV�PHpqRGPQW7TGV\jGW>PXg�mGPQ]�^D[ V�c®TX]�m
W�a�PGYXb YGkQ[ n%THbKRXW7YDRGPXW>V�[ PG^ jG]�mDPXW«mGYGS�]Ga�YQb P�n%YQ]�mX[ V�[ YQ]�^�TXW>P�b YG^�V
jG]Gb PD^�^ V\a�P-^�P�RXW>YGRGPXW>V\[ PG^~TXW>Pln�YX]�V\[`]Gj�TQb b c�j�RGmGTDV0PDm�V!aDW7YXj�kXa�YXj�V
V\a�PuSUPXb`b hGYXW>PXzª�Ua:[ ^�W>PG�XjG[`W>PG^�V\a�P�S«PQb`b hGYXW>P�V�YuhGP�mQ[ fH[ mGPGmw[`]
kXW�[ mG^ YXW ^�PGkQpqPX]�V�^ V�Y T3b`b YDS |�YXW |\[`]:[ V�PGs�mH[ |�|0PQW7PX]�n%P
pqT:V\a�PHpqTDV�[ n%TQb¤TX]�TXb c%^D[ ^�Y:|£V\a�PG^�P�RGTQW7TXp~PGV�PXW>^³jG]�mDPXWub YGn%THb
conditions.�Ua�P¬TGn�n-jGW>TGn�c�Y:|�V\a�PD^�P¬n�TXb n-j:b TGV+[ YX]�^o[ pqRQW7Y:f:PG^lSqa�PX]lV\a�P
pqT:ex[ p�jEpªkXW$[ m£b PX]�kGV\aà[ ^vb PG^�^©V\a�TX] L�ÝDÝ�|�PGPGV+zÀ��a�TX]�kDPG^�[`] V\a�P
mXW�[`b b [`]�kÅTG^�^�PXp~hXb c-g~S«PQb`b¤hGYQW7P�kDPGYXpqP:V\W>câYXWÀ^DjDW fGPGc�|\jGW>V\a�PXW
W>PGmXj�n�PG^·V\a�PâkQW�[ mZb PX]�kGV\a:z�OQYGSq]Ga�YXb PÅRXW>YGRGPXW>V\[ PG^�^Dj�n-aªTG^
W�a�PGYXb YGkDc¬TX]�m�mGPX]�^D[ V0coTXW>P�n�T3b nxj:b TGV�PGm�Sq[ V\aE[`]�PGTGnxarkQW�[ m¨TX]�m
j�^�PGmñT-^ñ[`]D[ V�[ THbvn�YX]�mX[ V�[ YQ]�^ñ[`]¶V!a�P§]�P:e%V¨kXW�[ mQz ôÙ|\[`]E[ V�PGs
mX[ |�|�PXW>PX]�n%PiV0PDn-aG]G[ �Qj�P½[ ^Âj�^�PGm¶|�YQW�a�c�mXW7TQjEb [ n%^ÅTX]�TXb c%^D[ ^Â[`]
V\a�PG^�P½^�PKkXp~PX]�V�^Dg�TX]�mÇ]Gj:pqPXW�[ n%THb£[`]�V�PGkXW>T:V\[ YX]¶[ ^½j�^�PGmñV�Y
n%TQb n-jGb T:V�P�n-j:plj:b TGV+[ f:P�RXW>PG^�^DjGW>P-^Dz
�FTXb nxjGb TGV�[ YQ]�^¨|�YXWqV�PHpqRDPXW7TDV!jDW7PXg¸RXW>PG^�^-jDW7PXg�W�a�PGYQb YGkGc�TX]�m

RXW>PG^%^DjDW7P¼b YD^%^®TXW>P²RGPXW>|�YXW$pqPGm²T:VÅPGTGnxaÇkXW�[ mQg¿hXj�VÅTXW>P
RGYGRQjGb TGV�PGm�|&W7YHpümX[ |�|0PQW7PX]�V ^�YQjGW7n�PG^Dz��Ua:[ ^w[ ^umGYX]�P·hGPGn�TXj�^�P
^�YXp~P�TQ]�TXb c%^D[ ^oRGTXW>TXp~PEV�PXW>^oTXW7P�[`]�mDPGRGPX]�mDPX]�V\g«S©aG[`b PwYEV\a�PQW7^
TXW>Pi[`]�V�PXW>s�W>PHb TGV�PGmXz �¥a�P�V0PHp~RGPXW>TGV\jGW7PÈ[`]�PGTGnxa�kXW�[ mÈ[ ^¢]�YGV
mGPGRDPX]�mGPX]�VÎYG|�YGV\a�PXWKkXW�[ mG^¡TX]�mXgEV\a�PQW7P:|�YXW>PXgX[ VÔ[ ^�V0TQ�<PX]ÀmQ[`W7PGn�V�b c
|\W7YHpªV\a�P�V�PHpqRGPXW>TGV\jGW>PlRXW>Y:|\[ b PXz~��] V\a�PlYDV!a�PXW�a�TX]�mXgERQW7PG^�^DjDW7PXg
W�a�PGYXb YGkDcàTX]�mob YGn�T3b�mGPX]�^D[ V�c¡TXW7Pã[`]�V�PXW>s�W>PHb TGV�PGm£TX]�m£mGPGRGPQ]�mGPX]�V
j�RGYQ]qRXW>P:fX[ YXj�^~kQW�[ mG^Dzr±FjEp~PXW�[ n�TXbG[`](V�PGkXW>TGV\[ YX]qV�PGnxaG]G[ �Xj�PD^àTXW>P
W>PG�XjG[`W>PGm�V0Y®n�THb n-j:b TGV�P­V\a�P®nxj:plj:b TGV�[ f:P®P:|0|�PGn�V�^üY:|�V\a�PG^�P
RXW>YGRGPXW>V\[ PG^Dzª�Ua�PÃb YGn%THbxmDPX]�^D[ V�c�Y:|FV\a�P�¹»º�°ñ[`]¬PGTGnxarkQW�[ m�[ ^
n%TQb n-jGb T:V�PGmój�^D[`]�k®V�PHpqRGPXW>TGV\jGW>P®TX]�m®RXW>PG^�^DjGW>P®n%YQ]�mX[ V\[ YX]�^
Sq[ V!aD[`]ÈV\a�TGVokXW�[ mXg�Sqa�PXW>PGTG^iV!a�PüPD�XjG[ fGTHb PX]�V�^�V�TGV+[ n¶mGPX]�^D[ V�c
���x¹»OQ�¡[ ^rV!a�P�nxj:plj:b TGV�[ f:P�a�c%mXW>YG^�V�TGV+[ nuRXW7PD^�^DjGW7P¨TGn�V\[`]�k�|9W>YXp
TXb`bãkQW�[ mG^Dz �ÎPHp~RGPXW>TGV\jGW7P§TX]�mÙRXW>PG^�^DjGW0P j�RGmDTGV�PG^}[`]ÇT
a�c�mXW7TQjGb`[ n©^�PGkXpqPQ]�VKTQW7P¡^Da�Y-S©]�[`]�ß3[ kXjDW7P LGz
�Ua�P�|�YHb`b YGS©[`]�kâ^�PGn�V![ YQ]�[ b b`j�^�V\W7TDV0PD^ªV\a�PÂ[ V0PQW7TGV\[ fDPâ^�YXb`j�V+[ YX]

RXW>YGn%PDmXjGW>P§W7PD�XjG[`W>PGmµV�Y§j�RGmDTGV�PµRGTXW>THpqPGV�PXW>^¶S©[ V\aG[`]�PGTDn-a
a�c�mXW7TQjGb`[ nÅ^�PGkXpqPQ]�V\z �¥a�P¶n%THb n-jDb TEV\[ YX]�Y:|w�K¹»O²j�^�PG^�V\a�P
|�YHb b YGS©[`]�k�PG�Xj�TGV\[ YX]Dð

i

istatic
i TVDg

p
ESD =
�Ua�P�^�V0TDV![ n©RXW>PG^�^DjGW>Pr[ ^©n%TXb nxjGb TGV�PGm�Sq[ V\a¤V\a�P�PG�Qj�TGV�[ YQ]

( ) dzgTppd ,ρ=
OFj�P£V�Y�V\a�P�mGPDRGPX]�mGPQ]�n%c�YE|�V\a�P�mDPX]�^D[ V�clYX]àV\a�P�RQW7PG^�^DjDW7PXg

V\a�P�PG�Xj�TGV\[ YX]à[ ^©^�YXb fGPGm�[ V0PQW7TGV+[ f:PXb cDz

( ) 11 , ++ ∆= iii TVDgTpp ρ
�Ua�P �3��O n�T3b nxj:b TGV�[ YX] n�YX]�^D[ mGPXW>^ V!a�P kGPX]�PQW7TXb`[ ��PGm

|\W�[ n�V+[ YX]�TXb�RQW7PG^�^DjDW7PÚb YG^�^%PD^d�>mGRG|��¶Sqa�PX]õn%TXb nxjGb TGV+[`]�k²V\a�P
n-[`W>n-j:b TGV+[`]�k�RXW>PG^�^DjGW>PXz

i

igcirculatin

i TVDg

p
ECD =
�Ua�P�nD[`W7nxjGb T:V![`]�kàRXW>PG^�^xjGW7Pr[ ^©n�TXb n-j:b TGV�PGmrj�^D[`]�k�PG�Xj�TGV\[ YX]Dð

( ) ( )( )dxTpdpdzgTppd f Re,,, ρρ +=
{ V�PXW>TGV�[ f:PÁV�PGn-aD]G[ �Xj�PG^dTXW>P j�^�PGm Sqa�PX]Á^�YXb f3[`]�k V\aE[ ^

PG�Qj�TGV\[ YX]­hGPGn�TXj�^�PÙYG|âV\a�PÙmGPDRGPX]�mGPQ]�n%c®YG|ÅmGPQ]�^D[ V�cõYX]
pressure.

( )
( )( ) iiif

iii

MDTpdp

TVDgTpp

∆
+∆= ++

Re,,

, 11

ρ
ρ

dpf
W>PGRXW>PK^�PQ]�V�^ V\a�P�|&W�[ n�V\[ YX]�THb(RXW7PD^�^DjGW7Prb YD^%^©PG�Xj�TDV![ YQ]Gz

1~í�ï�å N ï�å(é G�;=G�:2+9GGé�ï(J HI;=H
ô»]r[ p~RGYXW V�TX]�VÔPGn%YX]�Y3p�[ n£hGPQ]�P:|![ V�V\a�TGV�YGRDPXW7TDV0YQW7^ãW7PGTQb`[ ��P�|9W>Y3p
V\a�P¿j�^�PoYG|�¹»°�º·[`]�mGPGPGRGSUTGV�PXWF[ ^ aG[ kXauW>TGV�PG^�s�YG|�s�RGPX]�PDV!W>T:V\[ YX]Gz
�Xc%RX[ n�T3b b c-g%YGRGPQW7TGV�YXW>^~Sq[ ^DaqV�YlmQW�[`b b(YXj�V3Y:|3ÛGÝ�Z�n%TD^D[`]�klSq[ V\aqT L�A
3 Z·hQ[ VÃj�^D[`]�kñ¹»º�°�z �Ua�Pµn%YHpqhH[`]�TDV�[ YX]ZY:|�b TXW>kGP§a�YHb P
mX[ THp~PGV�PXW7^iTX]�m�aD[ kXa¦W>TGV�PG^�s�YE|$s�RGPQ]�PGV\W7TDV�[ YX]�n%TX]�RGYGV�PX]�V+[ T3b`b c
b PGTDmüV�YñmH[ ^�TG^�V�PXWãmXj�PüV�Y´aG[ kXa�f:Y3b`j:p~PG^�TQ]�m´W7TGV�PG^¶V\a�TDV
nxj�V�V�[`]�kG^wTXW7P¢kGPX]�PQW7TGV�PGmQz�ô�VrW�[ ^D��[`]¿V\a�PD^�P�^D[ V\j�TDV![ YQ]�^ªTQW7P
kGTQ[`]�^op~TGmGPoV0YDS«TXW>mG^ã�x��OÅpqTX]�TDkGPHpqPX]�VUTX]�mwW>PGmXj�nD[`]�k¨b YD^�V
circulation.ÄQYXb P�nDb PGTX]D[`]�k­TQ]�TXb c%^D[ ^�[ ^½T­nxW�[ V�[ n�TXb�V�PGn-aD]�YHb YGkGcñ|�YXW
TX]D]GjGb TXW¥RQW7PG^�^xjGW>P�p~TX]�TGkDP3p~PX]�V�[`]ãmDPGPGRGSUTGV�PXW¸S«PXb`b ^Dz��¥aE[ ^
TX]�TXb c%^D[ ^¡RXW>PGmX[ n%V�^¡TX]�m£YGRGV\[ p�[ �%PG^�|!b YDSÅW>TGV�PG^r]�PGPDmGPGm�|�YQW«a�YHb P
nxb PGTX]G[`]�kQzª{ VUT3b ^�Y�n%TXb nxj:b TGV�PG^�n%YQ]�n%PX]�V!W>TGV+[ YX]�^�YG|FV\W>TX]�^�RGYQW7V�PGm
nxj�V�V�[`]�kG^ÅTX]�m¶hGPGm�a�PX[ kQa�V�^�Sq[ V\aG[`]�PGTGnxa�kXW�[ m3z �¥a�P�a�YHb P
nxb PGTX]G[`]�k�pqYDmGPHb%[ ^©hGTG^�PGm�YQ] V!a�P�hGTXb TX]�n�PlY:|3|�YHW>n%PG^~TDn%V\[`]�klYQ]
nxj�V�V�[`]�kG^ö[`]´V\a�PdTX]G]DjGb`j�^Dz 7 �UaDW7PGPÚpqYDmGPG^ÙY:|¶n-j(V�V�[`]�k
p~YEf:PHpqPQ]�V-TXW>P�mH[ ^�V![`]�kXjG[ ^Da�PGmQð

•
¹�PDV0V+b`[`]�kÅs¬��j�V>V\[`]�kG^ÈpqY:f:P�mGYGSq]%S«TXW>m-^�mXj�P�V�Y�V\a�P
kXW>T:fH[ V0TDV�[ YX]�TQb�|$YXW7n�PlTGn�V�[`]�k£TGkDTX[`]�^�VÎhQj�YGc%TQ]�n%c�TX]�m�V\a�P
mXW>TGk�|�YQW n%PXz

• 4 [ |$V�[`]�k¨s©ôÅn%c%nDb`[ nwpqY:V\[ YX]ãY:|ÀpqY:fH[ ]�kwn-j(V�V�[`]�kG^w[`]¬V\a�PTXW7PDTuYG|©aD[ kXav|\b`j:[ m�fGPHb YGnD[ V�c£mXj�PuV�Y¿b [ |�V«TQ]�m�hXj�YGc%TX]�n%c
|�YXW n�PG^Dg�|�YXb b YGSUPGm�hGc~^�PDV0V\b [`]�kXz

•
�QYXb`b [`]�k³s¬��j�V0V+[`]�kG^ZW7YXb bqYQ]ÃV\a�Pñb YDS«PXW�^D[ mDP�Y:|�V\a�P
TX]D]GjGb`j�^ Sqa�PX] b`[ |0V§TX]�m mQW7TGk |�YQW n%PG^ PDeEn�PGPGm
kXW>T:fH[ V0TDV�[ YX]�TQb<TX]�m�RQb TG^�V\[ n©|�YXW`n%PG^Dz

�¥aG[ ^rpqYGmDPXbERXW>YEfH[ mGPD^lV\a�PomXW�[ b`b [`]�kuPQ]�kX[`]�PGPQWÆSq[ V\a�Twj�^�PG|&jEb
V�YGYXb3|0YQW [ mDPX]�V\[ |�cD[`]�k¨TXW>PGTG^¿[`]�V\a�P¨SUPXb`b hGYXW>P¨S©a�PXW7PwRXW7YDhXb PXpq^
W>PXb TGV�PGm�V�YÂa�YXb PÅnxb PGTX]:[`]�kÂpqTGc¢YGn�n-jDW�z¼{0]�RXj�VlRDTXW7TQpqP:V�PXW7^
[`]�nxb`j�mGP�nxj�V�V�[`]�k�^D[ �%PlTQ]�mlmGPQ]�^D[ V�cDgKp�j�mlSUPX[ kXa�VXTX]�m W�a�PGYXb YGkDc-g
�Q���Ôgt^DjGW fDPGc-gGmXW�[ b bE^�V!W$[`]�kXgKS«PQb b hGYQW7P�kDPGYXpqP:V\W>clTX]�m£|\b YGSiW>TGV�PXz
�¥a�P pqYGmGPQbKj�^�PD^�T�|�YXW>n%P�hDTXb TX]�n�P�TX]�TXb c�^D[ ^lSq[ V\aG[`]vPDTGn-aÀkQW�[ m
TX]�mñ[ mGPQ]�V\[ |\[ PG^ÅV\a�P p YG^�V¬mQ[ |�|\[ nxjGb V¬kXW$[ m�|�YXW�a�YHb P¶nDb PGTX]G[`]�kQz
�xe:THpqRHb PG^r[`]�nDb`j�mGP�V\a�P W�[ ^�PXW«�>^�PGV�V�b`[`]�kup PDn-a�TX]D[ ^Dp ��gGV!a�P¬hXjD[ b m
^�PGn�V\[ YX]â��b [ |�V�[`]�kip~PGn-a�TX]G[ ^tpq�£TX]�m�V\a�PZb TEV�PXW>TXb«YXW�a�YXW�[ �%YQ]�V�TXb
^�PGn�V\[ YX]���W>YXb b [`]�k£p~PGn-a�TQ]G[ ^:p~��z

5oÍXÏ�Ï�6ÔÏ ×HÑXÑ3Ð0ÑEÒ76%8G×GÕGÍ
ô»]w[ p~RGYXW V�TX]�V©kGYDTXbHY:|©V\a�P·RXW>PGs�S«PQb`bHRXb TQ]G]G[`]�k¨RXW>YGn%PD^�^�[ ^�V�Y
hGTQb TX]�n%P�V\a�P¢PGn%YQ]�YHp�[ nªhGPQ]�P:|![ V�^·mDPXW�[ f:PGm�|\W7YHpÇV\a�PZj�^�PâY:|
¹»ºÔ°�TGkDTX[`]�^�V3V\a�P£V�PGn-aG]:[ n�TXb'nxa�TXb b PX]�kGPD^�|�YXjG]�m [`]ÀmDPGPGRGSUTGV�PXW�z
�¥a�PwW7YQb P¬Y:|UV!a�PumXW�[ b b [`]�ko|\b`j:[ mG^£RXW7Y:fH[ mGPXWF[`]�V\a�PuSUPXb bKR3b TQ]G]G[`]�k
RXW>YGn�PG^%^ãa�TK^�P:fGYXb fGPDm�^Dj�n-alV\a�TGV�V\a�PrRXW7Y:fH[ ^D[ YX]�Y:|qa�c%mXW>TXjGb [ n%^
TX]�TXb c%^�PG^�a�T-^àhDPGn%YXp~P£T�hDTG^D[ n�^�PXW fH[ n%PQzÀ¯~PX]�PQW7TXb b c-gGV\a�P�SUPXb b
RXb TQ]G]�PXWxPD^�V0TDhXb`[ ^Da�PG^�V\a�P�RDYGV�PX]�V\[ TXb�|�YQW�b YG^�V�nD[`W7nxj:b TGV�[ YX]�TXW�[ ^D[`]�k
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|\W7YHpµj�^�PuYE|F¹ ºQ°½[`]vV\aG[ ^ ]�TQW�W>YGSÅRXW>PG^%^DjGW>P�PQ]�fH[`W7YX]:p~PX]�VFhGc
n%YQpqRGTXW$[`]�k£RXW7PDmX[ n�V�PGm �x��OãV�YlV\a�P�RQW7PG^�^DjDW7P�kQW7TGmQ[ PX]�V\z¬� V\a�PQW
PG�Xj�TXb`b c [ pqRGYQW V�TX]�VµRGTQW7THpqPDV0PQW7^¼PEf:TXb`j�TEV�PGm mXjGW�[`]�k S«PQb`b
RXb TX]D]G[`]�k�[`]�n-b`j�mDPXð

•
plj�m�RXW7YDRGPXW>V>c~YGRDV�[ p�[ �%TGV+[ YX]Gg

•
n%TD^D[`]�k�^�V\W�[`]�k�mDPG^D[ kX]Gg

•
mXW�[`b b�^�V\W�[`]�k�mDPG^D[ kX]Gg

•
hX[ V-mGPG^D[ kX]Dg

• survey,
•

^DjGW>|�TGn�P£b`[ p�[ V�TGV+[ YX]�^v�>¹»����TX]�m�plj�màRXjDpqRG^��<g
•

�Q����YGRDV�[ p�[ �%TGV+[ YX]Gg
•

a�YXb P�nDb PDTX]G[`]�k�TX]�TXb c%^D[ ^©TX]�m
•

^%SUTGhGÉ$^DjGW7kDP�TX]�TXb c�^D[ ^

�Ua�PG^�PyRGTXW>TXpqPGV�PXW>^dn%TX]öhDP P:fETQb`j�TGV�PGm [`]�mGPGRDPX]�mGPX]�V!b c �
a�YGSFP:fGPQW�g~V!a�PGc³W>TXW>P3b c¢TGn�Vo[`]i[ ^�YXb TGV�[ YQ]�mXjDW�[`]�kiV!a�P�mXW$[`b b [`]�k
RXW>YGn%PD^%^Dz�ßtYXW P:e:THpqRHb PXg©�x��O¶[ ^�[`](|!b`j�PX]�n%PDm�hGc¨|!b YDS�W>TGV�PXg
plj�mâRXW>YGRGPXW>V�[ PD^Dg�W7TGV�PGs�Y:|�s�RGPQ]�PGV\W7TDV�[ YX]ªTX]�mÅTX]D]GjGb TXWÀnxj�V>V+[`]�kG^
b YGTGmQz�¹»[ p�[ b TQW�b crplj�moRXW>YGRGPXW>V�[ PD^DgD|\b YGSiW>TGV�PXgxhH[ V»]�YG�%�Db PG^Dg3TX]�m
mXW�[`b b¸^�V\W�[`]�k�mGPG^D[ kX]�^�TXW7Pi^�YXpqP�Y:|£V\a�P�f:TXW�[ TDhXb PG^âP:|�|�PGn�V+[`]�k
^DjGW>|�TGn�PlRXW>PG^�^DjGW>PK^Dz��Ua�P£PX]�kQ[`]�PGPXW�[`]�k£^�Y:|�V�S«TXW>P£RXW>PG^�PX]�V�PGm [`]
V\aG[ ^ñRGTGRGPQWâ[ ^ñRGTXW>VªY:|�V\a�Põô�m:f:TX]�V�TGkDP SM ¹�c%^�V�PHplg�TX]
PX]�V�PXW>RXW�[ ^�P�mGTGV�TGhDTG^�P�^�c�^�V�PXp�|�YXWlS«PQb b RHb TX]G]D[`]�kXgàS«PQb b~^D[ V0P
W>PGRGYXW>V\[`]�kÅTX]�mÅPX]�kX[`]�PGPXW�[`]�kÅTX]�TXb c%^D[ ^Dzõ�UaG[ ^È[ ^�TÂpqYGmQjGb TXW
RXb TGV*|�YXW�p TX]�m�n%TX]¦hGP}j�^�PDm®^�V0TQ]�mGs�TXb YX]�P®YXW¢]�PGV�SUYXW���PGm
TXp~YX]�kw[`]�V�PGkXW>TGV�PGm�^�PXW fH[ n%PG^r^Dj�n-a�TG^�mXW�[`b b [`]�ku|\b`jG[ mG^Dg�^DjGW |�TDn%P
b YGkGkQ[`]�kXgl°¸ò�OUgàRXW>PG^�^DjGW>PGÉ�mGc-]�TQpl[ n%^DgàmXW$[ b b`[`]�k�^�c�^�V0PHp~^�TX]�m
mX[`W>PGn%V+[ YX]�TXb�mXW�[ b b`[`]�kHz

OFjGW�[`]�k¨RXW>PGs�SUPXb`bÎRHb TX]G]G[`]�kQgQV!a�P�SUPXb`bÎRXb TX]G]�PXW¤n�YHb b PGn�V�PGm·T
mGPGV�TX[`b PDm§b [ ^�V�Y:|ªn�YX]�V\W>TGn%V�YXW s�^Dj�RGRQb`[ PGm®PG�XjG[ RHp~PX]�V·RXW�[ YXW�V�Y
mGPG^D[ kQ]G[`]�k�mXW�[ b`b [`]�kªTD^�^�PXpqhXb [ PG^u|�YQW PGTGn-a�^�PDn%V\[ YX]Gz¦�UaG[ ^Ãb [ ^�V
[`]�nxb`j�mGPGm}p�j�m®RXj:pqRG^�TX]�m b`[`]�PQWw^D[ ��PG^DgâW>TGV�PGmÙSUYXW���[`]�k
RXW>PG^%^DjDW7P-^�YX]ob`[`]�PXW>^DgxTXb b YGS«TDhXb P¬SUYXW��%[`]�koRXW>PG^�^-jDW7PG^�|�YXWQPGTDn-a
b`[`]�PXW~TX]�m¢V!j�hXjGb TXWà^�RGPGnx[ |\[ n�TGV�[ YX]�^Dz��Ua�PÅYGRGPQW7TGV�YXWàRXW>Y:fH[ mGPGm
PGe:RGPGn�V�PGm®RGYXW>P®RXW>PG^�^DjGW>P®TX]�m}�Q����[`](|�YXW$pqTGV+[ YX]Gz �¥a�P
RXW>YGRGYG^�PGmo¹»º�°ÈSUTG^�V0PD^�V0PDm¬PGe:V�PX]�^D[ fGPHb c-g�[`]�nxb`j�mH[`]�kwßtTQ]G] AGÝ
W�a�PGYXb YGkQ[ n%THbàV0PD^�V�[`]�kXglTX]�m¶V\a�P³n%YQb b PGn�V�[ f:P�mXW�[ b b`[`]�ki|!b`jD[ m¶TX]�m
YGRGPQW7TGV\[ YX]�TXb%[`](|�YXW$pqT:V�[ YX] SUTG^©n%YQpqhX[`]�PDm�TX]�mrj�^�PGm�V�Y�RXW>PGmX[ n�V�ð

•
pqT:ex[ p�jEpª^�V�TX]�mDRX[ RGP�RXW>PG^�^DjGW>PXg

•
hX[ VG�ÔßGô»g

•
p�[`]:[ p�j:pÃ^DjGW |�TDn%P�plj�m¡S«PQ[ kXa�V\g

•
TX]G]DjGb TXW�g'mXW$[`b b(^�V\W�[`]�k�TX]�m�h3[ V-RXW>PG^�^DjGW>Prb YG^�^%PD^Dg

•
�x��O¬TGVGf:TXW$[ YXj�^©n%YHpqhQ[`]�TGV�[ YQ]�^©YG|G|\b YGS�W>TGV�P�TX]�mr�Q�v��g

•
|\b YGS�W>TGV�PG^vW>PG�XjG[`W>PGm¡|�YXW3a�YXb P�nDb PDTX]G[`]�kXg�TX]�m

•
[`]�V�PXW f:PX]�V�[ YX] V�PGnxaG]:[ �Xj�PG^©|�YXW3a�YXb Pànxb PGTX]:[`]�kXg

��b TX]D]G[`]�k�n�YX]�^D[ mGPXW>TGV+[ YX]�^�|�YXWGò¨P3b b ^�ô���º�TXW7PrRXW7PD^�PX]�V�PGm
[`]â�ÎTGhXb P LDz �¥a�P¶S«PQb`bqRXb TX]D]�PXW�mDPG^D[ kX]�PGm¶V\a�PÇa�c%mQW7TXjDb [ n
^�c%^�V�PXp�j�^D[`]�kY@Xz @�Z�mXW�[`b b¸RX[ RGP�TX]�m�TÂW�[ kGs&[ p~RGYG^�PGm�^DjDW7|�TDn%P
RXW>PG^%^DjDW7PZb`[ p�[ V�T:V\[ YX]¿Y:|láDÛGÝGÝÅRG^D[`zõ�Ua�PÅP:e:RGPGn�V�PGmâ|&W7TGn�V\jGW>P
RXW>PG^%^DjDW7PµTDV�n�TG^D[`]�kµRDYX[`]�V¨S«TD^ L�ÝXz �­TQ]�m L�ÛXz @Ùb hHpqÉ�kGTHb
PG�XjD[ fGTHb PX]�V£p�j�m¢S«PQ[ kXa�V�|�YXWàV\a�P LXA�ZrTX]�m L�ÛGs��BZr^�PGn%V\[ YX]�^Dg
W>PG^�RGPGn�V![ fGPHb c-z¨ÄQc�mXW7TQjEb [ n%^�TX]�m¿a�YXb PonDb PGTX]G[`]�k¬SUPXW>P�pqYGmDPXb PGm
TGVÆ�Q���lYE| L�ÝGÝ�TQ]�m LX@GÝ¡|�PGPGV�É\a�YXjDW�z
ô¨RXW>PGs�SUPXb`b%TX]�TXb c%^D[ ^�YD|QV\a�PrRXW7YDRGYG^�PGm L�A�Z«^�PDn%V\[ YX]ÀY:|Îò�PHb`b

ô�TGRDRGPGTXW>^ [`]uß3[ kXjGW>PuáXz �¥a�PuV�YGRuRGYXW>V�[ YQ]�YE|UV\a�Po|![ kQjGW7P¿[ ^�T
^�RXW>PGTGm-^Da%PGPGV\gthGTD^�PGm£YX]£ÄQ�Îs<ÄF�rTQ]�TXb c%^D[ ^DgGmGPGV�TH[`b [`]�k�RQW7PG^�^DjDW7P
b YG^�^�P-^~Sq[ V\aG[`]¤V\a�P�nD[`W>n-j:b TGV+[`]�kl^�c�^�V�PXplz~�UaG[ ^~^�RQW7PGTDmK^Da�PDPGV3TX]�m
V\a�P�TDn%n%YHp~RGTX]�cx[`]�k�kXW>TGRXaG[ n£S«PQW7PomGP:fGPHb YGRGPGmo^�RGPGnx[ |&[ n%THb b c£|�YHW
n�YXpqRXW>PXa�PQ]�^D[ fDP½ÄQ�3s�ÄF�¦TX]�TQb c%^D[ ^âY:|oRXW>PG^�^DjGW>P�b YG^%^�P-^DgvhQ[ V
a�c�mXW>TXjGb`[ n%^dTX]�m a�YQb PÜnxb PGTX]:[`]�k P:|�|\[ nD[ PX]�n�cÁmXjGW$[`]�k SUPXb`b
RXb TQ]G]G[`]�kXz��¥a�Pwj�^�PXW«mGP:|\[`]�PG^rTX]�YGRDPXW7TDV![`]�ku|!b YDS¶W>TGV�P�TQ]�m�T
mGPDn-W>PXpqPX]�VâY:|Å|!b YDS W>TGV�PXz ô�|�V�PXW>S«TXW>mG^DgªV\a�PÚa�c%mXW>TXjGb`[ n%^
RGTQW7TXp~PGV�PXW>^²TXW>PÜn�THb n-jGb T:V�PGmXg�V�TGhXjDb TGV�PGmyTX]�myRXW>PG^�PX]�V�PGm
kXW>TGRXaD[ n%TXb b c¬T:V L�Ý¨mGPGn-W>PHpqPX]�V0^oY:|¸|\b YGS½W>TGV�PXz�ßGYXW¥P:e:THpqRHb PXg
V\a�P YDRGPXW>TGV\[`]�ky|!b YDS W>TGV�P [`]ÜßX[ kXjGW>Pyá [ ^ L�Ý�@GÝ �Q¹
kGTQb`b YX]�^�É�p�[`]Gj(V�P·TX]�m·V\a�PwmGPGn-W>PHpqPX]�V¸Y:|©|!b YDSñW>TGV�P¢[ ^�ÛD@��Q¹
kGTQb ^�É!p�[`]Dz��¥a�PG^�P£RGTXW>TXp~PGV�PXW7^¡SUPXW7P£n�TXb n-jGb TDV0PDm�TQ]�m£kXW7TDRXa�PGm
Y:fGPXW¸V\aG[ ^�W>TX]�kDP�YE|�|!b YDS�W>TGV�PG^Dz �FTXb nxj:b TGV�PGm�mGTGV�TÈ[`]�nDb`j�mGPG^
^�V�TX]�mDRX[ RGP³RXW7PD^%^DjGW>PXg��x��OµTGVohX[ VoTX]�m¶n�TG^D[`]�k¶^Da�YDPXgvmQW�[ b b
^�V\W�[`]�kXg�hH[ V�TX]�mñTX]G]GjDb TXW¬RXW7PD^�^DjGW7P�b YG^%^�P-^Dg¨[ p~RGTGn%Vu|$YXW7n�PXg
a�c�mXW>TXjGb`[ n a�YXW>^�PGRGY-S«PQWÆTX]�mu¾`PDV�f:P3b YDn-[ V0cxz¿�¥a�P�RXW>YGkXW>THpÂTHb ^�Y
n�TXb n-jGb T:V�PG^£V\a�PuhX[ V��UßGôÅW>PG�XjD[`W7PGmoV�Y¨p~T:e-[ p�[ �%Po¹»����TGV«PDTGn-a
|\b YGSÃW7TGV�PXg%Sq[ V!a¸TGn�n%YHpqRGTQ]�c-[`]�k¡hX[ V�a�c%mXW>TXjGb [ n%^Dz
�¥a�Pr[`](|�YHW�pqTGV+[ YX]qRQW7PG^�PQ]�V�PGmo[`]�ßX[ kXjGW>Plá�SUTG^~hGT-^�PGmlYQ]qTX]

T:fGPXW>TGkGPr�Q�v��Y:| L�ÝGÝ¡|�PGPGV*É!a�YXjGW�z �Ua:[ ^©mGTGV�TXg%n%YHpqRGTQW7PGm¡V�YlV\a�P
[`](|�YXW$pqT:V\[ YX]�[`]À�XTGhXb P LGg�[`]�mQ[ n�TGV�PG^£V!a�TGV«^DjDW |�TGn�PuTX]�mo|9W7TDn�V!jDW7P
RXW>PG^�^DjGW7P¿b`[ p�[ V0T:V\[ YX]�^�TXW>P¨]�YDV«P:e:n%PGPDmGPGmuTGV�T¿pqT:ex[ p�jEp�|\b YGS
W>TGV�P�Y:|�L�Ý�@GÝ��Q¹okGTXb ^�É+p�[`]Gz	�Q^D[`]�klT�hH[ VK�¥ßEô�Y:|�LGz Ar[`]�n-a 2 g'V\a�P
¹»�Ô�wTQ]�m��x��O��>TGV©n%TD^D[`]�k·^Da�YGPD�àTXW>P·á L�Û LãRG^D[QTX]�m L�ÝXz 
Gá
b hHpqÉ�kGTHb`g£W>PG^�RGPGn�V![ f:PXb c-zö�¥a�P�hX[ V¬�ÔßGô­SUYXjGb m�a�TEfDP�V�Y¶hGP
W>PGmXj�n�PGm�V�Y LGz @GÛDÛ�A�[`]�nxa 2 V�Y pqT:ex[ p�[ ��P�¹ ���¬S©a�PQ]ÀYGRGPXW>TGV\[`]�k
TGV L�Ý�@DÝ��Q¹ukGTXb ^�É�p�[`]Dz
ßX[ kXjGW>P @yRXW7PD^�PX]�V�^y^D[`p�[ b TXW�[`](|�YXW�p~T:V�[ YX]ÁhGTG^�PGm YX]

p~YGmGPHb`[`]�kuRGPXW`|�YHW�pqPGm¿[`]�V\a�PWL�ÛGs�� Z©^�PGn%V\[ YX]�Y:|�ò�PXb bKôâTGVUTX]
T:fGPXW>TGkGPr�Q�v��Y:| L�ÝGÝ¡|�PGPGV*É!a�YXjGW�zq�Ua�PlP:e:RGPGn%V�PGm�^DjGW |�TDn%Pop�j�m
SUPX[ kXa�V-TGV-V�YGV�T3b(mGPDRGV\aà[`]¸V\a�P L�Û�� ZQ^�PDn%V\[ YX]qSUTG^ LDLGz �ob hHpqÉ�kGTHb`z
ÄQc�mXW7TQjGb`[ n©TX]�TXb c�^�PG^~YG|3V\a�P�nD[`W7nxjEb TDV�[`]�k�^�c%^�V�PXpâS«PXW>PrpqYDmGPXb PGm
TGV3|\b YGSÈW>TGV�PG^rW7TQ]�kX[`]�k£|9W>YHp
��@GÝ£V�Y�
GÛD@��Q¹·kGTHb ^�É�p�[`]àS©[ V\a�YXj�V
PGe:n�PGPGmX[`]�k�^DjDW |�TGn�P�TX]�m�n%TD^D[`]�k�^Da�YGP�RXW>PG^�^DjGW7Prb`[ p�[ V0TDV�[ YX]�^Dz

�¥a�P¨mXW�[ b b [`]�k¨PX]�kX[`]�PGPXW�[`]�k�W>PG�Xj�PG^�V�PGmÃpqYGmDPXb [`]�k�TDV¡aG[ kXa�PXW
|\b YGSÈW7TDV0PD^r[`]�V\a�P LXA�ZU^�PGn%V\[ YX]ÀY:|3ò¨PHb b-º�z�ô»]£[`]E[ V+[ TXb%|!b YDSiW7TGV�P
YG| L�ÛGÝGÝ
�Q¹�kDTXb ^�É�p�[`]�TX]�m�mGPGnxW7PHpqPQ]�V�^�Y:|�@GÝ
�Q¹¶kGTHb É�p�[`]
SUPXW>P¨p~YGmGPXb PGmr|�YXWÎV!a:[ ^�S«PXb`bXj�^D[`]�koT¬^DjDW7|�TDn%P plj�moSUPX[ kXa�VUY:|L�ÝQz á�b hHp É�kGTXb`zâ��a�TX]�kDPG^¬SUPXW>P�pqTGmGP¨V�Y¨V\a�P�RXW>YGRGYD^�PGm¨mXW�[`b`b
^�V\W�[`]�kXg�[`]�n-b`j�m3[`]�k�pqY:V�YXW>^lTX]�m¿°¸ò�OFg�W7PD^DjGb V�[`]�k¿[`]oaG[ kXa�PXW�mXW�[ b`b
^�V\W�[`]�k�RXW>PG^�^DjGW0Prb YG^�^�P-^~n%YQpqRGTXW>PGm�V0Y¡ò�PQb b(ô»zà�FYX]�^�PD�Xj�PX]�V\b cxg
^DjGW>|�TGn�P¶RXW>PG^�^DjGW>P�W>TGV\[`]�kG^³S«PXW>P¦PDeEn�PGPGmGPDm¦TGVo|\b YGS W7TGV�PG^
TGhDYEfDP��GÝGÝ��Q¹ÅkGTHb ^�É�pl[`]���ß3[ kQjGW7P�
G�&z�ô»]¬T:f:PXW>TGkGP��Q���¿Y:|LX@DÝ�|�PGPGV*É!a�YXjGWtSUTG^vj%^�PGmr[`] V\a�P LXA�ZX^�PGn%V\[ YX] Y:|:ò�PXb b%ºÔz
�¥a�P L�Û�� Zu^�PGn�V![ YQ]�YE|rò�PHb b£ºüSUTG^½p~YGmGPXb PGm½TGVuTX]

T:fGPXW>TGkGP��Q���uYE| LX@GÝ�|�PDPGV>É\a�YXjDWQTX]�moS©[ V\alTX]vP:e:RGPGn�V�PGm�p�j�m
SUPX[ kXa�VÔTGV�V�YGV�THbtmGPGRDV!a�YE| LDLGz 
¨b hHp É�kGTXb z��Ua�P¿pqT:ex[ p�jEp�|\b YGS
W>TGV�P®P:eERDPGn%V�PGmó[`]üV\a�P®^�PGn%V+[ YX]üSUTG^���@GÝ��Q¹ÁkGTQb ^�É!p�[`]Dz
° YGmDPXb`[`]�k}W>PG^DjGb V�^ñRXW7PD^�PX]�V�PGm}[`]�ß3[ kXjGW>P A}[`]�mX[ n�TGV�P®V\a�TGV
^DjGW>|�TGn�P¨TX]�m¨TX]G]GjDb TXW¥RXW>PG^�^DjGW>PK^oTGV»V!a�PG^�P¨|!b YDS½W7TDV0PD^¬SUYXjGb m
]�YDV P:e:n%PDPGm·V\a�P·n�YX]�^�V\W7TQ[`]�V�^¬|\W>Y3pü�XTGhXb P·ÛHzµÄQYDS«PGfDPXW�g¥V\a�P
kXW>TGRXaD[ n%TXb�RDYXW V\[ YX]qY:|ÆßÎ[ kXjDW7P Ar[`]�mH[ n%TGV�PG^~V\a�TDV3Top�[`]G[ p�j:p�|\b YGS
W>TGV�P�Y:|�A�@GÝ��Q¹ukDTXb ^�É�p�[`]�[ ^�W>PG�XjD[`W7PGm�|$YXWÎa�YQb P�n-b PGTX]:[`]�kã[`] V\aE[ ^
section.�¥a�PñmXW�[ b b [`]�kñPX]�kX[`]�PGPXWwj�^�PGmñV\aG[ ^�[`](|�YHW�pqTGV+[ YX]ñ[`]�|![`]�T3b
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RXb TX]D]G[`]�k�Y:|FSUPXb`bÎmGPG^D[ kX]Gzâ�Ua:[ ^¿[`](|�YXW�p TGV+[ YX]¬S«TD^¬TXb ^�Y�j%^�PGm
|�YXWKmGPDV0PQW�p�[`]G[`]�kã[ |XTGmGmX[ V�[ YX]�TXb'PD�XjG[ RHpqPX](V\gt^Dj�n-aÀTG^rb TQW7kGPQWHmXW�[ b`b
RX[ RGPQg'nD[`W>n-j:b TGV+[`]�k�^Dj�hG^©YXWGmGYKSq]Ga�YQb P�V0YDYXb ^©S«T-^v]�PGPGmGPDm�V0Y�mXW�[`b b
V\a�PG^�P�S«PXb`b ^Dz

ÓF×GÕGÍ��¤Ö�×3ÑGÕ���ÍXÖ�Ê Í�� 8G×XÑ3Ð Õ��
{�](|�YXW�p~TGV�[ YX]¬TX]�m�mDTGV�T�[`]�V\a�Pwn%YHpqRXj�V0PQW p~YGmGPXbU[ ^u^�V�YXW>PGm¢[`]
b YGn�TXb<YXWX]�PGV�SUYXW���PGm�mGTGV�TGhDTG^�PK^v[`] V\a�P�|�YQW�pÃY:|3TX]qPQ]�kX[`]�PGPQW�[`]�k
n%TD^�PXzÀô»]�[`]G]�Y:f:TGV�[ f:P�n%YHp�pljG]:[ n�TGV�[ YX]�^~V�PGn-aG]�YXb YGkGcxgEV!a�P�n�TG^�P
V\W7TQ]�^�|�PXWXpqPGnxa�TX]:[ ^Dp�gERXW>YEfH[ mGPG^¡V\a�P j�^�PXWxSq[ V\a�TDn%n%PD^�^àV�Y£mGTGV�T
^�PGV�^�^�V�YXW>PGm¢[`]�V\a�P�mGTGV�T·V�TGhXb PG^Dz¶�Ua:[ ^u|9jG]�n�V�[ YX]�TXb b YGSU^�V\a�P
j�^�PXW¸V�Y¢[ pqRGYXW>V¸TQ]�m·PGmX[ V»TGn%V\j�THbQmGTDV0T¨YXW�[`]�RXj�V�a�c%RGYGV\a�PDV�[ n%THb
mGTGV�T�TX]�m�V!a�PX]�j�^�Pr[ VGV�Y�n-W>PGT:V�P��!S©a�TGV�[ |���^�n%PQ]�TXW�[ YG^Dzà��]�Pln�TX]
V\a�PX] ^�T:fGP�V\a:[ ^©^�RGPGn-[ TQb s�j�^�P�mDTGV�T�TG^©TX] PX]�kX[`]�PGPXW�[`]�k�n%TG^�PQz
�FTG^�P V\W7TX]�^�|�PXWÜV�PGn-aD]�YXb YGkGc mGPGTHb ^ RXW�[ pqTQW�[ b c S©[ V\a

Microsoft
mGTGV�T�^Da�TGRX[`]�kQgEToa�c�hXW�[ mlY:|3¹
	 4 zl�Ua:[ ^¡TXb b YGS«^¡V\a�Pj�^�PXW�V0YÅnxW7PGTDV0PÂaG[ PQW7TXW>n-a:[ n�T3b¸mGTGV�TÅhGc��Xj�PXW>c-[`]�k�THb bàW>PHb TGV�PGm

PX]�kQ[`]�PGPXW�[`]�klmDTGV�Toj�^D[`]�kãa�PGTGmDPXW�[`](|�YHW�pqTDV�[ YX]~|9W7YHpâT£^�PXb PGn%V�PGm
��OFºx�Fs�n%YQ]G]�PGn�V0PDm¶mGTGV�TGhGTG^�PQzuOQTGV�TGhGTG^�P½V!W>TX]�^�TDn%V\[ YX]�^½j%^�P
°�[ n-W>YG^�Y:|�V�� ^©ô»OQ��mGTGV�T�TGn�n%PG^�^�b TDc%PXW�zà�FTG^�PlmGTDV0Tã[ ^~RGPXW>^D[ ^�V�PGm
[`]�V�Y£Tl^�V�TX]�mDTXW7m£|�YQW�pqT:VU��]�YGSq]àTG^
�¤° 4 gGYXWxPGe�V�PX]�mGTGhQb PopqTQW��j�Rrb TX]�kXj�TGkGPQzq�Ua�P
�¤° 4 |�YXW�p~TGVKn�YX]�^D[ ^�V�^~YG|3V�SUYlRGTQW7V�^ � L���V\a�P�¤° 4 ^�n-a�PQpqTXgÎS©aD[ n-a�mGPG^�nxW�[ hDPG^£V!a�PuRGYG^D[ V\[ YX]�Y:|FV\a�P�mGTDV0Tw[`]V\a�P¡|![`b P¡TX]�m�ÛD�ÎV\a�P�mGT:V�T�TG^v[ VGTGRGRDPGTXW>^�[`] V\a�P�mDTGV�TGhGTG^�PXz
ô¨hGPX]�PD|![ VÎY:|¥j�^D[`]�k��¤° 4 TG^�V\a�P£|9[ b P�|�YXW$pqTGV¥[ ^�V!a�P�PDTG^�P�[`]SqaG[ n-a¬mGTGV�TÃpqTGcuhGPÃp�[ kXW>TGV�PGm�[`]�V�Y�V\a:[`W>m·RGTXW>V�cuTGRGRXb [ n%TGV+[ YX]�^

TX]�muV\W>TX]�^Dp�[ V�V�PGmuV\aGW>YXj�kXa�V!a�P��GÝ�RGYXW>V�zÅ°à[ nxW7YD^�YG|�VFô»OH�Ça�TG^
V\a�P ]�TGV\[ fGP�TGhX[ b [ V�c�V�Y�W>PGTGm�TQ]��¤° 4 |\[ b P�mH[`W7PDn�V!b cDgKSqaG[ n-a�T3b b YGSF^V\a�P�j�^�PQWHV�Y�nxW7PGTDV0PrT�n�YX]G]�PDn%V\[ YX]àV�Y�T£¹
	 4 ^�PXW`fEPQWHmGTDV0TDhGTG^�PTX]�mrb YDTGm�V\a�P�PX]�kX[`]�PGPXW�[`]�k�n�TG^�PXz¸ò�[ V\a V!aD[ ^~RXW>YGn%PG^�^DgEV\a�P�mGTGV�T
W>PXpqTH[`]�^½[`]�T¶RXjGW>P¶|�YXW�p_|9W>YHpöP:e:RGYXW>V¬V�Y�[ pqRGYXW>V�g�S©aD[ n-a
mGPGnxW7PDTG^�PK^©V\a�P�RGYD^%^D[ hX[`b [ V�c Y:|3n�YXW�W�j�R:V\[ YX] mXjGW$[`]�k�V�W>TX]�^�|�PQW�z
°�jGb V+[ R3b P�YQ]�^Da�YXW>P �¶Y:|0|$^Da�YXW>P³j�^�PXW0^w^Da�TXW>PâPX]�kQ[`]�PGPXW�[`]�k

n%TD^�PK^Zj�^D[`]�k³PXb PGn%V\W>YX]G[ nip~TX[ b gÀT ]�PGV�SUYXW���YXW�V\aGW7YQj�kXa�V\a�P
{�]�V�PXW�]�PGV\z�ßÎb YGRDRGc¬mH[ ^D��^�YXW«��OQs��Q��°ZTXW>Pwj�^�PGm�V�Y�V!W>TX]�^�RDYXW7V
n%TD^�PK^µS�a�PX] PXb PDn%V\W7YQ]G[ nµV\W7TQ]�^�|�PXW¢[ ^§jG]�T:f:TX[ b TGhXb PHz �Ua:[ ^
RXW>YGn%PD^%^¦PQb`[ p�[`]�TDV0PD^ümQj�RXb`[ n%TGV+[ YX]üY:|�PE|�|�YXW>V�^üTQ]�m®PX]�^DjGW>PG^
TGn�n-jGW>TGn%c�TX]�m�P:|�|![ nD[ PQ]�n%c~Y:|Æ�%]�YDS©b PGmDkGP�V\W7TX]�^�|�PXW�z

�FÖCÐ�Ï�Ï�Ð>ÑEÒ 6 8G×GÕGÍ
ÄQc%mQW7TXjDb`[ n%^£TX]�TXb c�^�PG^�RGPQW7|�YQW�pqPGmumQjGW�[`]�k�SUPXb`bKRXb TX]G]:[`]�k�S«PXW>P
hGTG^�P-mdYX]�PGe:RGPGn�V0PDm_n�YX]�mX[ V+[ YX]�^ÙTX]�m�n�YX]�V�TX[`]�PGmÚpqTQ]�c
jG]G��]�Y-S©]%^Dzà�Ua�P�mXW�[ b b`[`]�k�RXW>YGn%PG^�^�[ ^ fDPXW c¡mGc-]�THp�[ n¡TX]�mãW7TXW>PHb c
mGY�RQb TX]G]�PGmon%YQ]�mX[ V�[ YQ]�^op�[`W�W7YQW«W>PGTXb [ V>cxzã¹¤[`]�n%P�V\a�PonD[`W>n-jGb T:V\[`]�k
^�c%^�V�PXp [ ^üTQ]­[`]�V�PGkQW7TXb�RGTXW>V�Y:|�V!a:[ ^µRQW7YGn�PG^�^Dg�V\a�PXW>Pd[ ^
V\W7PHp~PX]�mGYXj�^ fDTXb`j�Pr[`]àRGPXW |$YXW�p�[`]�kãa�c%mXW>TXjGb [ n%^¡TX]�TQb c%^�PG^�jG]�mGPQW
TGn�V!j�TXbxn%YQ]�mH[ V�[ YX]�^Dz�ò�[ V!a¬V\a:[ ^¨[`]up�[`]�mXgÆmGPDmX[ n�TGV�PGm�a�c%mQW7TXjDb [ n
PX]�kQ[`]�PGPXW>^~SUYXW���PGmlSq[ V\a V\a�P£p�j�mlPX]�kQ[`]�PGPXWKTX]�m�RXW>PG^�^DjGW>PlV�YGYXb
RXW>Y:f3[ mDPXWqmXjDW�[`]�k�V\a�P�mXW�[`b b [`]�k�RXa�TG^�PQz²ÄQc%mXW>TXjGb [ n%^�p~YGmGPXb [`]�k
n%YQ]�mXj�n�V0PDmuTGV«V\a�PÃW�[ k�^D[ V�P�T:|�V�PXW«m3[ ^�RQb TGn-[`]�kuV�Y�¹»º�°Z^Da�YGSUPGm
kGYGYDm�n%YXW�W7PQb TGV�[ YX]�[`]��x��O�Sqa�PX]�n%YQpqRGTXW>PGm�V�YâV\a�Pi{�±Q�U��	
OQ����RXW>PG^�^-jDW7P�V�YGYXb���ßÎ[ kXjDW7PG^ � � L�ÝG�<zÙ��W>PGmX[ n%V�PGm³�3��OF� ^
SUPXW7P³n%YQ]'^D[ ^�V�PX]�V\b cÅSUPXW7P³Sq[ V!aD[`]�ÝXz=L�b hHp É�kGTXb~YE|oV\a�P�OQ���
RXW>PG^%^DjDW7P¨V�YGYXbÎf:TXb`j�PXz½�xYGYXW¥n�YXW�W7PHb TGV+[ YX]ãhGPGV�SUPGPX]ãRQW7PGmQ[ n%V�PGm
TX]�mwTGn-j�V�TXb»�x��O�YGn�n-jGW�W7PDm¢[`]G[ V![ THb b c�[`]�^�YHpqPÈa�YXb P¢[`](V�PXW f:TXb ^
hGPGn�TXj�^�P²TX]G]GjDb TXW�V�P3p~RGPXW>TGV\jGW>P_RXW>Y:|\[ b PG^§S«PQW7PÚ]�YGV�SUPXb`b

mGPD|![`]�PGmXz�° YGmGPQb [`]�kuPQW�W>YXW>^�mDPGn-W>PGTG^�PGm¨Sq[ V\a�hGPGV�V�PXW�mGP:|![`]D[ V\[ YX]
YG|-V\a�P�TX]G]DjGb TXWEV�PHpqRGPXW>TGV\jGW>P�RXW>YE|\[ b PXz
ô�|�V�PXWlPG^�V�TGhXb [ ^DaG[`]�k³n%YXW�W>P3b TDV�[ YX]âhGPGV�SUPGPX]âRXW7PDmX[ n%V�PGm³TX]�m

TGn�V\j�TXbtTQ]G]GjGb TXWÎRXW>PG^�^DjGW>PK^Dg3V!a�P¬PX]�kX[`]�PGPXWÎ|�YXW>PGn�TG^�V�V\W7PQ]�mG^DgÎYXWV<b YGYX�ãTQa�PGTGm�Z�^�n%PX]�TXW�[ YD^DgB>GÝDÝ�|�PGPGV�[`]¿TGm:f:TX]�n�PâY:|�V\a�PâhH[ V+z
�¥aG[ ^¨[`](|�YXW�p~TGV�[ YQ]rSUTG^¿j'^�PDm�V�Y¨RXW>PGmX[ n�VFRXW7PD^�^DjGW0PG^oTX]�m�a�YXb P
nxb PGTX]G[`]�k�P:|�|\[ nD[ PQ]�n%c·TDV~n%TG^D[`]�k�RGYX[`]�V�^Dz®{ V¡SUTG^·TXb ^�YZj'^�PG|&jGb
Sqa�PÆ]�pqTX��[`]�k�mGPDnD[ ^D[ YX]�^ân�YX]�n�PXW�]D[`]�k�V\W�[ RDRX[`]�k³S©a�PQ]�V�YGYXb ^
|�TH[ b PGmXgGV![ p�[`]�k£Y:|�^�SUPGPGR-^l|�YXWFa�Y3b PonDb PGTX]D[`]�k�[`]�V�PXW f:PX]�V�[ YX]lTX]�m
n�TXb n-jGb T:V\[`]�k½�3¹»O hGP:|�YQW7P�V\W�[ RDRX[`]�k¶RH[ RGPXz {�]âTGmGmX[ V+[ YX]GgÀV\a�P
PX]�kX[`]�PGPXWÁn%YHp~RGTXW>PGm RXW>PGmX[ n�V0PDm TX]�m TGn�V\j�TQb�^DjGW7|$TGn%P
RXW>PG^�^DjGW7P-^v��ßX[ kXjGW>P	��TX]�m L�L���z
ÄQYXb P£nDb PGTQ]G[`]�k pqYGmDP3b`[`]�k�S«TD^rW7YXj�V![`]�PXb c�n%YX]�mXj�n%V�PGmrTGVÎV\a�P

W�[ kGs�^D[ V0P´j�^D[`]�küTDn�V!j�TXb��Q���­TX]�mñ|\b YGSÚW7TDV0PD^Dz �¥a�P§a�YHb P
nxb PGTX]G[`]�kãpqYGmDP3b ^¡TXb PXW>V�PGm£mXW�[ b b`[`]�k�RDPXW7^�YQ]G]�PXb%V�YlRGYGV�PX]�V![ THb3a�YHb P
nxb PGTX]G[`]�k RXW7YDh3b PHp~^ TX]�m V\a�P V�[ p�[`]�k Y:|¼[`](V�PXW f:PX]�V�[ YX]
V�PGnxaG]G[ �Xj�PD^DgQ^Dj�n-a�TG^¬^�S«PDPGRK^Dz�¹�S«TDh�TX]�m¨^xjGW7kDP�p~YGmGPXb [`]�k
SUTK^�n�YX]�mXj�n%V�PGm�YX]�TXb`bEhH[ VÎV\W�[ RG^DgK^Da�YXW>V�V\W�[ RG^DgKn%TG^D[`]�k�TX]�m�b`[`]�PXW
W�jG]�^Dz¬�UaD[ ^£[`](|�YXW$pqTGV+[ YX]ÀSUTG^�n%YXp�p�jG]:[ n%TGV�PGm£V�Y�V\a�PoYGRGPXW>TGV�YXW
W>PGRXW>PG^�PX]�V�TGV\[ fGP¡|0YQWtmGPGV�PXW$p�[`]E[`]�k�V�W�[ Rà^�RGPDPGmK^Dz
¹�TQpqRHb PG^£Y:|FV!a�P¬¹»ºÔ°ÈSUPXW7Pu^�PQ]�V«V�YuV\a�Pwb TGhDYXW7TDV0YQW7c£YX]�T

SUPGPX��b c­hGTD^D[ ^µ|�YXWÅW>YXj�V�[`]�Pdplj�mõn-a�PGn-��^­TX]�m�ßGTX]G] AGÝ
TX]�TXb c%^D[ ^Dz 4 TGhDYXW7TDV0YQW7cÚW7PD^DjGb V�^²S«PQW7P j�^�PGmÁV�Y j�RGmGTGV�P
PX]�kX[`]�PGPXW�[`]�k�n%TG^�PG^oSq[ V!a�V\a�PwpqYG^�VÀW7PDn%PX]�VFRQW7YGRDPXW7V+[ PG^oYG|¸V\a�P
p�j�m­^�c�^�V�PXp�gãTX]�m�SUPXW7P�V\a�PX]üV\W>TX]�^�|�PXW$W7PGm®Y:|�|�^Da�YQW7P�fH[ T
PXb PDn%V\W7YQ]E[ nÜpqTH[ b`z �UaG[ ^}n%YX]�V+[`]Gj�TXb�^�V!W>PGTHp Y:|�j�RGmGTGV�PGm
[`](|�YXW$pqT:V\[ YX]GgÆfH[ T�V\a�Pªn�TG^�P�V\W7TQ]�^�|�PXW�p~PGn-a�TQ]E[ ^Dp�g«|�TGnD[ b [ V�TGV�PGm
V\a�PoTGn%nxjGW>TGn%c£Y:|©a�c%mXW>TXjGb [ n%^DgUa�YHb PunDb PGTX]G[`]�kuTX]�mu^�SUTGhGÉ�^DjGW>kGP
modeling.

Conclusions
•

�¥a�PuP:|0|$PGn�V�^�Y:|¸TX]G]DjGb TXWÆV�PHpqRDPXW7TDV!jDW7P�TX]�m�RQW7PG^�^DjDW7P-^�YX]
¹»ºÔ°�W�a�PDY3b YDkGcâTX]�m�mGPX]�^D[ V�cip�j�^�V£hGPÅn%YX]�^D[ mDPXW7PDm�|�YXW
TGn�n-jGW>TGV�P�RXW>PG^�^DjGW>P�TX]%mra�YXb P�n-b PDTX]:[`]�k�RXW>PGmX[ n�V�[ YQ]�^Dz

•
��]�kX[`]�PGPXW�[`]�k�^�YG|�V�S«TXW>Pi[ ^¨T:fGTH[ b TGhQb Pª|�YXW~n%YHpqRXW>PXa�PQ]�^D[ f:P
TX]�TXb c%^D[ ^�YG|�V\a�P�nD[`W>n-j:b TGV+[`]�k�^�c�^�V0PQpimQjGW�[`]�koS«PQb`bERXb TX]G]:[`]�k
TX]�m�PGe:PGn-j�V+[ YX]Gz

•
{�](|�YXW�p~TGV�[ YQ]Àn%YHb b PGn%V�PGm�mQjGW�[`]�k�SUPXb`bERHb TX]G]D[`]�k�[ ^oj�^�PG|9jGb%|�YXW
p~TX��[`]�k�[`]�|$YXW�pqPDm�mGPGnD[ ^D[ YX]�^v[`] SUPXb`b<mDPG^D[ kX]Gz

•
{�]G]�Y:fGTDV�[ fEP n%YHp�pljD]E[ n�TGV�[ YQ]�^ V�PGnxaG]�YXb YDkGc |�TGnD[ b [ V�TGV�PG^
^Da�TQW�[`]�kñYG|¨PX]�k3[`]�PGPXW�[`]�kñn%TG^�PG^¶TQpqYX]�k�TX]µjG]Gb [ p�[ V�PGm
]GjDpqhGPXWGY:|KYX]�^Da�YXW>P�TX]�m�YG|�|�^Da�YQW7Prj�^�PQW7^Dz

•
�x��OF� ^©n%TXb nxjGb TGV�PGm�TGVDV!a�P�S«PXb b(^D[ V�PàTXW>P�V�c%RH[ n%THb b c~Sq[ V!a:[`]~ÝXz=L
b hGÉ�kGTQb<Y:|XpqPDTG^DjGW>PGmàfDTXb`j�PG^Dz

•
ô�n�n-jGW>TGn�c§[`]õ�x��O_RXW>PGmX[ n�V\[ YX]�^µTGV�V!a�PõSUPXb`bã^D[ V0P}[ ^
hGPQ]�PG|9[ n-[ THb-[`]�p T:eH[ p�[ �x[`]�k�YGRGPQW7TGV+[`]�k£V\[ p~Pu[`]ln%TD^�P¬Y:|UV0YDY3b
failure.

Nomenclature�
�������
����� �����  �!�"$#�� %&#���� ��"�� '(!�)� �!�*+� " ,
�
-.�/���
����� ���(�  �!("�*+"0�1"�� #2)� �!�*+� " ,
3�4256��3���"� 
'(798� (!� �"�%:�("0� '�!
-
5.5;��-<"���!�)=8�� 8� >8�%& �*+*���%& 
?�@A�B�C?D%&�� ��� �%E"0� #��(��)� =8F"0G
H����IH� (��*���%& �)�)� J8�"�G
����5K����%:� � �+��'�� � ��%�5
%& �*�*+��%: �"�'�'(�
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42� �I42��"�*+� )� �)(� � �  ("0 (%� ����� !("0 (%:!��(����� � �  �"� �%����� ���
'�" "�' �
	 G�'��  ���*+*� �
� � ,
?
�����C?D'1"�����7�� ��� )���%: (�
� 5
H �I7�� '�� %:�("0 �������� � '(!�* 8� �% � � !(��"� 
)���)�� � �  �"� �%
dpf

� �  �!� (%:��� � �D �)�7�%:� #�"�� '�!���� 8�%: (*�*��(%: 
8�*+����5<%: �*+*���%& ���8�'���!()�* 8� �% *+������%& �� !�#�G
� ����� ��������H���)��  �� ��G�"���8�'���!�)(*2'�7 � ��*+* � ����� � '�!
7�� @A'�� � �  7�%:��#+"�� '�!�'(7�"�G� 
7�� ��� )
�F8 ���� ���"�#+�=8���#+� " ,
�2���� ���"$#�'�!�)(��#�"�� ��� " ,
8 �I5.%: �*+*���%& 
% ��3���)�� ����)(� *+"0�(!�#� 
3� ���3� =,$!('�� )(*2!�� �
�  (%
ρ
� )( �!�*�� " ,

"�� ?D� �  
Τ = Τemperature � ���>#�#� (�  �%&��"�� '�!�)��� �"�'���%&����� " ,
������ ���"�"�%&��!�*J7� �% #+'� �7 70� #��  �!�"
� �"!$#�%�&�'�(&��!��  �*�*2'("0G( �%)� � *+ �*J"���"� �)�*
��� 	 ��!�!���� ��*
8���*J"�%:� !��
7���7�'�% � ��"�� '�!����� !�)� �+�%& �7� �%& �!�#+� !�� ��!('�)� �� !�"0G( 
� �,�F%:� )
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�FÖCÐ�Ï�Ï 6�Ð(�tÍ�)��

5.5”
�FÖ9Ð0Ï�Ï 6ÔÐ*�tÍ�) �

5.5”
Rate-of-penetration

������×XÑGÌ+��������ÍGÍGØ,#�8EË��ÎÖ
Rate-of-penetration

�
����×XÑtÌ-��������ÍGÍGØ,#�8EË.�XÖ
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64798,:;:2<=8,>@?
Annulus

6A798,:;:2<=8,>@?
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