
HAL Id: inria-00070688
https://hal.inria.fr/inria-00070688

Submitted on 19 May 2006

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

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

Fairness in MIMD Congestion Control Algorithms
Eitan Altman, Konstantin Avrachenkov, Balakrishna Prabhu

To cite this version:
Eitan Altman, Konstantin Avrachenkov, Balakrishna Prabhu. Fairness in MIMD Congestion Control
Algorithms. [Research Report] RR-5312, INRIA. 2004, pp.29. �inria-00070688�

https://hal.inria.fr/inria-00070688
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
R

--
53

12
--

F
R

+
E

N
G

ap por t  
de  r ech er ch e 

Thème COM

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Fairness in MIMD Congestion Control Algorithms

E. Altman — K. E. Avrachenkov — B. J. Prabhu

N° 5312

Septembre 2004





Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)

Téléphone : +33 4 92 38 77 77 — Télécopie : +33 4 92 38 77 65

���������
	��������������� ��������	���������������������� "!# ��������$��%'&(�

)+*-,�.0/21436587:9"*-)+*-,<;=23?>A@�BC5�D?EF;87-G'*IH�*:JK=L3?M�@ON

PRQTSVUXWZY�[]\#^`_baFcedfSVUXW2c�g�hCUXUZiTjTklg�mnjCd$c
o-pqhsrtW�d$c<\umsW2ctdqpfh

v<mswxw6hCped<yFWKpqWVg$QTWVpqg$QxWzj?{-|s}x~2��^�_bWVwFdfWVU��TpqW��s�C�s��^`�s�Xwxmn�nWVc

����V���A�T�n�n� � W
cedfixyTa��0mnk�pqjTW2cfc�mnU�hnjT��cfWVcqcek�hnj6c�ceQ6mspqk�jT��m�g�hnU�U�hnj��?hsdfdf��W�jTW2g$����k�jx�?�-��QxW�pqW
hCjTWIhCpU�hCpfW�ceW2cfcfk�hCjxcixceW�m�UZiT��dfk�wT��klg�msdfk��nW�k�jxg�pfW2mncfWIUZiT��dqk�wx��klg�msdfk��nWRyFWVg�pfW2mncfW� ¡\£¢e\�¤¦¥�ms���nhCpfk�dfQxU'§
¨OhCcqceW2cRhnp¦g�hnjx�nWVcedfk�hnj£cfk��Cjxms�lc�hFg�g�iTp<��QTWVjudfQTWZg�msw6mng�k�dta
klc<pqWVmCg$QTWVy'�TiTd©g�hCiT��yumn��cfh+�?W�k�jTk�dqk�msdfW2y
�?W��ªhCpfW�dqQxmAd2§'«�hndfQ"ceabjxg$QxpfhCjTk�¬VWVymncK��W����ImCcKjThnjT®¯cfabjxg$QTpqhnjTk�¬�W2y���hCcqceW2cKmspqW°g�hnj6ceklyFW�pqWVy±§°¢²j�dfQTW
jxhnjF®²ceabjxg$QxpfhCjTk�¬VWVy³g�mCceWC�<hnjx��a³hnjxW�cfWVcqcek�hnj´cfiFµ�W�p$c�m¶��h·cfc�mAdum"dqk�U�Wn§¸P��h4U�hbyTW��lc�mnpfWudqQTW�j
g�hnjxcfklyFW�pqWVy°dfh°yFW�dfW�pqU�k�jxW¦��Qxk�g$QucfhniTp$g�W¦��hbh·ceW2c�mXwxmCg$�nW�dV¹-m'ºf»A¼²½Z¾C½²¿T½�À?¾n½�Àx¼OUXhFyFWV��k�j£��QTklg$Q'dfQTW
��hCcqc�wxpfhC�xms�Tk���k�dta�hs��m�cfWVcqcek�hnj"klc�wxpfhCw6hCpedqk�hCjxms�-dqh�k�dqcZpqmsdfW
msd�dfQxW�g�hCjT�nW2ctdqk�hCj"k�j6ctd$msj·dV�-msj6y�dfQTW
Á À�¾n½t¿F½�À?¾C½�À6¼�Â�ÃLÄ$Ä�ºq»A¼²½�U�hFyFW��Å§ � W�Æxp$ctd¦ctdqixyFa£QThA�Çdt��h'\£¢e\u¤ÈceW2cfcfk�hCjxc<cfQxmspqW]dfQxWZg�mnwxmng�k�dta'k�j
dqQTW<wTpqWVcfW�j6g�W�hs���nWVjTW�p$ms�Tg�hnUZ�Tk�j6mAdfk�hnj6c-hs��ceabjxg$QxpfhCjTk�¬VWVy�msj6yZjxhnjF®²ceabjxg$QxpfhCjTk�¬VWVyZ��h·cfcfWVcV§ � W�cfQThA�
dqQxmAd2�:k�j¶dqQTW�wxpfW2ceWVjxg�W�hs��p$mAdqW'yFWVw6WVjxyFWVjCd���hCcqceW2c���dqQTWug�msw6mng�k�dta�k�c��0msk�pq��aÉcfQxmspqWVyÉ��QTW�pqWVmCc�p$mAdqW
k�jxyFWVw6WVjxyFWVjCdR��hCcqceW2c-wTpqhA�·klyFW2c:QTk��nQ°ixjF�0msk�pfjxWVcqc�§ � W�dfQTWVj�cedfixyTaXk�j·dfWVp�wTpqhsdqhFg�hn�x�0msk�pfjxWVcqc�¹QThA�³dfQTW
gVmswxmCg�k�dta°klc�cfQxmspqWVy�k�j£dqQTW�wTpqWVcfW�j6g�WKhs�:cfabjxg$QTpqhnjTk�¬�W2y
��hCcqceW2c�msU�hnjx�°ceW2cfcfk�hCjxc�cfhnU�WKhs�-��QTklg$Q£ixceW
mCyTyFk�dfk��nWXk�j6g�pqWVmncfWXU�iT��dfk�wT��k�gVmAdfk��nW+yFW2g�pqWVmCceW£ 0Ê�¢e\u¤¦¥¦wxpfhndfhFg�hC��c¦��QTWVpfW2mnc©dfQTW�hndfQTWVpqc¦ixcfW°\£¢e\u¤
wxpfhndfhFg�hC��cV§
ËuÌ·Í�ÎqÏ�Ð �AÑ��n��Ò msk�pfjTW2cfcV�±\£¢e\u¤Z��ceabjxg$QTpqhnjxk�¬VWVyumsj6y�jThCjF®¯cfabjxg$QTpqhnjTk�¬�W2y'��h·cfcfWVcV��ctdqhbg$Q6mncedfklg�cedqmA®
�xk���k�dta



��� �  ������ � � �	��
'�����  �	��¸�Z ��������$��%�&(	���
'	����������� �	�
'	
�������	��±������� !��e� �t���e�

��� ����� � � � hni6c���dfixyTk�hCjxc'��� ���·iTk�d ����hnp$c �·iTW�wT��i6cek�W�iTp$c'cehCiTpqg�WVc�iFdfk���k�cqmsj·d£��� ms���nhCpfk�dfQTU�WyFWVc
mCg�g�pfhCk�cqceWVU�W�j·dqc�U�iT��dfk�wT��k�gVmAdqk��0cRW�d�yTWK��mXy!�Vg�pfhCk�cqcqmsjxg�W�U�ix��dqk�wT��klg�mAdqk��CW+ 0Ê�§ \�§ ¤�§ \�§ ¥�yFWKP�Y�o wxmspfde®
mn�nWVjCd:ixj+�nhnix��hnd-y"� ��dfp$msjT�C��WVUXWVj·dV§:[©j°yFk�d#�CixW���W2c:w?W�pfdfWVcIyFW<wxm��CixW�dqc�cehCj·dIceabjxg$QTpqhnjxk�c ��W2c��hnp$c$�CixW
dqhniFdqWVcX��WVc�cehCiTp$g�WVcXcfiT�TklcfcfW�j·dZixjTW£w6WVpedqW'mni¶U&%�U�W'k�jxcedqmnj·dV§ Y�QTk�i W�d('nmnk�j4hnj·d�y)��U�hnj·dfp$���·iTW
Ê�§ \"§ ¤Z§ \*��dqmsk�d�k�j)���·iTk�d$ms�T��W£��hCpqc$�·iTW
��WVc�w?W�pfdfW2c�yFW£wxm+�·iTW�dqc,��d$msk�W�j·d°ceabjxg$QTpqhnjxk�c ��W2c�§É¤¦msjxc�ixj
wxpfWVUXk�W�pdfWVU�wxc��Ajxhnixc	��dqixyFk�hnjxc��W�wxmnped$ms�nW�yFWI�xmnjxyFW�wxmncqcqmsj·dfW:WVj·dfpqW�yFWVi!-�cehCiTpqg�WVcÊ�§ \�§ ¤Z§ \�§A��hCpe®
c$�·iTW¦��W2cRw6WVpedqWVcRyFW]wxm+�·iTW�dqcRcfhnj·d�jxhnjF®²ceabjxg$QxpfhCjTk�c ��W2c�§ � hCixcRy!��U�hnj·dqpfhCjxc.�CixW©�lmX�xmsjxyTW©wxmCcfcqmsj·dqW
W2ctd�w6mspfdqms����W,���·iTk�dqmn�T��WVU�W�j·d���hCpqc$�·iTW���W2cKw?W�pfdfWVcKyTW+wxm+�·iTW�dqc�cfhnj·d�y!��w?W�j6yTmsj·dfW2c�yFiÉy!�V�Tk�d�yFW+��m
cfhnixpqg�W�ms��hnp$c��CixW���W�wxmspfdqmn�nWuWVced
k�j)���·iTk�dqmn�T��W���hCpqc$�·iTWu��WVc°w?W�pfdfW2c
yFW�wxm+�·iTW�dqc
cfhnj·d°k�jxy!�Vw6WVjxyb®
mnj·dfWVc+yTi³y)���Tk�d
yFWu�lmcfhnixpqg�Wn§0/-jxcfiTk�dfWn��jThCixc���dqixyFk�hnjxc��1� ���·iTk�d �uW�j·dqpfW£��WVc°cfhniTp$g�W2c�Ê�§ Ê�§ ¤�§ \�§
 ¡yFWVc�mngVg�pqhnklcfcfW�U�W�j·d$c-mnyTyFk�dfk��0c:W�d�yFW<�lm�y!�2g�pqhnklcfcqmsj6g�WRU�iT��dfk�wT��k�gVmAdqk��CW2¥�W�dI��W2cIcfhniTp$g�W2c:Ê�§ \�§ ¤�§ \2�·iTk
w6mspfdqms�CW�j·dRiTj£�nhnix��hndRy3� ��dqpqmnjT�n��W�U�WVjCd���hnp$c �·iTW¦��WKwTpfhFg�WVcqceixcRyFWKw?W�pfdfW2cRWVced�ceabjxg$QxpfhCjTk�c �n§
4�Ð �2� Î �+5 � ��� /6�·iTk�d �n�'Ê�§ \�§ ¤�§ \���w?W�pfdfW2c"ceabjxg$QxpfhCjTk�c ��W2cW�dÉjThCjF®¯cfabjxg$QTpqhnjTklc ��WVcV��ctd$ms�Tk���k�d �
cedfhFg$QxmCctdqk7�·iTW



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ }

� ���������
 � I�����Z�

¢²jZdfQxW�¢²j·dqW�pqjTW�d2�nyTmAd$m©dfp$msjxce�ªW�p�wTpqhsdqhbg�hn�lc�ixceWRyFk�µ?WVpfWVj·d-g�hnjT�CWVcedfk�hnjXg�hnj·dqpfhC�bmn���Chnpqk�dqQTU+c±dqhKmng$QTk�W��CW
p$mAdqW�g�hnj·dfpqhn�Å§���jCdqk��FjxhA�K�LdfQTW�Ê<¢e\�¤ ms���nhnpqk�dfQTU �Rmnc�ªhniTj6y�dqh©wTpqhA�bk�yTW�cqmAdfklce�0mng dqhnpqa]w6WVpe�ªhCpfU+msj6g�Wn§
��hA��WV�nWVpV�Vk�j�Qxk��CQ�cew?W�W2yKjTW�dt��hnpq�Fc��L\£¢e\u¤ ms���nhCpfk�dfQTUÈ ªWC§ �6§�����~n�A��� ¥±QxmncO�6WVW�j�wxpfhCw6h·ceW2y©k�j�hCpqyFWVp�dfh
W��°g�k�W�j·df��a°iFdqk���k�cfW]dfQxW�jTW�dt��hnpq�°g�mnwxmng�k�dtaC§-PRQTW�pqW��ªhCpfWC�Fk�j'dfQxW]�ªiFdfiTpqWn�6cek�dfixmsdfk�hnjxcRU+mLa
mnpfklcfW¦��QxW�pqW
yTk�µ�W�pqW�j·d<ceW2cfcfk�hnjxc�ixcfk�jT�ZdfQxWVcfW©dt��h�ms���nhnpqk�dfQTU+c���hCiT�ly
g�hCU�w6W�dfW¦�ªhnp�dfQxW]cqmsU�W¦jTW�dt��hnpq�+pqWVcfhniTp$g�WC§
PRQxW£cfQxmnpfW�hs��dqQTWug�mnwxmng�k�dta"hC�Fdqmnk�jTW2yÉ�ba"WVmCg$Q¶hn��dfQxWVcfW£cfWVcqcfk�hCjxc���k����<yFW�w?W�jxy hCjÉdfQxW'�Amnpfk�hnixc
w6msp$msU�W�dqW�p$c�cfw6W2g�k�Æ6gKdqh
dqQTWXmn���Chnpqk�dqQTU+c�§¦PRQTW�ceQxmnpfk�jT�°hn��m°pqWVcfhnixpqg�W��nk��nW2c<pqk�cfW�dqh°dfQxW,�·iTW2ctdqk�hCj
hCj�QThA�¶�0mnk�pq��a�klc�dfQTklc:pqWVcfhnixpqg�WRcfQxmnpfW2y�§ Ò msk�pfjTW2cfc�klcqceiTW2c-QxmL�CW��6WVW�j+mnyTyTpfW2cfcfWVyXk�j�cfW��CW�p$ms�FwTpqW��bk�hnixc
��hnpq�Fc�§�¢²j�� }��Å�6dfQTWZmsiFdqQThnp$c<g�hCjxcfk�yFWVp<m°g��lmncqc�hn��p$mAdqW�g�hCjCdqpfhC�±ms���nhCpfk�dfQTU+c�ixjxyFW�p<dfQTWXmncqceiTU�wFdqk�hCj
hn��cfabjxg$QTpqhnjTk�¬�W2y�g�hCjCdqpfhC�-cek��njxmn��cV��msjxycfQThA�zdfQ6mAd]dfQTW°Ê�¢e\u¤¸ms���nhCpfk�dfQxU g�hnjb�CW�pq�nWVc<dfh'�0msk�pqjTWVcqc�§
¢²j�� ���¯�FdfQxW�msiFdqQThnp$c�g�hCjxcfk�yFWVp�\£¢e\u¤8ms���nhnpqk�dfQTU+cRiTjxyTW�p�dqQTW�U�hnpqW]pfW2ms��k�cedfklg]mncqceiTU�wFdqk�hCj£hs�-ctd$mAdfW
yTW�w?W�jxyFWVj·d���hCcqcfWVcV�:msjxy4mspq�niTW
dfQxmsd+\£¢e\�¤#ms���nhnpqk�dfQTU ms�lcfh�g�hCjb�nW�pq�nW2c]dfh�0mnk�pqjTWVcqcV§¢²j � |���dfQTW
g�hnjb�nWVpf�CW�jxg�W�dqh£�0msk�pfjTW2cfc]hn��dqQTW°yFk�µ?WVpfWVj·d"!6mL�nhCiTpqc¦hn�RP�Y�ozmnpfW+cedfixyFk�WVy�?hsdqQ�mnjxms��a·dfklg�mn����a�msj6y
i6cek�jT�¶cfk�UZiT�lmAdfk�hnj6c�§z¨±hC�niTk�jThA� ½�¼+»AÂ$#%� &��¦cedfi6yFa dfQTW�UXhCjThsdqhnjTklgug�hCjb�nW�pq�nWVjxg�W'dqh"�0msk�pfjxWVcqc��ªhnp
mn���Chnpqk�dqQTU+c�k�j¶p$mAdqW�®¯�xmncfWVy"P�Y�o�®Å�ªpqk�WVjxyF��aÉmswTwT��klg�mAdqk�hCjxcV§¢²j'�)(*�Å�:dfQTW£msiFdqQThnp$cZUXWVj·dfk�hnj"dqQxmAdX�ªhnp
cfWVcqcfk�hCjxc-��k�dfQ�yTk�µ�W�pqW�j·d�pqhnixjxyXdfpqk�w°dfk�UXW2cV ¡v�P�P<¥ �T_Fg�mn��mn�T��W�P�Y�o  ª��Qxk�g$Q°i6ceW2c�\£¢e\u¤ mn���Chnpqk�dqQTU°¥
klcRW -bdqpfWVUXWV��a
iTjF�0msk�p2§:PRQTW�a°wxpfhCw6h·ceWKmXjTW��Çms���nhCpfk�dfQTU�dfh�k�U�wTpqhA�nW©�0msk�pqjTWVcqc�§

¨OhCcqceW2c<hnp¦g�hCjT�nW2ctdqk�hCj�cek��njxmn��c�  dfQxWVcfW�dqW�pqU�c���k������6WZixcfWVyuk�j·dfW�p$g$QxmnjT�nW2ms�T��aT¥�hbgVg�iTp©��QTW�j�dfQTW
gVmswxmCg�k�dta<klc±mng$QTk�W��CWVy¦�TiFd�g�hnix��y]ms�lcfh��?W:k�jTk�dfklmAdfW2y]�6W��ªhnpqW�dfQxmsdV§�¨±hCcqcfWVc�mspqW-cfmnk�y©dqh<�6W:cfabjxg$QTpqhnjTk�¬�W2y
��QxW�jÉms���-dqQTW
cfWVcqcek�hnjxcKcfQxmnpfk�jT�£dfQxW°��k�jT�ceiFµ�W�pXm£��h·cfc�mAdKdfQxW
cfmnU�W�dfk�UXW�k�j6ctd$msj·dV§'¢²jdfQTW°jxhnjF®
cfabjxg$QTpqhnjTk�¬�W2y£g�mncfWn�6hnjT��a'hnjTW�cfWVcqcek�hnj�cfiFµ�W�p$c�m+��hCcqcV§R«�hndfQ�cfa·j6g$QTpfhCjTk�¬�WVy'��hCcqceW2c<mnc���WV����mnc�jxhnjF®
cfabjxg$QTpqhnjTk�¬�W2y���hCcqceW2cKmspqW+g�hnj6ceklyFW�pqWVymnc]��W����ImCc¦dfQTWVk�p�g�hnUZ�Tk�j6mAdfk�hnjO§°PO��h'dta·w?WVc�hs�RUXhFyFWV��c�mspqW
dqQTW�jXg�hCjxceklyFWVpfW2y¦dfh©yTW�dfWVpfU�k�jTWI��Qxk�g$Q�hn�FdfQTWRcfhniTp$g�W2c±��h·h·ceW2cOm�wxmng$�CW�dV¹: e~2¥�dfQTW¦ºf»A¼²½<¾C½²¿T½�À�¾n½�Àx¼±Â�ÃLÄ$Ä
�+Ã2¾n½�Â·k�j£��QTklg$Q�dqQTWK��hCcqcRwTpfhC�xms�xk���k�dta
hs��m+cfWVcqcfk�hCj
klc�wTpqhnw?hnpfdfk�hnjxmn�6dqh+k�d$c�p$mAdfWKmsd�dqQTW�g�hCjT�nW2ctdqk�hCj
k�jxcedqmnjCd+� ,��Å��msjxy¶ ¡�n¥�dfQTW Á À?¾C½²¿T½�À�¾n½�Àx¼�Â�ÃAÄ$ÄZºf»s¼¯½+�+ÃV¾C½�Â ��k�j���QTklg$Q£dfQxWXcfWVcqcek�hnj'dqh
��QTklg$Q�m°cfk��Cjxms�
klc�cfW�j·d<k�cRk�jxyFWVw6WVjxyFWVjCd<hn�dqQTW�cfWVcqcek�hnj"� c�pqmsdfWC§
� W£Æxp$ctd+ctdqixyFaÉQxhA�¸dt��hÉ\£¢e\�¤#ceW2cfcfk�hCjxc£ ª��k�dfQ W�k�dfQTWVp�dfQTWucqmsU�W£v�P�P hnp���k�dfQ³yFk�µ?WVpfWVjCd

v�P�P�cq¥�cfQxmspqW<dqQTW�g�mnwxmng�k�dta�k�j
dqQTW]wTpqWVcfW�jxg�W©hn��nWVjTW�p$ms��g�hCU��Tk�jxmsdfk�hnjxc�hs��ceabjxg$QxpfhCjTk�¬VWVy°mnjxy°jxhnjF®
cfabjxg$QTpqhnjTk�¬�W2yu��hCcqceW2c�§ � W°cfQThA�zdqQxmAd2�Ok�j�dqQTW�wTpfW2ceWVjxg�W�hn��p$mAdfW�yFWVw6WVjxyFW�j·d���hCcqceW2c���dqQTW+g�mnwxmng�k�dta
klc+�0mnk�pq��a4cfQxmspqWVy �?W�dt��W�W�j³dqQTWudt��h¶cfWVcqcek�hnjxc���QxW�pqWVmnc°pqmsdfWuk�jxyFW�w?W�j6yFW�j·d���hCcqcfWVc+pqWVcfiT��d
k�j Qxk��CQ
ixjF�0msk�pfjxWVcqc:W��CW�j°��QxW�j
cfWVcqcek�hnj6cImspqW�cfabUXU�W�dfpqk�gn§�¢²j°dfQTW]ceW2g�hCjxy�wxmspfd���W©cedfi6yFa�QThA�³dfQTW¦g�mnwxmng�k�dta
klc�ceQ6mspqWVy�mnUXhCjT�©cfW��CW�p$ms�·ceW2cfcfk�hCjxcV�2W2mng$Q�hn�x��QTklg$Q�WVk�dqQTW�p�ixcfWVc�msjXmnyTyTk�dqk��CWIk�jxg�pqWVmCceW�U�iT��dfk�wT��k�gVmAdfk��nW
yTWVg�pqWVmCceW' 0Ê�¢e\u¤¦¥¦hCp¦m£\£¢e\u¤¸mn���Chnpqk�dqQTU#k�j�wTpqWVcfW�jxg�WZhn��cfabjxg$QTpqhnjTk�¬�W2yu��h·cfcfWVc©hnjx��aC§ � W+cfQThA�
dqQxmAd�dfQTWXÊ<¢e\u¤ÈceW2cfcfk�hnj£hn�Fd$msk�jxc<m°cfQxmnpfWK��QTklg$Quklc<k�jxyFW�w?W�j6yFW�j·d©hn��dfQTWZ��k�jT�£g�msw6mng�k�dtan�?msjxy'dqQxmAd
dqQTWKpqWVcedRhn�OdqQTW�g�mnwxmng�k�dta°klcRiFdqk���k�¬VWVy'�ba°dqQTW�\£¢e\u¤�cfWVcqcfk�hCj±§

PRQTW�pqWVced¦hn�:dfQxWXw6msw?W�p]k�c]hCpf�·msjTklcfWVyumnc©�ªhC����hA�<c�§K¢²j"_bW2g dfk�hnj�����WXwTpqWVcfW�j·d¦m'�Tpqk�W��IhA�nWVpf�bk�W��
hn�©dqQTW�U�hFyFW��©msjxy U�W�j·dfk�hnj dqQTW�g�hCj·dfpqk��TiTdfk�hnj hs�]dfQTklc+��hnpq��§ ¢²j dfQTWuÆ6pqced°wxmspfd°hs�¦dfQxWuwxmsw?W�p
 Å_bWVg�dfk�hnjxcR}Xmsjxy
�·¥��·��W]msjxmn��ab¬�W�dfQTW¦�0mnk�pqjTWVcqc�hs�Odt��hX\u¢e\u¤zceW2cfcfk�hnjxc�ceQ6mspqk�jT�XmZg�hnU�U�hnj°��k�jT�°k�j
dqQTW�wTpqWVcfW�jxg�W�hn�?p$mAdqW�yFW�w?W�jxyTW�j·d:��h·cfcfWVcV§O¢²jXdqQTW<ceW2g�hCjxy�w6mspfd�hn�xdqQTW�wxmsw?W�p© ¡_bW2g dfk�hnj+|]msj6yX_bW2g dqk�hCj
&·¥ �F��W�ctdqixyFa
�0msk�pfjTW2cfc�hn��Ê�¢e\u¤�mnjxy'\u¢e\u¤�cfWVcqcek�hnj6c�cfQxmnpfk�jT��m+g�hnU�U�hnj'��k�jT��§ � W�wTpqWVcfW�j·dRdfQTW
g�hnjxg���i6cek�hnjxc�k�j�_bWVg�dfk�hnj�(b§

-.-0/�132�4�576



� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
� ��� 	�� � ��	��
� W�i6ceW�dqQTW<�ªhC����hA��k�jT�KjThsd$mAdqk�hCj±§�Ê �ªiTjxg�dfk�hnj+�ªpqhnU�� dfh��³��k����6�?W�yFWVjThsdqWVy+ixcfk�jT��cqmsjxc�ceWVpfk����ªhnj·dV�
cfixg$Q£mnc������f§ Ò hnpRW -FmnU�wT��WC�����! "�IyFW�jxhsdfW2c�mZ�ªiTjxg dqk�hCjuyFW�ÆxjxWVy
�ªhnp<ms����pqWVms���Ams��iTW2cRhs�# $§:Ê �ªiTj6g dfk�hnj
�ªpqhnU%$ dfh&�z��k������6W�yFWVjThsdqWVy�i6cek�jT�'k�d$ms��k�g��ªhnj·dqc]mnc(')���f§+��cfixms����aC�*'+�-,.����hniT�ly��?WZdfQTWX�Ams��iTWZhn����/ "��mAd�dfQxW0,21-3°cqmsU�wT��k�jT��k�jxcedqmsj·d2§IÊz�nW2g dqhnp54°��k����OyFW�jxhsdfW�m�pqhA�´�CWVg�dfhnp2§-¢¯dqc�dfp$msjxcfw6h·ceW]��k�����6W
yTW�jThndfWVy°�·a64�7¡§�Ê���cfhx�b��W�ixcfW<dqQTW©dfW�pqU¸ceW2cfcfk�hnj�dfhZU�WVmsj�msj°k�jxcedqmsj6g�W�hn�m��Ck��CW�j°mn���Chnpqk�dqQTU£§�PRQTW
dqW�pqU i6ceWVp���k������6WZixcfWVy£�ªhCp©cfhnU�W�hCjTW���QTh°U+mn�nWVc<ixceWZhs�:hCjTW�hnp©U�hnpqWKk�jxcedqmnjxg�W2c� 0k¡§ Wn§���ceW2cfcfk�hCjxc$¥
hn�OdqQTW�cfmnU�W]mn���Chnpqk�dqQTU£§

PRQTW£�ªhC����hA��k�jT��U�hFyFWV�<k�c�U+mnk�jT��aÉ�xmCceW2y¶hCj¶dqQTWuU�hFyFW��<k�j � }��Å§´Y�hnj6ceklyFW�p�dt��h !xhA�<cX��QTklg$Q
cfQxmnpfW]mX��k�jT�
hn��gVmswxmCg�k�dta98X§:¨±W�d
���/ "�;:<�=�?>@�! "�BAC�ED��! "�F�:�?W]dfQTWKp$mAdqW©�CWVg dqhnp�mAd�dqk�U�WG $�F��QTWVpfW��?>H�/ "�
mnjxyI�ED��/ "�KyFWVjThsdqW
dqQTW�k�jxcedqmnjCd$msjTWVhnixc�pqmsdfW2c�hn��ceW2cfcfk�hCjKJ�mnjxyÉhn�©cfWVcqcek�hnjMLT�:pfW2cew?WVg�dfk��nWV��aC§PRQTW
cfW�dKhn���ªW2mncfk��T��W�pqmsdfW��nW2g dqhnp$c��;N��=�?>HAC�ED@�PO ��>�QM�EDSRT8VU���>HA���D9WYX�Z+klc�cfQThA��j�k�j Ò k��x§u~C§°PRQTW+��k�jTW

x2

x1

Fair
ne

ss 
lin

e

Efficiency line

Ò k��niTpqW�~n¹-PRQTWKp$mAdqW]mn����hFg�msdfk�hnj
�CWVg�dfhnp

� > �/ "�;Q[� D �/ "��\]8 k�cXg�mn����WVy"dfQTW�W �°g�k�W�jxg�a���k�jTWn§"[©j"dfQxk�cZ��k�jTW
dfQTW'mL�Lmnk��lms�x��W
gVmswxmCg�k�dta�klcK�ªix����a
iTdfk���k�¬�W2y�§�PRQTW���k�jTWS� > �! "�G\^� D �/ "�¦k�cXg�mn����WVydqQTW
�0mnk�pqjTW2cfcK��k�jTWn§"[©j"dfQTklcZ��k�jTW
�?hsdqQ"dfQxW�cfWVcqcek�hnjxc
hC�Fdqmnk�jÉdfQTW'cfmnUXW
pqmsdfWVcV�:msj6y�QTW�jxg�W
dqQTW
�6msjxyF��klybdqQ4cfQxmspqk�jx�uk�cXcfmnk�y"dfh��?W°�0mnk�p2§�PRQxW�cfWVcqcek�hnjxc
pqWVmCg dRdfh+g�hnj·dfpqhn��cfk��Cjxms�lcR�ba
mnyTmnwFdfk�jT�XdfQxW�k�p�pqmsdfWVcRk�j'dfQTW]�ªhC����hA��k�jT�Z�RmLan§

')�-,9Q_JE�)\�`badc ')�-,.�*QM4 c �ªhnp<mnj�k�jxg�pfW2mncfW]cfk��njxmn�¡�afe ')�-,.�*QM4 e �ªhCp<mXyTWVg�pqWVmCceWKcfk��Cjxms�Å�
��QxW�pqWg4 c � a c �54 e msjxy aHe mspqW�g�hnj6ctd$msj·dqc°mnjxy³dqQTW�cqmsU�wT��k�jT�¶k�c�yFhnjTW°rtixctd£mA� dqW�p�dfQTW�g�hnj·dfpqhn�
k�jxcedqmnjCd$c�§� 0¢²j
P�Y�o¶v�WVjThZ�ªhnp�W -TmsU�wT��Wn�bmspqpfk��Ams�lc:hn�OÊ�Y�hKc�gVmsj°�?W¦g�hnjxcfklyFW�pqWVy+mCcIk�jxg�pqWVmCceW©cek��njxmn��c
mnjxy"mspqpqk��Ams�lcKhn��yFiTwT��k�gVmAdqWVyÉÊ�Y�hKc�hnpZmudfk�UXW�®ÅhCiFdZklc�g�hnjxcfklyFW�pqWVydqh��6W£m�yFW2g�pqWVmCceW°cfk��Cjxms�Å§ ¥Ç¢²j
� }*�-k�d¦QxmCc��?W�WVjmnpf�CiTWVy'dqQxmAd¦�ªhnp]g�hCjb�nW�pq�nWVjxg�W]dqh
dqQTWZ�0msk�pfjTW2cfc©��k�jTWC��dfQTWXk�jxg�pqWVmCceW�mn���Chnpqk�dqQTU Qxmnc
dqh
�?WZUZiT��dfk�wT��klg�msdfk��nW�msjxy�mnyTyFk�dfk��nW' ªkÅ§ WC§��i4 ckj X
mnjxy a c WTJL¥�mnjxy£dfQxWXyFW2g�pqWVmCceW�mn���Chnpqk�dqQTU Qxmnc
dqh��?W
UZiT��dqk�wx��klg�msdfk��nW�  a eml J
mnjxyn4 e \mXC¥�§�PRQTW
mniFdfQxhnp$c�mncqcfiTU�W+dfQxmsd�dqQTW'g�hnj·dfpqhn��cek��njxmn��c
mnpfWKcfabjxg$QTpqhnjTk�¬�W2y+�ªhnp��6hndfQ'dfQTWZceW2cfcfk�hCjxcV�Tmsjxy
dfQxmsd<dfQxW�g�hnj·dqpfhC�±cek��njxmn��k�c�dfQTW�cqmsU�W]�ªhnp��?hsdqQ£dfQTW
cfWVcqcfk�hCjxc�§PRQxmAdXk�cV�:�?hsdqQÉdfQxW�cfWVcqcek�hnjxc�pfW2g�WVk��CW�g�hCj·dfpqhn��cfk��njxmn��cZmAd�dqQTW£cfmnUXW�k�j6ctd$msj·dXmnjxyÉ�?hsdqQ

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ |

hn�RdfQTWVU WVk�dqQTW�pZk�jxg�pfW2mncfWn�hnp�yFW2g�pqWVmCceW�dqQTW�k�p�p$mAdqWVc�cfk�UZiT��dqmsjxW�hni6ce��a��2§£¢²jxyFW�W2y���iTjxyFWVp�dqQTWVcfW+dt��h
mCcfcfiTU�wFdqk�hCjxc��?dqQTWZp$mAdqW��CWVg dqhnp©�ªhnpK\£¢e\u¤¸mn���Chnpqk�dqQTU#ctd$mLabc©hnj�m
��k�jxW�rthCk�jTk�jT��dfQTWXhnpqk��nk�judfh�dfQTW
k�jTk�dfklms�-p$mAdqWX�CWVg�dfhnp2�±msj6y�QTWVjxg�W+yFhbW2c]jThsd�g�hnjb�nWVpf�CW�dfh'�0mnk�pqjTWVcqcV§Z¢²j � � �Å�±dfQTW°mniFdfQThCpqc]cfQThA� dqQxmAd
ixjxyFW�p
UXhCpfW£pqWVmn��klctdqk�gumCcfcfiTU�wFdqk�hCj4hn�]p$mAdqWuyFW�w?W�jxyTW�j·d�g�hCj·dfpqhn�<cfk��Cjxms�Å�R\u¢e\u¤ mn���Chnpqk�dqQTU ms�lcfh
g�hnjb�nWVpf�CWVcIdfh�dqQTW]�0msk�pfjxWVcqc���k�jTWn§:¢²j'dqQTW]Æxp$ctd<wxmnped�hn�dqQTWKwxmsw?W�p2�F��W]Æxpqced<ceQxhA� dfQ6mAdV�T�ªhnp<cfWVcqcek�hnjxc
��k�dfQ¶dfQTW'cfmnU�W�v�P�P]�:\£¢e\u¤ ms���nhnpqk�dfQTU g�hCjb�nW�pq�nW2c¦dfh��0msk�pfjTW2cfcZ��QTWVj"dfQTW£g�hCj·dfpqhn��cfk��njxmn��cZmspqW
p$mAdqW'yTW�w?W�jxyFWVj·dV§ � WuhC�Fdqmnk�j¶dfQTWuW -bwxpfW2cfcfk�hCjxc��ªhnpXdfQTW£��hnjT��dfWVpfU �0msk�pfjTW2cfcXk�jxyFW -���dfQxW'p$mAdqW�hn�
g�hnjb�nWVpf�CW�jxg�WKdfh�dfQxWXcedfW2mnyFa�cedqmsdfW�yFk�cedfpqk��TiFdfk�hnj�msj6yudfQxWXU�W2msj�dqk�U�WZdfhumng$Qxk�WV�nW��0mnk�pqjTW2cfcV§K¢²j � (��
k�d���mCcRmspq�niTW2y�dfQxmsdR�ªhnp�ceW2cfcfk�hnjxc���k�dfQ£yFk�µ�W�pqW�j·d<v�P�PcV�T_Fg�mn��mn�T��W¦P�Y�o  ªhCpV�T\£¢e\�¤zms���nhnpqk�dfQTU°¥Ik�c
W -bdfpqW�U�W���a�ixjF�0msk�pV§ � W�ceQxhA�´dqQxmAd2�?WV�nWVj£�ªhnp]ceW2cfcfk�hCjxc���k�dfQ�yTk�µ�W�pqW�j·d¦v�P�P�c���m°g�W�pfdqmnk�j�yFWV�npqW�W�hn�
�0mnk�pqjTW2cfcKgVmsj�6W°mCg$QTk�WV�nW2y��ba�k�j·dfpqhFyFixg�k�jT�ucfi �°g�k�W�j·d�jbiTU��?W�p�hn��mCceaFg$QTpqhnjThCixc¦��h·cfcfWVcV§ � W�dqQTW�j
cfQThA�K�LdqQTpfhCiT�nQ�cfk�UZiT��msdfk�hnjxcV�AdqQxmAd�dfQxW�pfW2ceiT��dqc�hC�Fdqmnk�jxWVy��ªhnp�dt��h¦cfWVcqcek�hnj6c�mn��cfh]QThn�ly��ªhnp;,�cfWVcqcfk�hCjxc�§
¢²j£dqQTW�ceW2g�hCjxy
w6mspfd<hs��dfQTklc�wxmnw6WVpV�T��W�g�hCjxcfk�yFWVp�ceWV�nW�p$ms�±cfWVcqcfk�hCjxcRceQxmnpfk�jT�+m+g�hCU�UXhCj���k�jT�
hCj

��Qxk�g$Q���hCcqcfWVcOmnpfW�yFiTW:dqh��TiTµ?WVp�hA�CW�p !xhA��mnjxy�mnpfWC�VdqQTW�pqW��ªhCpfWC�Aceabjxg$QTpqhnjxk�¬VWVy�§±¢²j�� |��bcfixg$Q�m©cfg�W�jxmnpfk�h
�Rmnc�g�hnjxcfklyFW�pqWVy
�ªhnp<cfWVcqcek�hnj'hnjx��a�ixcek�jT�+Ê<¢e\�¤�ms���nhCpfk�dfQxU'§:¨Ohn�CiTk�jxhA��½�¼�»AÂ$# � &��OwxpfhA�bklyFW¦�0msk�pfjTW2cfc
mnjxy�wxmng$�CW�de®¯��hCcqc�cqg�mn��mn�Tk���k�dta
msjxmn��aFcfk�cRmnjxy�cfk�U�iT�lmAdqk�hCjxc��ªhnp<cfWVcqcek�hnj�ixcfk�jT��U�hnpqW]�nWVjTW�p$ms���Tk�jThnU�klms�
mn���Chnpqk�dqQTU+c�§8¢²j � (��¯�<�0mnk�pqjTWVcqc�k�cqceixWVc���WVpfW�g�hnjxcfklyFW�pqWVy³�ªhCp�Qxk��CQF®¯cfw?W�WVy jTW�dt��hnpq�Fc�§ÈPRQTWv�P�P�®
�0mnk�pqjTW2cfcK�RmncZg�hCUXw6mspqWVy��ªhnpXyFk�µ�W�pqW�j·dXwTpfhCw6h·cfmn��c]hn��P�Y�ozk�j"QTk��CQF®²cew?W�W2y�jTW�dt��hnpq�Fc�§ �<WVpfWC��dfhbhx�
dqQTW��0mnk�pqjTW2cfc���mCc�cedfixyFk�WVy��6W�dt��WVW�j�cfWVcqcek�hnj6c<ixcfk�jx�+dfQTW�cqmsU�W�ms���nhCpfk�dfQxU'§ �<hA��W��nWVpV�x��WXg�hnj6ceklyFW�p
m�QTW�dqW�pqhn�nWVjTW�hCixcIcqg�WVjxmspqk�hK��QTW�pqW©yFk�µ�W�pqW�j·d�cfWVcqcek�hnj6c:U+mLaZi6ceW¦yFk�µ�W�pqW�j·dRms���nhnpqk�dfQTU+cV§�PRQTklcIdta·w?W�hn�
cqg�WVjxmspqk�hCc<U+mLa£�?WZhn�:k�j·dfWVpfW2ctd]k�j�dfQxW��ªiFdqiTpqWZ��QTWVj±���ªhnp¦W -TmnUXwx��WC��cfWVcqcfk�hCjxc<ixcfk�jT�£_Tg�ms�lms�x��W�P�Y�o
mnjxyctd$msjxyTmnpqyP�Y�oÇ��k����IcfQxmspqWXdfQTW°cqmsU�W���k�jT��§ � W°msj6ms��a·¬VWXdfQTW+W��Cixk���k��xpfk�iTU dqQTpqhniT�CQTwTiFd�msj6y
dqQTW���k�jxyFhA�zcfk�¬VW�hs��dqQTWZcfWVcqcek�hnj6c<msjxy�g�hnU�wxmnpfW]dqQTW�U ��k�dfQ�cfk�U�iT�lmAdqk�hCjxc�§ � W�jThndfW�dfQxmsdV��mnc<�Rmnc
w?hnk�j·dfW2y"hniFdXk�j � &��Å��dqQTW
��k�jxyFhA�R®¯�xmncfWVy�jxhsdqmsdfk�hnjÉgVmsjÉ�?W�g�hnjb�nWVpedqWVydfhmup$mAdfW�®Å�6mncfWVy�jThndqmAdqk�hCj
i6cek�jT�KdqQTW©pqW��lmAdqk�hCj6'+�/,.�#\��G�/,.�����	�
 ��� �b��QTWVpfW����-,.��k�cIdfQTW©��k�j6yFhA� mAd�dfQTW�,21-3�cqmsU�wT��k�jx��k�j6ctd$msj·dV��k�c�dfQxW¦w6mng$�nW�d�cfk�¬VW©k�j'�Tk�d$cRmsjxy������ k�c�dqQTW]pfhCiTjxy+dqpfk�w°dqk�U�W]k�j'cfWVg�hnjxyTcV§�PRQTW�pqW��ªhCpfWC�C��W¦cfQxmn���
i6ceW�dfQTW©pqmsdfW�®¯�xmCceW2y�jThsd$mAdfk�hnj+k�j°dqQTW<Æ6pqced�wxmnped�hs��dfQxW©wxmnw6WVpV�bmsj6y�dfQTW¦��k�jxyFhA�R®¯�xmncfWVyXjThndqmAdqk�hCj°k�j
dqQTW�cfWVg�hCjxy�wxmspfd�hs�OdqQTWKwxmnw6WVpV§

� �
��������	��O���V��������� �	��O�����������C	�� � �Z ����������
� W]g�hnj6ceklyFW�p�dt��hXcfWVcqcek�hnj6cI��QTklg$Q�cfQxmnpfW¦m���k�jx�+hs�gVmswxmCg�k�dta68X§:Ê�d�dfk�U�W0 $�bdfQTW¦pqmsdfW2cIhC�Fdqmnk�jTW2y°�ba
dqQTWKdt��h°ceW2cfcfk�hnjxc�mnpfWKyFWVjThsdqWVy£�ba6���/ "��:Y�=� > �/ "�"AC� D �/ "�F�q§�Ê�d�WVmCg$Q£g�hnj·dfpqhn��k�jxcedqmnjCd2�TdqQTW�g�hCj·dfpqhn����WVp
cfW�j6yTc-m]g�hnj·dqpfhC�bcfk��njxmn�Cdqh]WVmng$Q�cfhniTp$g�WC§PRQTklc-cek��nj6ms�bW�k�dfQTWVp:k�jF�ªhnpqU+chCjZjxh]g�hnjT�CWVcedfk�hnj' 0mK�]cek��nj6ms� ¥
hCp©cfW�jxyxc©m�g�hnjx�nWVcedfk�hnjÉ ¡m�~L¥<cfk��Cjxms�Å§�¢²j�dfQTWXms�xcfW�jxg�W�hn�Ig�hnjx�nWVcedfk�hnjO�xdqQTWZcfhniTp$g�W2c<k�jxg�pqWVmCceW�dfQTWVk�p
p$mAdqW]W -Fw6hCjTW�j·dqk�mn����an�FkÅ§ WC§�� ��� �/ iQ��*�.\� "!�#$!$%'&P��� �! "�BA)(#\ J�APL�A
��QxW�pqW*�,+°klcKdqQTW°dqk�U�W'g�hnj6ctd$msj·d�  �ªhCp�W -FmnU�wT��WC��dfQTW'v�P�P<¥K�ªhnp�dfQTW'ceW2cfcfk�hCjxcV��mnjxy� j J
k�c�dfQTW
k�jxg�pfW2mncfW��0mng�dfhCpV§XPRQTW+ms�?hA�nW��ªhCpfUZiT�lmAdfk�hnj�k�c]m£g�hCj·dfk�j·ixhnixc�dfk�U�W+W��·iTk��Lmn��WVj·d¦hn��m�U�iT��dfk�wT��k�gVmAdfk��nW
-/.1032/452768454:93;=<?>:@BA / 4C68DE2GFH68IB@BJ36K>52/JL@ /NM OKP�QSR 4:@B;793IT6K>:@BA / 4	UVAHD r)oXWZY FS2/D:4:@BA / 4CA8U[.]\_^a`cb	@ >:0d68<?<3D:A$e?@B;�6K>:2/I R>5032C4568;=2 - .1.f4g`36 / Jhb_2iF868IB@BJ�6K>:2i>5032/;jIT6K>52/D_UVAHD W oXWZY 6 / J r#oXWZY FS2$DE45@BA / 4]A8Ua.]\_^lkV4:2$2H`�2Hm n3mB`?o�@Bn3m 2 6 / J�@ >:4J3@B45p/934:45@BA /cq m

-.-0/�132�4�576



& ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���

P�ms�T��W+~n¹-v�W2mng�dfk�hnj�dfh+g�hCjCdqpfhC�±cek��nj6ms�lc
g�hnj·dqpfhC�?�CWVg�dfhnp � > �/ ���Q�� � D �! �� Q���!X�ABX�� � > �! ��E� � D �/ ��E��!X�AfJ�� ��>@�! � � � &d���! � ��BJ�ABX�� ��&d��>H�! � � �ED �/ � ��BJ�AfJ�� ��&d� > �! ���� � &P� D��  ��E�

mn���Chnpqk�dqQTU k�j ��QTklg$Q±���ªhCp
WV�nW�pqa4v�P�P ��k�dfQThCiFd'g�hnjT�CWVcedfk�hnj cfk��Cjxms�Å��dfQTW�cfW�jxyFWVp
UZiT��dqk�wx��k�WVc
dfQTW
��k�jxyFhA�È�bamu�0mng dqhnpZhs�� I§�PRQxk�cZg�msj"�?W�cfW�WVj��·a�cfiT�xcedfk�dfiFdqk�jT�I G\^,_� +s§�PRQTW
g�hnj·dfpqhn��cek��njxmn��c
dqh°dqQTW�dt��h�cfhniTp$g�W2c<mspqW�mCcfcfiTU�WVy£dqh
�?WZcfabjxg$QTpqhnjTklceW2y��?k¡§ Wn§��?dfQTWVa'pqWVg�W�k��nW�g�hnj·dfpqhn��cek��nj6ms�lc�mAd©dfQTW
cqmsU�W<k�jxcedqmnjCd2§ �<hA��W��nWVpV�CiTjT��k��CW<dqQTW©U�hFyFWV�6k�j � }*�¯�CdqQTW©dt��h�cfhnixpqg�WVcIgVmsj°pqWVg�W�k��nW�yTk�µ�W�pqW�j·d�g�hnj·dfpqhn�
cfk��njxmn��cV§I¨±W�d�� l JK�?WKdfQTWZyFWVg�pfW2mncfW©�0mCg dqhnp2§I¨±W�d<dfQTW���1-3
g�hCjCdqpfhC�±cek��nj6ms���?W�pfW2g�WVk��CWVy£mAd�dqk�U�W� ��n§PRQxW�j±�OdfQTW��ªhCiTpKw6h·cfcfk��Tk���k�dfk�WVc]�ªhCp]dfQTW+p$mAdqWX�CWVg�dfhnp2�*���/ �� Q��q�xrtixced�mA� dqW�pG ��n��mspqWX�Ck��CW�jk�j"P�ms�T��W£~n§
PRQxW©cfhniTp$g�W¦g�hnj·dqk�jbiTW2cI��k�dfQ
dfQTW¦k�j6g�pqWVmncfW�mn���Chnpqk�dqQTU hnj+dqQTW©pqWVg�W�wFdqk�hCj°hs�#X�cfk��Cjxms�Å§-[©j
dfQTW¦hsdqQTW�p
Q6msjxy��·��QTWVj
m�cfhniTp$g�W�pfW2g�W�k��nW2c:mSJ©cek��njxmn�¡�·k�d�k�jxctd$msj·dqmnjTW�hCixcf��aXpfW2yFixg�WVc:k�dqc�p$mAdfWC§ � W©mCcfcfiTU�W<dqQxmAd
��QxW�jTWV�nW�p:dfQTW<��k�jT�XgVmswxmCg�k�dta�klcImsdedqmnk�jxWVyXdfQxW�j+W�k�dfQxW�p�m�ceabjxg$QTpqhnjxk�¬VWVyZhnpImKjxhnjF®²ceabjxg$QxpfhCjTk�¬VWVyZ��h·cfc
hFgVg�iTp$c�§ Ò iTpfdfQTWVpfU�hCpfWC�TjThnjT®¯cfabjxg$QTpqhnjTk�¬�W2y°��hCcqceW2cRU�mLa�hFg�g�ixp<�6W��ªhnpqW�mAdfdqmsk�jTk�jT��dfQxW�g�msw6mng�k�dtan§ � W
jxhsdfW]dqQxmAd<k���dfQTWVpfWK��W�pqW]hnjT��a
cfa·j6g$QTpfhCjTk�¬�WVy
��h·cfcfWVc�dqQTW�j&'	�B�/,.�.\K'
�B�/X��q�a(.\ J�APLF�b�ªhCp�ms����k�j·dqW��nWVpqc,�cfh�dqQxmAd�msjba�k�jTk�dqk�mn��iTjF�0msk�pRceQxmnpfk�jT����hnix��y+pqW�U+mnk�j+�ªhCpfWV�nWVpV§�PRQTW�pqW��ªhCpfWC�Ck���\£¢e\�¤ wxpfhndfhFg�hC��c�mspqW
i6ceW2yudfQxW�jk�dKklc]WVcqceWVjCdqk�mn�Odqh£wTpfhA�bklyFWZm'cedfpqWVmsU#hn�IjThCjcfabjxg$QTpqhnjTk�¬�W2y�g�hCjT�nW2ctdqk�hCj�cek��nj6ms�lc�ixcfk�jT�x�
�ªhCp�W -TmsU�wT��Wn�TcfhnU�W �·iTW�ixW¦U+mnjxms�CW�U�W�j·d<cfg$QxW�U�Wn§

���� ���������������������������! �"!����#� �$����"%�&�!'��($)"!�*+���,�
� W£jThA� cedfi6yFa"dfQxWuk�jxcedqmnj·dqmsjxW�hni6c�dqQTpqhniT�CQTwTiFd�pqmsdfk�h�wTpfhFg�WVcqc�§4¢¯d�klc°cfQThA��jÉdqh��6W�m�\umspq�nhA�
g$Q6msk�jX��k�dfQ°m�g�hnixjCd$ms�T��W<cedqmAdqW�cfwxmng�W.-n��W�cfQxms���xcfQThA�4dfQxmsd:dfQTklcIg$Q6msk�j°g�hnix��yX�?W©cedqms�x��W�hCp:iTjxcedqmn�T��W
yTW�w?W�jxyFk�jT�+hCj
dqQTW�mncfabjxg$QTpqhnjThCixcI��hCcqcRwTpqhFg�WVcqcV§

slope =

slope =

(0,1)

(1,0) slope =

1

2

x

x

θβ
θ

θ/β

kV6 q - 6K>:2iFS2/p/>:AHD/`0/

β−(i+1)

= 1, i = 0

(i−1)

(i+1)

λ

λ

λ

λ
λ

λ

−(i−1)
λ β

β

β

−i

i
β

β

1

2

x

x

k Qcq21 >56K>:2 4:<�68p/2H`43�`KA8U,/
Ò k��niTpqW��F¹65¦W�hCUXW�dfpqk�g¦k�j·dfW�pqwTpqW�d$mAdfk�hnjO§

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ (

¢²j Ò k��CiTpfW��x 0mC¥��I��W'cfQThA�¸dqQTW£�nWVhnU�W�dqpfklg
k�j·dfWVpfwTpqW�d$mAdqk�hCj¶hs�©dfQTW£pqWVcfw6hCjxcfW
dqh�dqQTWuyFk�µ?WVpfWVjCd
g�hnj·dfpqhn�?cek��nj6ms�lc�§-¨±W�d��Z�6W¦dqQTW¦cf��hnw?W©hn�±dfQTW¦��k�jTW�rthnk�jTk�jT�ZdfQTW]hnpqk��nk�j
msjxy+dfQTWKg�ixpfpqW�j·d��CWVg�dfhnp2�����! "�f§
PRQ6mAd�k�cV�

��\ � D �/ "��?>H�/ "���
¢¯�-dqQTW�pqWZmnpfWZjTh�g�hnj·dfpqhn��cek��nj6ms�lc<k�judfQTWXk�jCdqW�pq�Ams���! PAB )Qj�*��dfQxW�j�dqQTW�p$mAdqW��CWVg dqhnp¦mAd�dqk�U�W �/ +Qj�*�
��k����:�6W  !�#g!/% �=� > �/ "�"AC� D �/ "�B�f§£PRQTklcK�nW2g dfhCpKms�lcehu��k�W2cKhnj�dfQxW°��k�jTW+��k�dfQÉcf��hCw6W��x§
¢¯��m �FJ�AHJE��cfk��Cjxms�
�Rmnc��nW�jxW�p$mAdfW2y�mAd  $�dfQTWVj"dfQxW°�nW2g dfhCp�mA� dqW�p�dfQTW°pqWVcfw?hnjxcfWn�+� > �! FQ��f��klc � �q� > �! �� �BA�� D �! �� �F�f§�PRQxk�c
�CWVg�dfhnp�ms�lceh���k�WVc�hnj+dqQTW¦��k�jTW¦��k�dqQ�cf��hCw6W��T§-PRQTW�pqW��ªhCpfWC�ndqQTW©p$mAdqW<�nW2g dqhnpIpqW�U+mnk�jxc�hnj°dfQTW¦��k�jTW©hs�Ok�dqc
cf��hnw?WXmCc���hnjT�£mnc�dfQxW�g�hnj·dfpqhn���nW2g dqhnp¦k�c¦W�k�dfQxW�pk�/X ABX��RhnpV�FJ?AfJ��f��hnp©dfQxW�pqWXmnpfWZjTh'g�hnj·dfpqhn��cfk��Cjxms�lc�§
��hA��WV�nWVpV�Ak�d�g�mnj+�6W©ceWVW�jXdfQxmsd:dfQxW<pqmsdfW��CWVg dqhnp:U�hA�CWVc�dfh�dfQTW<��k�jTW<��k�dfQ°cf��hCw6W��
	 �u��QTW�j°mKg�hnj·dfpqhn�
cfk��njxmn�6hn���FJ?ABX���klcR�nW�jxW�p$mAdfW2y�§-_bk�U�k���mnpf��an�·dqQTW]pqmsdfW��CWVg�dfhnp�U�hA�nW2c:dqhZdqQTW¦��k�jTW]��k�dqQ'cf��hnw?W��4���QTWVj
m£g�hnj·dfpqhn���nW2g dfhCp]hs���!X�AHJE��k�c]�CW�jTWVpqmsdfW2y�§XPRQxW�pqW��ªhnpqWn���Ck��CW�jmsjk�jTk�dfklms��ce��hnw?W�hs��� + �±dfQxW�cf��hnw?WXhn�
dqQTWX��k�jTWZmn��hCjT�°��QTklg$Q�dqQTW�p$mAdqW��CWVg dqhnp©��k�WVcIrtixced]ms� dfW�p©dfQxW , 1-3 g�hCj·dfpqhn�cfk��njxmn�g�mnj��?WZ��pqk�dfdfWVj�mnc
��9\���+ � � �ªhnp¦cehCU�WZ(�� $��s��QTWVpfW�$ klc�dqQTW�cfW�d�hn�-mn���Ok�j·dfWV�nWVpqcV§ Ò hnp�mnjba
�nk��nWVj£k�jTk�dfklms��cf��hCw6WC����+s�
��WKg�mnj
Æxj6y'mXiTjxk7�·iTW����I� ��� #�� A������ #�� �-mnjxy ���&$4cfixg$Q�dfQxmsd���+¦gVmsj'�6WKW -FwTpfW2cfcfWVy
k�j'dqW�pqU�cRhn�
��mnc���+0\��!� � § Ò hnp�g�hnjb�nWVjTk�W�jxg�Wn�T��WK��k����yTW�ÆxjTW����'k�j£dfWVpfU+c<hn���O§�PRQTW�cedqmsdfW�cfwxmng�WKhs����'k�c<m
g�hniTj·d$ms�T��a°k�jFÆxjTk�dfW�cedqmsdfWKcew6mng�WKyFW�ÆxjTW2y��ba

� \ N��%� � A! (�� $ Z �
Ê �CW�hCUXW�dfpqk�g¦k�j·dfW�pqwTpqW�d$mAdfk�hnj'hs� � k�c�ceQThA��j'k�j Ò k��x§��x ª�6¥�§ � WKjThsdqW]dfQxmsd<dfQTWK��k�jTW�� \ J�Ag(.\_X�k�c
dqQTW©�0msk�pfjTW2cfc���k�jxWn§-PRQTWKg�hCjCdqk�jbiThCixcIdfk�UXW]k�jxg�pqWVmCceW©msjxy�k�j6ctd$msj·dqmnjTW�hCixc�yTWVg�pqWVmCceW�hs�OdqQTW]ms���nhnpqk�dfQTU
mn����hA�<c�ixc�dfh+hC�Fdqmnk�j�dfQxW�ms�?hA�nW©�ªhnpqU�iT�lmAdqk�hCj±§
¢²jXdfQxW<pfW2ctd-hn�6dqQTk�cIceW2g dfk�hnjO�s��W<mCcfcfiTU�W�dfQxmsd�� \ Jn§�PRQTk�cImncqceiTU�wFdqk�hCjZklc-W��Cixk��Ams��W�j·d-dqh]cqmLabk�jx�

dqQxmAd�dfQTW+k�jTk�dfklms�I�CWVg�dfhnpKQ6mnc�mucf��hCw6W+hn�� � §�¢¯�"�"klc�jThnd�W��·ixms�:dfh J+dqQTW�j±���ba�mnj·ag�hCU��Tk�jxmAdqk�hCj
hn�<g�hnj·dqpfhC�:cek��njxmn��cV�±dqQTW
k�jxcedqmnjCd$msjTWVhnixc]p$mAdqW+�nW2g dfhCp�g�mnj�hnjT��a��CW�d�g���h·ceW�dqhudfQTW°�0msk�pfjTW2cfc���k�jTW°�ba
�CW�dfdfk�jT�Xdfh#�O§:PRQTW]pqmsdfW]�nW2g dfhCp<g�mnj�jThndV�FQThA��W��CW�p2�b�6WKhCj
dqQTW]�0msk�pfjxWVcqcR��k�jTWn§

¨OW�d�$f�! "�#\<N?(&%c(�� $GZ��?W]dfQTW]wTpqhFg�W2cfcR��QTklg$Q£yFW�jThndfW2c�dfQxmsd�dfQTW]p$mAdfW]�CWVg dqhnp�mAd�dqk�U�W0 ���k�WVcRhCj
mZ��k�jTW¦��k�dfQ£ce��hnw?W)� � § � W¦WVU��?WVy°dfQTklc�wTpfhFg�WVcqc�msdRk�jxcedqmnjCd$cIhn�mspqpqk��Ams�?hs�OdfQTWKg�hCj·dfpqhn��cek��njxmn��cV§�¨±W�d � yFWVjThsdqW©dqQTW]dfk�U�WKk�j6ctd$msj·d<��QTW�j�dfQxW0,21-3+g�hCjT�nW2ctdqk�hCj
hFg�g�iTpqcV§-PRQTW�jO�(' � \)$f�! � Q��#\)'?�-,.�q§
� W¦cfQxmn����mncqcfiTU�W��?W���hA�³dfQxmsdRg�hnjT�CWVcedfk�hnj°cfk��Cjxms�lcIhFgVg�iTp�hnjT��a���QTW�j'g�mnwxmng�k�dta�klcIpqWVmCg$QTWVy��bmsj6y

dqQxmAd¦mAd�dfQxWVcfW�W��CW�j·dqc�m�jThCjF®²ceabjxg$QTpqhnjxk�¬VWVy���h·cfc�klc��CW�jTWVpqmsdfWVy���k�dfQ�m+wTpqhn�6ms�Tk���k�dta9X l)*�l Jn§ � WcfQxmn������msdfW�pXceQxhA��dqQxmAdZdfQTW �Ci6ms��k�d$mAdfk��nW
pfW2ceiT��dqc�hn�Fd$msk�jTWVy"gVmspqpfams�lceh�dfhudqQTW�gVmncfW°hs�<g�hCjT�nW2ctdqk�hCj
cfk��njxmn��cRcfW�j·d�ms�lcehX�?W��ªhnpqWKg�mnwxmng�k�dta°klc�mAdfdqmnk�jTW2y�§

��,+ - � ����.��2$ ����.���� �0/ ���,�21 ��.��3/
� W -bdV�b��W©g�hnjxcfk�yTW�p:dqQTW¦pqmsdfW�yFWVw6WVjxyFWVjCdR��hCcqc:U�hFyFW���k�j°��QTklg$Q°dfQxW���hCcqcIwTpqhn�6ms�Tk���k�dtaXhs�Om�cfWVcqcfk�hCj+k�c
wxpfhCw6hCpedqk�hCjxms�Odfh�dfQTW�ceW2cfcfk�hnj"� c�p$mAdqWZmsd©dqQTWXg�hnjT�CWVcedfk�hnj�k�jxcedqmnjCd2§]¢²j�wxmnpedqk�g�iT��mnpV����WXmCcfcfiTU�W�dqQxmAd
dqQTWKwTpqhn�xmn�Tk���k�dta+hs����h·cfc��ªhCp<ceW2cfcfk�hCj (�mAd�dfQxW0,21-3X��h·cfcRk�jxcedqmsj·d�klc��nk��nWVj
�ba 465 � �87

49 � �:7<; 4�= � �87
§

-.-0/�132�4�576



, ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
� � Ð��:Ð ��� ��� Ð��	��
�_N' �*AB, WKX�Z � Á ÄX»'¾ Á Äf��ºq½�¼²½ZÄ ¼¯»s¼¯½��¯Ä¯¿F»?�q½ ��»AºP�sÃ�� ���F» Á À�� Á ¼ �£¼Åºf»AÀxÄ Á ¼ Á ÃAÀ�¿6ºqÃ?��
»� Á Â Á ¼ Á ½�Ä 
 Á �A½�À ��

'6�8; � O � '6�6\�("� \ ��� ��
(2Q J�� # ¿ # *	��� 5 �� ; � � 5 �( � J�� # ¿ # * �� ; � � 5 �

A ( j X( � # ¿ # J�� *
' �:; � O � '6�S\ X�� \ �� � Q J�� # ¿ # * 	�L�0J�� # ¿ # * 	�LX � # ¿ # J�� *  t~2¥

'6�8; � O � '6�6\�("� \ ��� ��
( � J�� # ¿ # *	��� 5 �� ; � � 5 �(2Q J�� # ¿ # * �� ; � � 5 �

A ( l X( � # ¿ # J�� *
��Ì ���F��� ��
 �"!�Ã$#�»Aº%�I½ �b»E�L½�½'&���Â �x¾n½$¾ZÂ�ÃLÄ$Ä�½ Ä©¼ �F»A¼IÃ@�"�f�Fº q½#�ÃAºf½0�$» ¿F»?� Á ¼(� Á Ä¦ºf½$»�� �b½$¾ # �:ÃAÀxÄ Á ¾C½�º
À�Ã)� ¼��b½&�$»LÄ�½'¼��b»s¼¦À�ÃAÀ*�¯Ä+�AÀ*���·ºfÃAÀ Á-, ½q¾�Â�ÃAÄqÄ�½�Ä'»Aºq½ 
·½�À?½�ºf»A¼²½$¾�Ã@�P�q»AÄ Á ÃAÀ?»sÂ Â.� Á À?¾C½²¿T½�À�¾n½�Àx¼ÅÂ.�Ã/#°¼��b½
ºq»A¼²½ Ä�Ã0#�¼ �F½k�qÃsÀxÀ�½"��¼ Á ÃAÀTÄ�#1!*�AÀ � �CºqÃAÀ Á-, ½$¾
Â�ÃLÄ$Ä�½ Ä�ÃH�P�f�Fº1� �b½�À?½f�L½�ºV�$»$¿T»�� Á ¼(� Á Ä�ºf½$»?���F½q¾�#32½�¼; � q½
¼��b½ ,21-3 Á ÀTÄ ¼²»AÀx¼ Á À4� � Á � �É»�À�ÃAÀ��¯Ä5�AÀ*���·ºfÃAÀ Á-, ½$¾�Â�ÃLÄ$Ä�Ã@�P�d�Fº$Ä�#76 �b½�À � ºfÃ ¿FÃAÄ Á ¼ Á ÃAÀ	8 #:9�Ä ¼ Á Â Â �FÃAÂ�¾AÄ� Á ¼�� * \ J #;6 �F½�ºq½ #�Ãsºf½K¼��b½©Ä ¼²»? Á Â Á ¼�6�$ÃAÀ�¾ Á ¼ Á ÃAÀTÄ%�I½¦Ä �b»sÂ Â�Ã� ¼²» Á À<� Á Â Â±»sÂ Ä�Ã+�bÃAÂ�¾=#�ÃAº¦¼ � Á Ä<Äf�$½�À�»Aº Á Ã #
� WZmnpfW�k�j·dfWVpfW2ctdqWVy£k�juÆxjxyFk�jT�+dqQTWZcedfW2mnyFa£cedqmAdqW�yFklctdqpfk��TiFdqk�hCj�hs�-dqQTWZ\umnpf�ChA��g$Qxmnk�jO�6msj6y£dfQTW

U�W2msj�Æ6pqcedKwxmncqcfmn�nW�dfk�UXWXdqh
dqQTW+ctd$mAdfWN( \TX£ctd$mspfdfk�jT�°�ªpqhnU m�p$msjxyFhCU ctd$mAdqWn§ZPRQxW�cedqmsdfW ( \YX
g�hnpqpfW2cew?hnj6yTcdfhKdqQTW��0msk�pqjTWVcqc-��k�jTWC§-PRQTW�pqW��ªhCpfWC�AdfQTW�UXW2msjXÆxp$ctd�wxmncqcfmn�nW�dfk�U�W��ªpqhnU8m]p$msj6yFhnUÈctd$mAdfW
dqh
dqQTW°cedqmAdqWd( \TX'�nk��nW2c©mnj�k�jxyFklg�msdfk�hnj�hn�IdqQTW�UXW2msj�dfk�UXW+�?W��ªhCpfWZdfQxWXp$mAdqWZ�CWVg�dfhnp]pqWVmCg$QTWVc�dfQTW
�0mnk�pqjTW2cfc]��k�jxWn§°¢²j��nWVjTW�p$ms�Å��dqQTW�Æxp$ctd�wxmCcfcqms�CW�dqk�U�W�dqh�ctd$mAdfWN((\�X£�nk��nWVc¦dqQTW�Æxp$ctdKwxmCcfcqms�CW�dqk�U�W
dqh �±§
¢¯���?>\]Jn� ' � g�mnjTjThsd��?W+hnjdqQTW��0msk�pfjxWVcqc]��k�jTWn��msjxy�cfh'dfQTW
mn�6hA�CWZw?W�pf�ªhnpqU+msjxg�W�UXW2mncfiTpqW
g�hnpqpfW2cew?hnj6yTcRdfh°Æxpqced©w6mncqcfmn�nW]dfk�U�W�dqh°dfQxWZcedqmAdqW�g���hCcfWVced<dqh°dfQxW��0msk�pqjTWVcqc<��k�jxW��ªhnp�dfQTklc©wxmspfdfklg�iT�lmsp
wxpfhFg�W2cfcV§

PRQTW]�0mnk�pqjTW2cfc�k�jxyFW -£mAd�dqQTW0,21-3�g�hCjCdqpfhC��k�jxcedqmnj·dV��@ � �Tklc<yFW�Æ6jTWVy'mnc��ªhC����hA�<c
@ � \ JL �-' � �-,.�2Q ' � �/,.�F� �' � �/,.� � Qn' � �-,.� � �  ¡�n¥

� W�g�mnj���pqk�dfW1@ ��k�j�dqW�pqU+c�hs� � � mnc��ªhC����hA�<c
@ � \ JL AB�DC �

A
Ek� ' � \ (B� �FJ Q � � � �J Q � � � �

PRQxW¦��hnjx�ZdqW�pqU¸�0msk�pqjTWVcqc�k�jxyTW -��F@
A
�xg�mnj��?W]hn�Fd$msk�jTWVy��ba+dqmn�·k�jT�XdfQxW¦��k�UXk�d5,HGJI § � W�mncqcfiTU�W

dqQxmAd�dqQTWKwTpqhFg�WVcqc�'6��g�hnjb�nWVpf�CWVcIdfh�k�dqc<cedqmsdfk�hnjxmnpfa+��k�U�k�dV� '
A
§ KuPRQTWVj±��@

A
gVmsj£ms�lceh��?WKW -FwTpqWVcqceW2y

LNML2Z2/4:>56 Q IB@B450*>:03@B4hIT6K>:2/D$m o / pg684:2/4 >:0�6K>�>50?2 W 68DOHA$F�p 0368@ / @B4 / 93IBI"DE2/p$9?D:DE2 / >Nk 1 9 Q 452/p >5@BA / 4 m 4Sq b_2�450�68IBI9 / J32/DE4:>56 / JL>:032 4:>:2$68J R 4:>56K>:27J3@B4E>5DE@ Q 9?>:@BA / >5A�p/AHD:DE2/45<cA / J�>5A�>:032Gp/AH;=<�68p >:@ P�p$6K>5@BA / A8U�>5032G4:>56K>52G45<�68p/2 @ / b	03@Bp 0QSR 6 / J R 68D:2 68J3J32/J >5A'>:032C4:>56K>:2 4:<�68p/2 6 / J�2$68p 0 b]@BIBI 0�6$FS2�6G4:>56K>5@BA / 68D R <?D:A Q 6 Q @BIB@ > R A8U*T?m 2 m

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ �

mCc
@

A
\ JL Q AB� C �

A
Ek� '

A
\ ("� � �J Q � � � �  0}C¥

�±�V�T� � 5 �ª� Í*
 PRQTW�W -Fk�cedfWVjxg�W°hn��dfQTW'��k�U�k�dfk�jT��yFklcedfpqk��TiTdfk�hnj±� '
A
�:gVmsjÉ�?W
WVjxceixpfW2y"�bawxpfhA�bk�jT�

dqQxmAdZdfQTW£\umspq�nhA�g$Qxmsk�j '�k�cZw?hCcfk�dqk��CW°pfW2g�iTpqpqW�j·dV§�Ê \umspq�nhA��g$Qxmsk�jÉklc�w?hCcfk�dqk��CW
pqWVg�ixpfpqW�j·d�k���k�d
cqmAdqk�ceÆxW2cIdqQTW Ò h·ctdqW�p�� c�g�pfk�dfWVpfk�hnj ��~V�*�±��QTklg$Q£k�c�cedqmsdfW2y��?W���hA�K§��� ÌbÐ � Ì � ��
 �����OÐ ��� Ì �
	 ©À Á º ºf½$¾E� � Á �Â�½+��»AºP�sÃ��9� �b» Á À�' � ÃsÀ�» �$Ã��FÀ6¼¯»� Â�½�Ä ¼²»A¼²½ $ � Á ÄZ½�º�
·Ã2¾ Á �Á #X»AÀ�¾'ÃsÀxÂ.� Á #�¼��b½�ºf½+½N& Á Ä ¼¡ÄZ»K¿TÃLÄ Á ¼ Á �L½=#P�FÀ*��¼ Á ÃAÀ��#�: �� �  �g$ � »�À � �6q½�º� j X»sÀ?¾£»��:À Á ¼²½�Ä�½�¼� Ä � ���'¼ �F»A¼ ��� �#� '6�8; � �3���#� '6� �PO '6�k\ (��+R ��;A)( 	� � A  0�CmC¥��� �#� '6�8; � �PO '6�k\ (�� l IKA)( � � �  0�n�6¥

¨OW�d��#�:("��\^O (dO A$( � $ mnjxy � \TN@X�ZC§�¨±W�d���� � �?WZyTW�ÆxjTWXmnc���� � % \���� �#� '6�8; � � ���#� ' � � O '6�&\ (��Å§
Ò k�pqcedV�F��WKceQxhA� dfQ6mAd�g�hCjxyFk�dfk�hnj� ª�·mC¥�k�c�cfmsdfklctÆxW2y�§ Ò hCp=( >\_XT�b�ªpqhnU  Å�n¥ �x��W]QxmL�CW

��� � \ *
��� � �J Q � � � � �"O (dOHQKJE�

Q *  J�� ��� � �J Q � � � �"! �"O ( O� J�� Q �BJ�� * � O (dO�� O (dO
\ *

 L �#� � �J Q � � � � �[J ! R � *
 J�� L �J�Q � ! �

��QTklg$Q�k�c�ctdqpfklg dq��a�jTW��·mAdfk��nWX�ªhCp�msjba � �$� X AfJE�q§
PRQTWVpfW��ªhnpqWn�Og�hnjxyFk�dfk�hnj  0�CmC¥¦klc�cqmAdqk�ceÆxWVy±§
POh
g$QxWVg$���ªhnp� 0�n�6¥��F�ªhnp=(;\KXX��W]QxmL�nW

��� �#� '6�8; � �PO ' �6\ (%� \ *L O � J�OfQ *L O J�O�\ * l I �
PRQxW�pqW��ªhnpqWn�sdfQTW]\umspq�nhA��g$Qxmnk�j#'�cfmsdfklctÆ6WVc-dqQTW�g�hnjxyFk�dfk�hnj6c-hs�±PRQTWVhnpqW�U8}x§�~<mnjxy��·QTW�j6g�Wn�·klc-w6h·cek�dfk��nW
pqWVg�iTpqpfWVjCd2§

���� &  �� ' �".���$ ���".���� � / � ��� "!� �,� 1 ��.��3/
¢¯�KdqQTW�ceW2cfcfk�hCj³dfh4��QTk�g$Q m¶g�hCjT�nW2ctdqk�hCj cek��nj6ms��klc'ceWVjCd'k�c�k�jxyFW�w?W�j6yFW�j·d£hs�KdfQxW�p$mAdqWVc+dqQTW�j´dfQTW
dqpqmnjxcfk�dqk�hCj�wTpqhn�6ms�Tk���k�dfk�WVc��?WVg�hnU�W

'6�8; � O � '6�k\ ("�#\ �� � ( � J �K§ w±§('�(2Q J �K§ w±§ '� A  (
( �K§ w±§ J�� *  ¡|n¥

� W�cfQThA� dfQ6mAd�dfQxk�c�pqWVcfiT��dqcRk�j£k�jxcedqmn�Tk���k�dtan§ � WKixcfW©dqQTW]�ªhn����hA��k�jT�ZdfQxW�hnpqW�U��ªpfhCU	��~V�*�¯§

-.-0/�132�4�576



~2� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
��� ÌbÐ � Ì � ��
�� �ÃAº�»sÀ Á º ºf½$¾�� � Á  Â�½+��»sºP�AÃE�S���F» Á À�'
¼²Ã9q½�À �FÂ Â±ºf½P�f�Fº ºf½�Àx¼ � Á ¼IÄ ���[�$½�Ä]¼��b»s¼�¼��b½�ºf½½'& Á Ä ¼-¼�IÃ=#P�FÀ*��¼ Á ÃAÀxÄ �#�-'+�¦»AÀ�¾�� �/'i� � ' � $ � »sÀ?¾+» �:À Á ¼¯½]ÄP�  Ä�½�¼ � � $ � Ä � ���°¼��b»s¼:¼��b½ #�ÃsÂ Â�Ã)� Á À�
�$ÃsÀ?¾ Á ¼ Á ÃAÀxÄ �bÃAÂ�¾��J�� �#�-'+��W X � � �/'i��W X �  *' � $ #L�� �ÃAº]Ä�Ã��+½�¿TÃLÄ Á ¼ Á �L½� �	�)� � Á ¼ � J l  nR L ��#�-'+��R � � ���-'+� ��
iA! '��&$ �
� ������
4 5�� A

� �/'
�B�#\ I »sÀ?¾������ 4 #��� �#�/'i� j ����� 4 ��� �#�-'+� # ���
»"! ��� �#� ' �8; � �3� �#� ' � ��O ' � \ ' �)W X�A ' 	� � U
#! ��� � � ' �8; � �3�$� � ' � ��O ' � \ ' �)R X�A ' 	� � U
�%!&�����
4 ��'

��� O ��� '6�8; � �3�$� � '6� � O 
 O '6�k\K' �i\K8(A l I'#
¨OW�d �#�-'i� \�' � �(� �/'i� \�O '#O�� � \ N@X�Z·� � \ J�mnjxy  M\ LT§©Y�hnjxyTk�dqk�hCjxc�J?A L+msj6y � hs��dqQTWZmn�6hA�CW
dqQTW�hCpfWVU mspqW]cfmsdfklctÆxW2y
��k�dfQ£dqQTWVcfWKmncqceixUXwTdfk�hnjxcV§ Ò hnp<g�hnjxyTk�dqk�hCj)� �/4 �f�

��� �)\ *L �B�-'VQKJE� ��� ' �E� Q *L �B�-' �[JE� ���I'(���;\ * j X �
Ò hnp<g�hnjxyFk�dfk�hnj*� � a �f� �+� � \ *L �B�"O '#O Q J���� O '#O �*Q *L �B�"O '#O�[JE� � O '#O �#\KX �
Ò hnp<g�hnjxyFk�dfk�hnj*� �-, �f�

� � O � � ' �:; � �3�$� � '6� �PO � O '6�6\ ' �2\
*L �F�PO '.O@QKJE��� O '.O � � Q *L �F�PO '.O �[JE��� O '#O � ��\ * l I �

��W�jxg�Wn��dfQTW�\�mspq�nhA�"g$Qxmsk�j0'uklc+jbiT����pqWVg�iTpqpfWVjCd2§ _bk�j6g�W '£klc+jbiT����pfW2g�iTpqpfWVj·dV��mnjxy4dfQTWuyFklcqg�pqW�dfW
cedqmsdfW
cfwxmCg�W°QxmCc�dt��h�mCg�g�ixU�iT�lmAdqk�hCj"w6hCk�j·dqcV�
�!8(A"X��Kmsjxy �!X�A"8 �q�:hnj�dqQTW
��k�jTW6� � Q � � \m8X�-dfQTW
wxpfhC�xms�Tk���k�dta+hn�O�6WVk�jx�Xk�j£msjba
cfU�mn�����bklg�k�jTk�dta
hs�W2mng$Q�w6hCk�j·d�k�c �� §:PRQTW]U�WVmsj�dfk�U�W¦dfh��nhZ�ªpfhCU¸hnjTW
W -bdfpqW�U�W�dfh�mnjThsdqQTW�p���k����I�?W I�mnjxy���dfQxW�pqW��ªhnpqWn�hnjTW�g�hnjxjTWVg�dfk�hnj���k����I�CW�d�dqQTW°��QThC��W�g�msw6mng�k�dtan§
PRQxk�c�ceix�n�nW2ctd$c�dfQ6mAd�p$mAdqW<k�jxyFW�w?W�j6yFW�j·dR��h·cfcfWVc�mspqW�jThsdRcei �°g�k�WVjCd�dfhZk�U�wTpqhA�nWRdqQTW<�0mnk�pqjTWVcqc:��QxW�pqWVmnc
p$mAdqWKyFW�w?W�jxyTW�j·d<��h·cfcfWVcRgVmsj'k�jxyTW�WVy'wTpqhA�bk�yTW¦mX�0mnk�p<cfQxmspqW¦hs��dfQTW�gVmswxmCg�k�dtan§
¢²j'dfQxW�ceW��CixW��Å�F��W¦dfQbixc��ªhbg�ixc�hCj
dqQTWKpqmsdfWKyFWVw6WVjxyFW�j·d<��hCcqcRU�hbyTW��Å§

���. / ���2��.10 ����� ����.)'�����"%'%2���!' ���
PRQxW"\�mspq�nhA� g$Qxmsk�j '�k�c�w6h·cek�dfk��nW�pqWVg�ixpfpqW�j·dV�¦msjxy±�©dqQTW�pqW��ªhCpfWC��dqQTWÉcedfWVmCyFa´cedqmsdfW"yFklctdqpfk��TiFdqk�hCjEk� '

A
\ ("��W -Fk�cedqcV§ _bk�jxg�W ' � klc°cfa·U�U�W�dqpfklg£ms�?hniFd+dqQTW�cedqmsdfW XT����W�g�msj g�hnjxcfk�yTW�p°m"\umspq�nhA�

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ ~C~

g$Q6msk�j±� N��8� AF,IW X�ZC�bhCj°dfQxW]cedqmsdfW]cew6mng�W N@X AfJ?A"L�A � � � ZC�·k�j�hnp$yFW�p�dfhXhn�Tdqmsk�j°dqQTWKctdqWVmCyFa°ctd$mAdqW¦yFklcedfpqk�®�xiFdfk�hnj�hs� 'C§:PRQTW©dfp$msjxcfk�dfk�hnj°wTpqhn�6ms�Tk���k�dfk�WVc�mAd�dfQxW(,21-3Xg�hnj·dfpqhn�?k�j6ctd$msj·d��ªhCpIdqQTklcRpqmnjxyFhnU �Rms���+mspqW
�Ck��CW�j��·a

�8�8; � O ���8�k\ ("� \ �� � (2Q J �K§ w±§ *�� �( � J �K§ w±§ * �BJ�� � � �( �K§ w±§ J�� * A$( j X�A
� �8; � O ��� � \ ("� \ ` (*QKJ �K§ w±§ *( �K§ w±§ J�� * A (;\ X A

��QxW�pqW � ��\ � 5� ; � 5 §u¨±W�d��

A
yFW�jxhsdfW°dfQTW
cedfW2mnyFa�cedqmAdqW+wTpqhbg�WVcqc]dfh���QTk�g$Q�� � g�hnjb�nWVpf�CWVcV§
¨±W�d��%�

yTW�jThndfW¦dfQTWKwxpfhC�xms�Tk���k�dta°hn�	�

A
�?W�k�jT�+k�j£cedqmAdqWZ($§�PRQxW�j

� � Ð��:Ð ��� ��� Ð��	��
 �
�%�)\
� +

� � ��
� C + � �J�� � � ; � �

  &C¥

��+9�$»AÀ f½XÃ?�¼²» Á À?½$¾3#$ºfÃ�� ¼��b½X½�f�x»A¼ Á ÃAÀ�� A�DC + � � \ J�#� � Ð±Ð�� ��
 �72O½�¼��(�k\_X�A  , l X # 6 �b½6q»AÂ�»sÀ �$½X½�f�x»A¼ Á ÃAÀ;#�ÃAº�¼�� Á Ä1�I»sÂ �6�$»sÀ q½ �-º Á ¼Å¼²½�À�»AÄ
�%� \ �FJ�� * ���%� Q *�� � � � �%� � � Q * �FJ�� � � ; � ���%� ; �\ � � � � �%� � � QK�FJ�� � � ; � ���%� ; �   (s¥

6 �F½ Ä�½»Aºf½�¼ �F½ q»AÂ�»AÀ �$½½��d�x»s¼ Á ÃsÀTÄ1#�ÃAº�»  Á º ¼�� �e¾n½$»s¼ ��¿6ºfÃ@�$½ Ä$Ä<� Á ¼ �¶Ä$¼²»A¼²½�¾C½²¿T½�À?¾n½�Àx¼X¼Åºf»AÀxÄ Á ¼ Á ÃAÀ
¿?ºfÃ?q»� Á Â Á ¼ Á ½�Ä # 6 �F½�Ä�ÃsÂ �F¼ Á ÃAÀ #�Ãsº�¼ � Á ÄK¼�$¿T½ZÃ/#R¿6ºqÃH�$½�ÄqÄ Á Ä �LÀ?Ã)�-À�¼¯Ã f½XÃ0#�¼ �F½ #�ÃAº�� Á À���� !�� 9 9�� #
� hsdqW<dfQ6mAd�� � gVmsj
mn��cfhK�6W¦��pqk�dfdfW�j�mnc�� � \���+ � � � � � � 7 #�� �FJ)Q � � � � _bk�jxg�W)� � G X�mnc ( GJI �·dfQTW�dqmnk��
hn��� � g�mnj'�?W�cfW�W�j'dqh°yFWVg�pfW2mncfW¦mCc� � = ��QTk�g$Q£klc<m��nWVpfa°�0mnced�yTWVg�pqWVmCceWC§-¢²j£wxmspfdfklg�iT�lmsp2�bdfQxk�c�U�W2msjxc
dqQxmAd�dqQTWKwTpqhFg�WVcqc�k�c�mnpfhCiTjxy
dfQTW]�0mnk�pqjTW2cfc���k�jTWKU�h·ctd<hn�OdfQxW]dfk�UXWC§

PRQTW�cedfW2mnyFa�ctd$mAdfWKyFklcedfpqk��TiTdfk�hnj£hs��'
A
g�mnj��?WKhn�Tdqmsk�jTW2y
�ªpqhnU�dfQTW]�ªhC����hA��k�jx�ZpqW��lmAdqk�hCjxc

Ek� '
A
\ ("�#\ ` �� Ek��� A

\YO (dO �"A �ªhnp=( >\KXEk� �
A
\TO (dO �BA �ªhCp=(#\_X �

PRQxWZ��hnjT��dfWVpfU �0mnk�pqjTW2cfc©k�j6yFW -���@
A
�±g�mnj��?W+g�hnU�wTiTdfWVy�jbiTU�W�pqk�gVms����auixcfk�jT� / �Cj6c�§
 ¡}C¥¦msj6y¶  &·¥ §

¢²juP�ms�T��W��Z��W]�nk��nW¦dqQTW]�0msk�pfjxWVcqc�k�jxyFW -
�ªhCp<yFk�µ�W�pqW�j·d<�Ams��iTW]hs� �:§

Pmn�T��W��T¹ Ò msk�pqjTWVcqc�k�jxyTW -
�ªhCp<yFk�µ?WVpfWVjCd<�Amn��iTW2cRhs� �:§
� �T§ �C| �x§ ,�(s| �T§ (s| �T§ & �x§ | �T§�~@
A

�x§ ��, ( �x§ ��( �T§ �s�b� �T§ �T~ �T§ , , �T§ ( ( (

-.-0/�132�4�576



~L� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
���� � �������2"!#6�&��*+� ��� �����2��.10 �.��� ����.)'�����"%'%2���!' � �
PRQxW�ceW2g�hCjxy'��mnpf�CWVcedRWVk��CW�jb�Ams��iTWKhs�:m�U+mAdqpfk -��Ck��CWVcRdqQTW�p$mAdqWKhs�:g�hCj·�CW�pq�nWVjxg�W©dfh+dqQTW�cedfW2mnyFa'ctd$mAdfW
yTk�cedfpqk��xiFdfk�hnj±§©PRQTW�pqW��ªhCpfWC�x��W�g�mnju�nW�d]msjuk�jxyFklg�msdfk�hnjuhs�-dqQTW�p$mAdqW�hs�Ig�hnjb�nWVpf�CW�jxg�W]hs��dfQTW�\umspq�nhA�
g$Q6msk�j��4�·a¶��hbhn�bk�jT�"mAd�dfQxW�W�k��nWVj·�Amn��iTW2cXhs�]k�d$c�dfp$msjxcfk�dfk�hnj wTpfhC�xms�xk���k�dta"U+msdfpqk -�� E�§ E gVmsj³�6W
��pqk�dedfWVjumnc

E<\
����
�

X J L � � �X J�� * * X � � �J * �BJ�� � � � J�� * *� � � � �L X * �FJ�� � � � J�� * � � �§§§ §§§ §§§ §§§ § § §

�
			
�   ,C¥

¨OW�d� � yFW�jThndfW]dqQTWZ( 1-3�W�k��nWVj·�Amn��iTW]hn� EÈceixg$Q'dqQxmAd� � W�� �¦�ªhCp=( l �6�xmsjxy���\ Jn§ � W�gVmsj'hn�Fd$msk�j
dqQTW]�ªhn����hA��k�jT�X��hA��WVp��?hnixjxy'hnj�� � §
� � Ð��:Ð ��� ��� Ð��	��
D� �ÃAº=( j X � J�� * R�� � l J �� � Ð±Ð�� ��
�� ! Á À*�q½ �8� Á Ä Á º ºf½$¾�� � Á  Â�½ � ¼ �F½ �V�FÂ ¼ Á ¿?Â Á � Á ¼�ZÃ/#<½ Á 
·½�À �A»AÂ �x½�Ä©»A¼)J Á Ä J # 6 �b½�ºf½#�ÃAºf½ � � � l J#�Ãsº=( j X #��½ �$»AÀ�ºf½��-º Á ¼²½3E »LÄ E \<�BJ�� * ��� Q * �  0�C¥
� �F½�ºq½�� Á Ä<¼��b½ Á ¾C½�À6¼ Á ¼(� �+»A¼Åº Á &+»AÀ�¾ � Á Ä©»Z¼Åºf»AÀxÄ Á ¼ Á ÃAÀ �+»A¼Åº Á &+Ã0#©»<¿ �Fºq½  Á º ¼�� �e¾n½$»s¼ �K¿?ºfÃH�$½�Ä$Ä � Á ¼ ��L¿�¼Åºf»AÀxÄ Á ¼ Á ÃAÀ�¿6ºqÃ?q»? Á Â Á ¼(� � � »sÀ?¾'¾nÃ �-À¼Åºf»sÀTÄ Á ¼ Á ÃsÀ
¿?ºfÃ?q»� Á Â Á ¼(� J�� � � # � Á ÄX»°Ä$¼²Ã@���F»LÄ ¼ Á � �+»A¼Åº Á &
»sÀ?¾ � ¼��b½�ºf½#�ÃAºf½ � »AÂ Â Á ¼¡Ä]½ Á 
·½�À �L»sÂ �x½ Ä�q½�Â�ÃAÀ 
+¼¯ÃX¼��b½ Á À6¼¯½�º �A»AÂ � X�AfJ � #$2O½�¼  � q½]¼��b½'( 1-3�½ Á 
·½�À �L»sÂ �x½�Ã/#� »AÀ�¾+Â�½�¼�� � q½�¼��b½V�$ÃAº ºf½�Ä¯¿FÃsÀ?¾ Á À�
�Â�½ #$¼�½ Á 
C½�À �A½P��¼²ÃAº�# 6 �b½�À � #$ºqÃ�� ���"! �I½ 
·½�¼

� � E \ �FJ�� * ��� � Q * � � � \ �F�BJ�� * �*Q *  � ��� � �6 �F½�ºf½#�ÃAºq½ � � � Á Ä�»AÂ Ä�Ã¦¼��b½�Â�½#$¼O½ Á 
·½�À �A½"��¼²ÃAº�Ã0# E � »sÀ?¾©¼��b½5�$ÃAº ºq½ Ä¯¿TÃAÀ?¾ Á À 
�½ Á 
·½�À �L»sÂ �x½ Á Ä��BJ
� * �FQ *  � #! Á À �$½� � W[X � �I½ 
·½�¼�¼ �F½ Á À�½��d�x»sÂ Á ¼��� � W J�� * #
PRQxW�pqW��ªhnpqWn�*J�� * �nk��nW2c�mX��hA��W�pR�?hniTjxy'hCj
dqQTWKpqmsdfW]hs��g�hCj·�CW�pq�nWVjxg�W©hs��dfQTW�\umnpf�ChA�+g$Qxmsk�j
dqh�dfQTWcedfW2mnyFa�ctd$mAdfWC§

���� � �2�����)"%��� $)������� #6� �!' 1 �

¢²jZdfQxk�c:cfWVg�dfk�hnjX��W�g�hnU�wTiFdqW�dqQTW�U�WVmnj�Æxp$ced�w6mncqcfmn�nW�dfk�UXWRdqh¦dfQTW�cedqmAdqW5X]ctd$mspfdfk�jT���ªpqhnU8m©p$msj6yFhnU
cedqmsdfWC§�PRQTklcK�nk��nW2c]ixc�mnjW2ctdqk�U+msdfW°hn��dqQTW+Æxp$ctdKdqk�U�W+dqQTW+p$mAdfW+�CWVg�dfhnpKpqWVmCg$QTWVc¦dqQTW��0msk�pqjTWVcqcK��k�jTW
cedqmnpedqk�jx�©�ªpqhnUÈm]�nk��nWVjZk�jTk�dfklms�xp$msj6yFhnU�cedqmsdfWC§ � W<jThndfWRdfQ6mAd:dqQTW�\umspq�nhA��g$Q6msk�j�'<k�cIm]�Tk�pfdfQT®¯yFW2mAdqQ
wxpfhFg�W2cfc]��Qxk�g$Q"klc�cfabUXU�W�dfpqk�g+mn�6hCiFd�dfQxW
ctd$mAdqWSXT§£¢¯�RdfQTW°k�jTk�dfklms��ctd$mAdfW
k�cKw?hCcfk�dfk��nWn�dfQxW�\umspq�nhA�
g$Q6msk�j���k�����ctd$mLa�k�j�dqQTW
cfW�d�hn��w?hCcfk�dqk��CW+ctd$mAdfW2cK�?W��ªhnpqW+�bk�cfk�dfk�jT��ctd$mAdqWSXT§�_bk�U�k��lmspq��an�Ok���dfQTW°k�jTk�dfklms�
cedqmsdfW�klc�jTW��·mAdqk��CWn�AdqQTW©\umnpf�ChA�]g$Q6msk�jX��k����xctd$mLa�k�jZdqQTW�cfW�d:hn�?jTWV�Cmsdfk��nWRctd$mAdfW2c-�?W��ªhnpqWR�bk�cfk�dqk�jx��ctd$mAdfWXx§ZPRQTWVpfW��ªhnpqWn����WXgVmsj�hn�Fd$msk�j�dqQTW�UXW2msj�Æxp$ctd]wxmncqcqms�nW�dfk�U�WZdqhuctd$mAdfWkX��ªhnp�'��bauhn�Tdqmsk�jTk�jT�'dfQTW
U�W2msj�Æxpqced�wxmncqcqms�nW©dfk�U�W]dfh°cedqmsdfW0XZ�ªhnp ��§

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ ~2}

¨OW�d	�9\ � ��+ � � � � � �±�?W�dfQxW�ctdqWVmCyFaZcedqmsdfW�wTpqhn�xmn�Tk���k�dta��CWVg dqhnp-hn��E��ndfQTW�dqpqmnjxcfk�dqk�hCjXwxpfhC�xms�Tk���k�dta
U+msdfpqk -¦hs� ���2mCc��nk��nWVj¦�baX  ,C¥�§O¢¯d$c1( 1-3�g�hCU�w6hCjTW�j·dV� � � �Lk�c±�nk��nW�j]�ba / �CjO§� �&C¥ §�¨±W�d��m\<��� � � � � � � �yTW�jThndfW�dqQTWXUXW2msjuÆ6pqced¦w6mncqcfmn�nW]dfk�U�WZ�CWVg�dfhnp¦��k�dfQ�� ��A.� W JZyTW�jThndfk�jT�°dqQTWZU�W2msj�Æ6pqced©wxmCcfcqms�CW
dqk�U�W]dqhZdqQTW�cedqmAdqWGX�ctd$mspfdfk�jT���ªpqhnU ctd$mAdqW�6§
� � Ð��:Ð ��� ��� Ð��	��
���� �FAg( W L �$»AÀ q½XÃ?�¼¯» Á À?½$¾3#$ºfÃ�� ¼ �F½ #�ÃsÂ Â�Ã)� Á À�
'ºf½P�d�Fº$Ä Á ÃsÀ ��� + \_X �� � \ J

*
J�� ��+

� + A  e~V�C¥

� � ; � \ * � � � * �� ; � 5 � � � � �[J
* � 5� ; � 5

�  e~n~2¥

� � Ð±Ð�� ��
 � 2O½�¼�E � q½]¼ �F½]¼Åºf»AÀxÄ Á ¼ Á ÃAÀX¿?ºfÃ?q»? Á Â Á ¼(� ��»s¼¡º Á & �$ÃAÀ?¾ Á ¼ Á ÃsÀ?½$¾°ÃsÀ ��À?Ãs¼ q½ Á À�
 Á À£Ä ¼¯»s¼¯½ X�#��½��$»AÀ�ºf½��-º Á ¼¯½3E#»LÄ

E \ � X � � �X J�� * 4
### a E �
	 A  e~2�n¥

� �F½�ºq½¶¼��b½M�A½"��¼²ÃAº 4 Á Ä 
 Á �A½�À »AÄ 4 \�� * X � � �� »AÀ�¾ ¼��b½M�A½"��¼²ÃAº a Á Ä4¾C½ �IÀ?½$¾´»AÄ a \� J�� � X � � �  7 #6 �b½ �A½P��¼²ÃAº�� Ä�»A¼ Á Ä ��½ Ä]¼��b½X½�f�x»A¼ Á ÃAÀ � 9����� ����E � ��� 7 \ J 7 A  e~V}C¥
� �F½�ºq½5J Á Ä
�A½"��¼²ÃAº�Ã0#<ÃsÀ?½�Ä�# ! Á À*�$½ E � Á Ä�»]¼Åº Á ¾ Á »�
·ÃAÀ�»AÂ���»s¼¡º Á & � �I½(�$»AÀ°ºf½��-º Á ¼²½<¼��b½©»?qÃ��A½]½�f�x»A¼ Á ÃAÀ
»AÄ � � ; � \ * � � � * �� ; � 5 � � � � �[J

* � 5� ; � 5
AC(�W L�A  e~��·¥

� Á ¼���¼��b½X¾n½%�:À Á ¼ Á ÃsÀ�� + \KX�#2½�¼-¼��b½(�A½P��¼²ÃAº��&q½K¾C½ �IÀ?½$¾�»LÄ��G\ � � � � � � � �� # ! Á À*�$½ � Á Ä¦¼ �F½©Ä ¼¯½$»n¾ ��Ä ¼²»A¼²½�¿6ºfÃ�q»? Á Â Á ¼��A½P��¼²ÃAº�Ã/#=E � �I½"�F»��A½ ��E \ � � �X½V�$»AÀ�ºq½��-º Á ¼²½�¼��b½X»?qÃE�L½�½��d�x»s¼ Á ÃsÀg�bÄ Á À 
 �09���! #
� ��+����  J�� * 4a E � ! \ � ��+���� �  e~2|n¥

!�ÃAÂ � Á À 
 #�ÃAº�� � �I½ 
·½�¼�������� E � �#\ ��+ &q4 � � �FÂ ¼ Á ¿6Â.� Á À�
Z¼ �F½�»?qÃE�L½¦½��d�x»s¼ Á ÃsÀ&���� 7 � »AÀ�¾]Ä � $Ä ¼ Á ¼/�F¼ Á À 
#�Ãsº0� � � E � �1&�� 7 #$ºfÃ���� ��À�# �09 8"! � �I½XÃ?�¼¯» Á À��&EJ 7 \ � + &H4L&�� 7 �! � $Ä ¼ Á ¼/�F¼ Á À 
��h&?J 7 \ J�� � + Á À�¼��b½Z»?qÃ��A½�½��d�x»s¼ Á ÃsÀ � �I½XÃ?�¼¯» Á ÀJ�� ��+
� + \_4�&�� 7 �

6 �F½(�L½P��¼¯Ãsº�4 �b»AÄ * Á À Á ¼¡Ä �:º$Ä ¼;�$ÃAÂ � �XÀ£»sÀ?¾�X'½�Â Ä�½�� �b½�ºf½ # 6 �b½�ºf½#�ÃAºf½ � ¼ �F½K»?qÃ��A½K½��d�x»s¼ Á ÃsÀ�ºf½$¾E� �q½�Ä¼²Ã �09 �"! # � 9�! !+¼²Ã 
·½�¼��b½�º1� Á ¼�� �09 �"! 
 Á �A½Z¼ �F½Z¾C½ Ä Á ºf½$¾+ºq½"�f�Fº$Ä Á ÃAÀ #
-.-0/�132�4�576



~V� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
� W£jThsdqW'dfQxmsdXdqQTWuctdqWVmCyFaÉctd$mAdqW'wxpfhC�xms�Tk���k�dqk�W2cXmnpfW'k�jxyFW�w?W�j6yFW�j·d+hs� * ��QTW�pqWVmCc�dqQTWuU�WVmnjÉÆxp$ctdw6mncqcfmn�nW<dqk�U�W2c<mspqW]k�jb�nWVpqcfW���a+wTpqhnw?hnpfdfk�hnjxmn�xdqh * §

� �
��������	��O���V��������� �	��O����������� � �
	�� � �� ����������
¢²j�dfQxk�c�cfWVg�dfk�hnj���W+mncqcfiTU�W�dqQxmAdKdqQTWXdt��hucfWVcqcek�hnjxc¦QxmL�CWXyTk�µ�W�pqW�j·d]dfk�U�W�g�hnjxcedqmnj·dqcV§X¨OW�dZ� � msj6y� � �?W�dqQTWZdfk�UXW�g�hCjxcedqmsj·d$c�hn�IceW2cfcfk�hCjnJZmnjxy�hn�IceW2cfcfk�hnj LT�?pqWVcfw?WVg dqk��CW���an§]PRQTWXpqmsdfW�WV�nhC��iFdqk�hCj£�ªhnpcfWVcqcfk�hCj (:k�j'dfQTW�mn�xceWVjxg�W]hn��g�hnj·dfpqhn��cfk��Cjxms�lcRg�msj'�?WK��pfk�dedqW�jumnc

� � �/ iQ��*�.\[� � �/ "�  !�#g! 5 A$(;\<J�APL �
� WKjThA� U�mn�nW©dfQTW]�ªhC����hA��k�jT�Xdfp$msjxce�ªhnpqU+mAdfk�hnj

� �/ "�.\ ������ � D �! "�� > �! "�	� �  e~ &C¥

� W�g�hCjxceklyFWVp�mn�Cmnk�jZ�6hndfQ+ceabjxg$QxpfhCjTk�¬VWVy���h·cfcfWVc�mnc���W����Tmnc�jThCjF®¯cfabjxg$QTpqhnjTk�¬�W2yKhnjxWVcV§¢²jZdfQTW<mn�xcfW�jxg�W
hn�jThCjF®²ceabjxg$QTpqhnjxk�¬VWVy°��hCcqcfWVcV�CdqQTWKW��Chn��iFdfk�hnj'hs� � �/ "���6W2g�hnU�W2c

� �/ iQ��*�.\ � �/ "�*Q � ��A
��QxW�pqW � \&
��� �  �� �! = � �! 9�� §-¢¯�-m�g�hCjCdqpfhC�±cek��nj6ms��mspqpfk��nW2cRmAd5 $�FdfQxW�j � �/ FQ��IgVmsj'�6WK��pqk�dedfWVjumnc

� �/ FQ��#\ �� � � �! "� cfk��Cjxms��klcRW�k�dfQTWVpG�/X ABX���hCp0�FJ?AfJE�� �! "�2Q ���� � � � cfk��Cjxms��klcK 0�x��~L¥� �! "� �$���� � � � cfk��Cjxms��klcK t~C� �·¥ �

PRQxW°W��Chn��iFdfk�hnj�k�j�dfk�UXW
hs���£klc�cfQThA��j�k�j Ò k��niTpqW
}T§ �<WVpfW
��W°mCcfcfiTU�W�dfQxmsd � klc�w?hCcfk�dfk��nWn��kÅ§ WC§��

{

z(t)

slope =

time

  z0

log[ β]

na

γ

Ò k��CiTpqW]}x¹ /-�nhC��iFdqk�hCj£k�j�dfk�U�W�hs�����! "�f§C� � l � � §
� � l � � §XPRQxW�pqW��ªhnpqWn��k���dqQTW�pqWX��WVpfWXhnjT��a�cfa·j6g$QTpfhCjTk�¬�WVy�cek��nj6ms�lc<dqQTW�jdfQxW�pqWZ��hniT�ly��6W+m'yFpfk�� d�k�jdqk�U�W]dqhA��mnpqyTc5Q1I §:PRQTklc<ceix�n�nW2ctd$c�dfQxmsd�dfQTWKp$mAdqW¦�ªhnp<cfWVcqcek�hnjIJ]��hCiT��y£mnwTwTpqhCmng$Q XT§I_bk�U�k��lmspq��an�Fk��

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ ~L|

� ��W�pqW�jTW��·mAdqk��CWn�xkÅ§ Wn§�� � � j � � �6dqQTW�pqW���hnix��yu�?WZm�yFpqk�� d©dfhA�Rmsp$yTc �3I ceiT�C�nW2ctdqk�jT�°dfQxmsd�dfQxWZp$mAdqW
�ªhCpKceW2cfcfk�hCjIL
��hCiT�ly�mnwTwTpqhCmng$Q XT§�¢¯d�gVmsj�ms�lceh��6W°cfW�WVj�dfQ6mAdKk���dfQxW�cf��hnw?WX��W�pqWZdfh'�6WSXx��k¡§ Wn§��1� ���W�pqW¦dfh��?WKW��·ixms�±dfhN� � �FdfQTW�yThsdedqWVy'��k�jTW2c���hniT�ly
�?WKwxmnpqmn����W���dqhZdqQTW]dfk�U�W�m -Fklc�§�¢²j'dfQxk�c<gVmncfW � �/ "���hnix��y�pfWVU�mnk�j�g�hCjxcedqmsj·d]k�j�dfQxW°ms�xcfW�jxg�WZhn��jThCjF®²ceabjxg$QTpqhnjxk�¬VWVyu��hCcqceW2c¦��QTk�g$Q�Rmnc]ms�lceh'hn�6ceWVpf�CWVy
k�jÉdqQTW'wTpfWV�bk�hCixcZcfWVg�dfk�hnj±§ � W£g�hnj6g���ixyFW�dfQxmsd�cfhnU�W
�xiFµ?WVp+U+msjxmn�nW�U�WVjCdXcfg$QTWVU�W
dqQxmAd+g�pqWVmsdfWVc
jxhnjF®²ceabjxg$QxpfhCjTk�¬VWVy+��hCcqcfWVcRklcRjTWVg�WVcqcfmnpfa+k�j£hnp$yFW�p�dfh�QxmL�CWKcehCUXW¦�0mnk�pqjTWVcqcV§
� W
dqQTW�pqW��ªhCpfW'mncqceixUXW
k�j¶dfQTW£ceW��·iTW���dfQxmsd�cfhnU�W��TiFµ�W�p�U+msjxmn�nW�U�WVjCdXcfg$QTWVU�W
hFg�gVmncfk�hCjxms����a

g�pfW2mAdqWVc©pqmsdfW�yFW�w?W�jxyTW�j·dKjThnjF®²cfa·j6g$QTpfhCjTk�¬�WVy���h·cfcfWVcV§�¨±W�dkN@4 � AF, W X�Z+yFW�jxhsdfWXdqQTWXdfk�UXW��?W�dt��W�WVj
dqQTW ,21-3Zmsj6yXdfQTWV�-,GQ J��/1-3�ceixg$Q°cfk��njxmn��cV§�PRQxW�wTpqhFg�WVcqc�4��Xklc�mCcfcfiTU�WVyXdqh��?W�kÅ§ kÅ§ y±§:¨±W�d �6�V\ � �/ �*�
�?WZdfQTWZwTpfhFg�WVcqc�WVU��?WVyTyFW2y+rtixced]�6W��ªhnpqW�dfQxWXmnpfpqk��Amn�±hs��m
jThnjT®¯cfabjxg$QTpqhnjTk�¬�W2y'g�hnj·dfpqhn��cek��nj6ms�Å§¦PRQTW
wxpfhC�xms�Tk���k�dta
dfQxmsd<dfQTW�, 1-3 cfixg$Qucek��njxmn�±klc��ªhnp©ceW2cfcfk�hCjl(�gVmsj£�6WZpfWV��pfk�dedqW�jumnc ������ ; � �ªhCp©cfWVcqcek�hnjIJn�mnjxy � ���� ��� ; � �ªhnp<cfWVcqcfk�hCj LF§� � Ð��:Ð ��� ��� Ð�� ��
� 6 �b½�¿6ºfÃ@�$½ Ä$Ä9N �6� A , W X�Z Á Ä'» ��»AºP�sÃ�� ���F» Á À	� Á ¼��"Ä$¼²»A¼²½
Ä¯¿F»?�q½S� � »sÀ?¾ Á ¼#�ÃsÂ Â�Ã)��ÄZ¼ �F½Kºf½P�f�Fº$Ä Á �A½X½�f�x»A¼ Á ÃAÀ � �8; � \ � � Q � 4 � Q , � A  e~*(s¥
� �F½�ºq½ , � Á Ä�¾C½ �IÀ?½$¾
»AÄ

, � \�` �*
��� � � � � # ¿ # ���� � ; �Q 
��� � � � � # ¿ #�� �������� ; � �

.���� / ��� 2�' / ' � 0
� W°mspqW+k�jCdqW�pqWVcedfW2y�k�j"�bjThA��k�jx��dqQTW°mspqpqk��Ams�-p$mAdqWVc¦�ªhCp���QTklg$Q�dqQTW+wTpqhFg�WVcqc � �! "�©yFhbWVcKjxhsd�QxmL�CW�m
yTpfk�� d�dqhA��mnpqyTc%I(mnc( G I §�¨±W�d�� � \ � 4 � ��mnjxy£��W�d
	k�$& ��msj6y����?W�dqQTWZyTk�cedfpqk��xiFdfk�hnj£�ªiTj6g dfk�hnj
mnjxydfQxW
U�WVmnj±��pfW2cew?WVg�dfk��nW���an��hn�� ��§ � W�mCcfcfiTU�W�dfQxmsd�dqQTW�yFWVjxcfk�dta��ªiTjxg�dfk�hnj±��� � ��� 7��� ��hs���¶klc�m
jxhnjF®¯k�j6g�pqWVmncfk�jT�+�ªiTjxg�dfk�hnj±§+¨OW�d a \ � ���� � � �Å§ � W+jThsdqW�dqQxmAd a k�cKm�w6h·cek�dfk��nW�jbiTUZ�6WVp]cfk�jxg�W � k�c��WVcqc�dfQ6msj Jn§
� � Ð��:Ð ��� ��� Ð�� ��
 � 6 �b½ ��»AºP�sÃ��S� �b» Á À ��¾n½%�:À?½$¾ 5���09�� ! Á ÄR¿FÃAÄ Á ¼ Á �A½�ºq½"�f�Fº ºf½�Àx¼ Á #� l a �  e~ ,C¥
� � Ð±Ð����S
 � 6xÃ©Ä �FÃ)��¼ �F½�¿TÃLÄ Á ¼ Á �A½�ºq½"�f�Fº ºf½�À �$½�Ã0#�¼��b½ ��»sºP�AÃE� � �b» Á À �I½
�bÄ�½�¼ �F½ #�ÃAÂ Â�Ã)� Á À 
Z¼��b½$ÃAºq½ �#$ºqÃ�� � 9 8� #���������� �"!$#&%('*)+%�,�-�. �OÃsº]Ä�Ã���½0/ Ä���»sÂ Â2143
Ä�½�¼65 �87#� �(� � Ä�Ã���½V�$ÃAÀTÄ ¼²»AÀ6¼69 l I �  j X � »sÀ?¾»sÀ½'&C¼¯½�À?¾C½q¾+ºf½$»AÂ.�C�A»AÂ �x½$¾3#P�FÀ ��¼ Á ÃsÀ;: %��	G � X�A+I�� � � Á Ä]Ä ¼¯»� Â�½ Á #�<:S�-'i��% \>=@?3Ek�-')ABA � �C:6��� �3�D:S�-'+��R���SQE9GF�H �-'+�BA  e~V�C¥

I r 4:2/>�M @B41p$68IBIB2$J�6KJX4:;�68IBI L	452 >	@ Uf>5032/DE2�2/e @B4:>:4]67;=2$684593DE2NMf`OMQPSR6TVUXW?`�4:93p 0 >50�6K>Y P[ZQ\^]NTV_XMQP`]NT�\aZ�b
cd\^]ebgfhPSR6T�i

-.-0/�132�4�576



~�& ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
� �F½�ºq½ Ek�/'+A,& � Á Ä]¼��b½XÃAÀ�½KÄ ¼²½²¿�¼¡ºf»sÀTÄ Á ¼ Á ÃAÀ°¿?ºfÃ?q»� Á Â Á ¼(���+»A¼Åº Á &'Ã0#���#
66Ã � �b½P� �%#�ÃAº�¼ �F½+¾Aº Á #$¼ �qÃsÀ?¾ Á ¼ Á ÃsÀ¶Ã0#X¼ � Á ÄZ¼��b½$ÃAºq½ � � �I½S�$ÃAÀTÄ Á ¾C½�º
:6��� � \^O �2O � »AÀ�¾'¼ �F½XÄ�½�¼ 5b\� � a A a � #;6 �b½12��1!Ã0# �09 �"! q½"�$Ã���½�Ä

�<:S�-'i�iQ_O '#O \ =
� �
? JJ Q�� 4 O �iO A�	V� � � �/'VQ a �F�

Q =
� �
? � 4J Q�� 4 O �iO A�	V� � � �/' � a �F�

\ = A� C � 4 ;�� 7
JJ Q�� 4 O �iO A�	V�����[�-'VQ a �F�

Q = A� C � 4 � � 7
� 4J Q�� 4 O �iO A�	V� � � �/' � a �F�

\ = A+ JJ Q�� 4 O �0Q �/'VQ a �PO AQ	k� � �F�Q = A+ � 4J Q�� 4 O � QK�-'#� a � O A�	V��� �R = A+ JJ Q�� 4 �"O �iOfQ_O 'VQ a O ��A�	V� � �F�Q = A+ � 4J Q�� 4 �PO �iOfQ O ' � a O �CAQ	V��� ��<:S�-'i�iQ_O '#O R �VQ = A+ JJ Q�� 4 O 'VQ a O A�	V��� �Q = A+ � 4J Q�� 4 O '�� a O AQ	V��� � �  Å�s�C¥

�ÃAº ' ��5 � � � �"! �q»sÀIq½�ºq½��-º Á ¼Å¼¯½�À�»AÄ
�<:6�-'+�2Q O '.O R �VQ = A+ JJ Q�� 4 �"O '#OHQ O a O �CAQ	k� � �Q = A+ � 4J�Q�� 4 �PO '.OHQ O a O �CAQ	V��� ��<:6�-'+� R �VQ a l I �

�ÃAº ' ��5
	 � � � � !9�$»AÀ q½�ºf½��-º Á ¼Å¼¯½�À�»LÄ
� :S�-'+�*Q_O '#O R �6Q = A+ JJ Q�� � 4 � �PO '.OHQ a ��A�	V� � �

Q = A+ � � 4 �J Q�� � 4 � �"O '#O � a ��A�	V� � �� :S�-'+� R �6Q J���� � 4 �J Q�� � 4 � a �
oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ ~�(

2½�¼#'�� q½�¼��b½��A»AÂ �x½XÃ0#
' #�ÃAº1� � Á ���
� :S�-'+��R �6Q J���� 4J Q�� 4 a \ �� �

6 �b½�À � '�� \&���� � ; � ; �� � � � ; � 7 # �ÃAº a j � Q  � ¼��b½�ºf½�½'& Á ¼0Ä]»('�� �&�4#�ÃAº%� � Á � �
¼ �F½ �<:6�/'i��R��� #
� # '�� Á Ä©Â�½�Ä$Ä�¼��b»AÀ a ¼ �F½�À£¼��b½K¾sº Á #$¼ �$ÃAÀ?¾ Á ¼ Á ÃsÀ Á Ä�Ä�»A¼ Á Ä ��½$¾$#�ÃAº¦¼ �F½�5 \ � � a A a � # �ZÃ)�I½f�L½�º � Á #�'�� Á Ä
nºf½$»A¼²½�º¦¼��b»sÀ a ¼��b½�ÀH�I½��$»sÀI�$ÃAÀxÄ Á ¾C½�ºK¼��b½�Ä�½�¼$5 \ � � a AF'�� � # �Z½�À*�$½ � #�ÃAº 5 \ � � a A������*� a AB'���� � �¼��b½K¾sº Á #$¼ �$ÃAÀ�¾ Á ¼ Á ÃAÀ��09 �"! Á Ä<Ä�»A¼ Á Ä ��½$¾ # � ¼F#�ÃsÂ Â�Ã)��Ä #$ºfÃ�� 2½��+�+» ! #:9X¼��b»A¼ 5 Á Ä Á À?¾C½$½q¾+»�Ä��+»AÂ Â?Ä�½�¼ #

	 � � ��
 !$#&% �OÃsº�»AÀ�� A�Ä � ���'¼ �F»A¼�� a R A l I � ¼��b½�Ä�½�¼$5 \ � � a ABA
� Á Ä�»8/ Ä��+»AÂ Â21�Ä�½�¼ #
� ���Q��8!$#�� �OÃsº '�� 5 �

Ek�/'+A � � \ JJ Q�� 4 =
� ���

A�	V� � � �/'VQ a �F�
Q � 4J Q�� 4 =

� ���

A�	V� � � �/' � a �F�
W � 4J Q�� 4 =

� ���

A�	V� �GQ a �I'i�B�  Å�F~2¥

! Á À �$½ � � � � 7��� �I»LÄ]»AÄ$ÄP� �+½$¾Z¼¯Ã6q½K»ZÀ?ÃAÀ Á À*��ºf½$»AÄ Á À�
 #P�FÀ ��¼ Á ÃsÀ Á À � # 6 �F½�À ��� � ��� A�	V� ��Q a � 'i�
Á ÄZÀ?ÃAÀ¶¾C½P��ºf½$»AÄ Á À�
1#P�FÀ ��¼ Á ÃAÀ Á À&' #+©Â Ä�Ã � ���� ; � � Á ÄX»AÀ Á À*��ºf½$»AÄ Á À�
1#P�FÀ ��¼ Á ÃAÀ Á À&' # ! Á À �$½ ' W � a ��I½V�$»AÀ�ºf½��-º Á ¼²½ � � 9 !
»LÄ

Ek�/'+A � � W �:� �J Q�� � � =
� ���

AQ	V���0Q L a �.W��)� � �BA  Å�n�n¥

� �F½�ºq½��)� � � % \ ������ ; � ��� �
� ���

A�	V� �kQ L a ��# ! Á À*�$½+¼��b½�ºf½�½'& Á Ä ¼0Ä°» �+½q»AÄ �Fºf½��´Ä � ����¼ �F»A¼ Ek�/'+A � �0W
�)� � �BA '�� 5 A � � 7;�/�(� � » ��Â�ÃAÄ�½q¾�»AÀ�¾ qÃ��FÀ�¾n½$¾�Ä�½�¼d5 \ � � a A A � Á Ä�»+Ä���»sÂ Â±Ä�½�¼ #! Á À �$½ 5 Á Ä+»D/ Ä �+»AÂ Â�Ä�½�¼B1 � �F½�À a j � � #$ºfÃ�� 6 �b½$ÃAºf½�� !�#:9<�I½ �q»sÀM�$ÃAÀ ��Â �x¾C½+¼��b»A¼ � #�ÃAº a j � �¼��b½ ��»AºP�sÃ��S� �b» Á À�� Á ÄR¿TÃLÄ Á ¼ Á �L½Zºf½P�f�Fº ºf½�À6¼ #
� W¦jThsdqW<dfQ6mAd a j �£k�c�mZcfi �°g�k�W�j·dRg�hnj6yFk�dqk�hCj°�ªhCp�w?hCcfk�dqk��CW�pqWVg�iTpfpqW�j6g�Wn§�¨±W�d �� �?W�dqQTW¦UXW2msj+dqk�U�W�?W�dt��W�WVj���hCcqcfWVcV§�PRQxW�j �� \ �� § Ò pfhCU o-pqhnw±§-�6§ �T�b�ªhnp��ZdqhX�?WKw?hCcfk�dqk��CW¦pqWVg�iTpqpfWVjCd

� j � a �  Å�s}C¥

PRQxW�pqW��ªhnpqWn�6dfh'mng$QTk�W��CW�cfhnU�W��0mnk�pqjTWVcqcV�xdqQTWZmnpfpqk��Amn�Op$mAdfWZhs�-dqQTWZ��hCcqcfWVc<wxpfhFg�W2cfc�Qxmnc�dfh��6WX�npqWVmsdfWVp
dqQxmsj � � §

-.-0/�132�4�576



~�, ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
.��,+ /' 1 ��/ � �!' ��� "!���,�"/ �!�
¢²j dfQTklc£ceiT�6ceW2g dfk�hnj´��W�wxpfW2ceWVjCd�dfQTWpqWVcfiT��d$c°hn�Zcek�U�ix��msdfk�hnjxcV§ [©iTp�hn�FrtW2g dqk��CW�klc°dqh¶�nWVpfk��ªa dfQTW
mnjxms��a·dfklg�mn��pfW2ceiT��d<hn�Tdqmsk�jTW2y
k�j�o-pqhnw±§:�6§�~K��Qxk�g$Q£jThndfWVy�dqQxmAd�cfi �°g�k�W�j·d�jbiTUZ�6WVp�hs�:mncfabjxg$QTpqhnjThCixc
��hCcqcfWVc�mnpfW
pfW��Cixk�pqWVyÉcfhudqQxmAd+ceW2cfcfk�hnjxc���k�dqQ4yFk�µ?WVpfWVj·dXv�P�Pc�gVmsj¶cfQxmspqW+dqQTW'gVmswxmCg�k�dta��0mnk�pq��an§¢²j
dqQTW�cfk�UZiT��msdfk�hnj£cfg�W�jxmnpfk�hx�bjTk�jTW�_FgVms�lms�T��WKP�Y�o ceW2cfcfk�hnjxcRcfQxmspqWVy'mX��k�jT�
hn�;L�X�X·\£�TwxcV§:_bWVcqcek�hnj6c]~n� �
mnjxy�}£Qxmny�muv�P�PÈhs���EXnU�cV§�_bW2cfcfk�hnjxcK�6� |'mnjxy�&£Qxmny"muv�P�P8hs����XsU+cV�mnjxy"ceW2cfcfk�hnjxc (F� ,£msj6y
�£Q6mny�muv�P�P8hn�(J �?XnU�cV§
PRQTW�cek�U�iT�lmAdqk�hCjxc]��W�pqW+w6WVpe�ªhCpfU�WVy�ixcfk�jx�"ÀTÄ5� �C 0�nW�p$cfk�hCj��T§ � &C¥���~��*�¯§'¢²j
Ò k��x§-�6�FdfQTWK��k�jxyFhA�Çcek�¬�WKklcRwT��hsdfdfWVyumCc�mZ�ªiTjxg dqk�hCjuhs�dfk�UXW��ªhnp<yFk�µ?WVpfWVj·d<�Lmn��ixWVcRhs� *  0k¡§ Wn§��TwxmCg$�nW�dyTpfhCw�wTpqhn�6ms�Tk���k�dtaT¥ § � WKjThsdqW]dfQxmsd * \ X+g�hnpqpfW2cew?hnj6yTc:dqh+hnjT��a
g�hnjT�CWVcedfk�hnj'��h·cfcfWVc���QTklg$QumspqW¦cfW�WVjdqh��?W°jThsdXms����mLaFcKcfa·j6g$QTpfhCjThni6c�§'PRQTW�pqW��ªhCpfWC�Ok�j Ò k��6§'�? 0m·¥©dfQTWVpfW
mnpfW°mCceabjxg$QxpfhCjThnixcKmCcK��W�����mnc
cfabjxg$QTpqhnjThCixc��h·cfcfWVc�W��CW�j�dfQThCiT�nQ * \_XT§ �<hA��W��nWVpV�AyFixpfk�jT�]w6WVpfk�hFyTc�hs��ceabjxg$QxpfhCjThnixc��hCcqceW2c� 0��QTklg$QQ6mL�nWK�?W�W�juw?hnk�j·dfW2yuhniFd©k�j£dqQTW�Æx�CiTpqW2¥�dqQTW�pqW�klc�cfQThnpfde®ÅdfWVpfU iTjF�0msk�pqjTWVcqc�§�/-�CW�j£dqQThniT�CQ£dfQTWVpfWZmspqW
mCceabjxg$QxpfhCiTjThni6c±��hCcqceW2c�yTiTWIdqhKg�hnjx�nWVcedfk�hnjO�LdfQTWR��k�jxyFhA�¶cfk�¬VWVc�hs�6dfQTW�cfWVcqcek�hnj6cO��k�dfQX��mnpf�CW�p�v�P�Pc��Ch
dqhSXT§ � W�jThA� k�jxyTixg�W]�ªiTpfdfQxW�p�mCceabjxg$QTpqhnjxhnixc���hCcqceW2cR�·a�yFpfhCwTwTk�jT��WVmCg$Q'w6mng$�nW�d���k�dqQ'wxpfhC�xms�Tk���k�dta
* >\TXT§Z¢²j Ò k��·c�§��6 ª�?¥©mnjxy��6 0g2¥�dqQTW�pqWXk�cKm�U+mspq�nWVy�k�U�wTpqhA�nWVUXWVj·d©k�j�dqQTWXdfQTpqhniT�CQTwTiFd]hn�Tdqmsk�jTW2y
�ba
cfWVcqcfk�hCjxcI��k�dfQ£�lmspq�nWVp�v�P�P�c�mnc�dfQTWK��hCcqc�wTpqhn�xmn�Tk���k�dta+k�cRk�jxg�pqWVmCceW2y�§ Ò hCpRcfU+ms������h·cfc�wTpqhn�6ms�Tk���k�dtan�
dqQTW�pqW+klc�ctdqk�����cfhnU�W+iTjT�0msk�pfjTW2cfc��6W�dt��WVW�j"ceW2cfcfk�hnjxc]��k�dfQÉyFk�µ�W�pqW�j·dZv�P�PcV§ ��hA��WV�nWVpV���ªhCp�cfWVcqcek�hnjxc
��k�dfQ�v�P�P hn���EXnU�cV��dfQxW�pqWZklc]jTh£ceQThCpedf®¡dqW�pqU iTjF�0msk�pqjTWVcqc]mnc¦��mCc¦hn�xcfW�pq�nW2yu��QTW�j�dfQTWVpfW���W�pqW�jTh
k�jxyFi6g�WVy�mncfa·j6g$QTpfhCjThni6c���h·cfcfWVcV§ Ò hnp]m°�lmspq�nWVp<��h·cfc©wTpqhn�xmn�Tk���k�dta 0k¡§ Wn§�� * \ X � X�X�X � ¥��6cfWVcqcek�hnjxc©ceQ6mspqWdqQTWug�mnwxmng�k�dta��0mnk�pq��aC§4PRQTklc+g�hCjFÆxpqU+c�dqQTWumsjxmn��a·dqk�gVms�RpfW2ceix��d+��QTklg$Q cedqmsdfW2y"dfQ6mAd�dfQTW£�0mnk�pqjTW2cfcXk�j
\u¢e\u¤zceW2cfcfk�hnjxc���k�dfQ£yFk�µ�W�pqW�j·d<v�P�Pc�gVmsj��6WKmng$Qxk�WV�nWVy
�ba+k�j·dfpqhFyFixg�k�jT�+cfi �°g�k�W�j·d<mncfabjxg$QTpqhnjThCixc
��hCcqcfWVcV§ ¨±W�d�� � ��� � mnjxy��
	
�6W
dfQTW
dfhsd$ms�IdfQTpqhniT�CQTwTiFdXhs�<cfWVcqcek�hnjxc���k�dqQ¶v�P�P hs���EX � 'C����XnU�c

Pmn�T��W]}x¹:PRQTpqhniT�CQTwTiFdR�ªhnp�W2mng$Q£v�P�P´g��lmncqc�msj6y
hA�CW�p$ms���?W��°g�k�W�jxg�a
* � �  ¡\£�Tw6cq¥ � �  Å\£�Twxc$¥ � 	  Å\£�Twxc$¥  9 ;  = ; ���
� ~*(�, �T§ , ~ �T§ �T~

�T§ �n�n�x~2| ~�� , �C|F§ | (b§�~�� �x§ �C�C|
�T§ �n�C�n} ~V�x~ ��, ��,x§ � �T§ ,n�

mnjxy J �?XnU+c��FpqWVcfw6W2g dqk��CW���an§-¢²juPmn�T��W�}T�bdfQxW��Ams��iTWVcRhn�dqQTpfhCiT�nQxwTiFd�msj6y°dqQTW�hA�nWVpqmn���?W �°g�k�WVjxg�a'mspqW
�Ck��CW�j±§ � W�jThndfWXdfQ6mAdV�±�ªhnp * \ X � X�X?X � �6dfQxW+pqmsdfk�h�hn�IdfQxWZdqQTpqhniT�CQTwTiFd$c©hn�Idt��h'yTk�µ�W�pqW�j·d�g��lmncqceW2c�� 5
��
�±mnpfWZms��UXh·ctd]k�j�wTpqhnw?hnpfdfk�hnjuhn�:dfQTWXpqWVcfw6W2g dfk��nWXv�P�PcV§KPRQTW�pqW��ªhCpfWC�?��WZgVmsjcfmLa�dfQxmsd]m'g�WVped$msk�j

yTW��npqW�W¦hs���0msk�pqjTWVcqc�QxmncR�?W�WVj£mCg$QTW�k��nW2y�msdRdfQTW�g�hCcedRhn��U+mnpf�Ck�jxmn��yFWVg�pfW2mncfW©k�j£W �°g�k�W�jxg�an§

� �����	����'��]������� ��A�Z�����
	����� � �Z&(	 � ��� �
¢²jZdfQxWRcfWVg�hnjxyZwxmnped�hs�6dfQTklc�wxmsw?W�p2�s��W�cedfi6yFa�dqQTW��0msk�pfjTW2cfc�klcfcfiTW���QTW�j+cfWVcqcek�hnj6cOixcfk�jT�¦dt��h]yFk�µ?WVpfWVjCd
g�hnjT�CWVcedfk�hnjÉg�hnj·dfpqhn�Rms���nhCpfk�dfQTU+cZceQxmnpfW�m�g�hnU�U�hnjÉ��k�jx�?§Év<WVg�WVj·df��an�I_FgVms�lms�T��W�P�Y�o��-��QTklg$QÉixcfWVc
\u¢e\u¤ ms���nhnpqk�dfQTU£�xQ6mnc©�6WVW�j�wxpfhCw6h·ceW2yumnc�mnj�W�jxQxmsjxg�W�U�W�j·d©�ªhnp]P�Y�o k�j�QTk��nQF®²cew?W�W2yujTW�dt��hCpf�FcV§
_Fk�dqixmAdqk�hCjxcIU+mLaC�ndqQTW�pqW��ªhCpfWC�·mnpfklceW©k�j���QTklg$Q
m�ixcfW�p���k�dfQ'_Tg�ms�lms�x��W¦P�Y�o¶cfQxmspqWVc�m���k�jT����k�dfQ'm�ixcfW�p

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ ~2�

 0

 100

 200

 300

 400

 500

 600

 700

 0  50  100  150  200
W

in
d
o
w

 s
iz

e

Time(s)

RTT2

RTT3

synchronized losses

MIMD1
MIMD2
MIMD3
MIMD4
MIMD5
MIMD6
MIMD7
MIMD8
MIMD9

kV6 q���� W�i

 0

 100

 200

 300

 400

 500

 600

 700

 0  50  100  150  200  250  300

W
in

d
o
w

 s
iz

e

Time(s)

RTT2

RTT3

MIMD1
MIMD2
MIMD3
MIMD4
MIMD5
MIMD6
MIMD7
MIMD8
MIMD9

k Qcq���� W�i W W W���� i

 0

 100

 200

 300

 400

 500

 600

 0  50  100  150  200  250  300

W
in

d
o
w

 s
iz

e

Time(s)

MIMD1
MIMD2
MIMD3
MIMD4
MIMD5
MIMD6
MIMD7
MIMD8
MIMD9

kVp q���� W�i W W W
	�i
Ò k��niTpqW
�6¹ � k�jxyFhA��WV�nhn��iFdqk�hCj¶\£¢e\u¤#cfWVcqcek�hnjxcV§�v�P�P � \ �EX ��'C§v�P�P � \ �?X ��'C§v�P�P 	 \J �?X � 'C§

-.-0/�132�4�576



�n� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
��k�dfQ4ctd$msjxyTmnpqy"P�Y�o�§:_bw?WVg�k�Æ6gVms����aC����W'ctdqixyFadfQTW�W��·iTk���k��Tpqk�ixU �?W�Q6mL�·k�hnixp�hs��dqQTW
��k�jxyFhA�¸cfk�¬VWn�
mnjxy'dfQxWKdfQTpqhnix�nQTwTiTd<hn�Fd$msk�jTWVy£�ba£m+ceW2cfcfk�hCj£hs�-WVmCg$Q£mn���Chnpqk�dqQTU msd<W��·iTk���k��Tpqk�ixU k�judfQxW�wTpqWVcfW�jxg�W
hn�cfa·j6g$QTpfhCjTk�¬�WVy°��h·cfcfWVc�hnjT��an§ � W¦mn��cfh���hbhn�°msdRg�hnjxyFk�dfk�hnj6c�ixjxyFW�pR��QTklg$Q�mZixcfW�p�hs�OhCjTW]ms���nhnpqk�dfQTU
gVmsj°hC�Fdqmnk�j'm��?W�dfdfW�pRdqQTpqhniT�CQTwTiFd�dfQxmnj�mZixceWVp�hn�±dfQxW©hndfQTWVp�mn���Chnpqk�dqQTU£§�o-pqW��bk�hnixc���hnpq�' 0Wn§ �x§�� � |��Å�
� ( �ª¥�U+msk�jT��a'ctdqixyFk�WVy�dfQxWK�6WVQxmL�bk�hCiTpRhs��cfWVcqcfk�hCjxcRixcfk�jT�XdqQTW�cfmnU�W¦wxpfhndfhFg�hC�¡§
¢²j¶dfQTklc�ceW2g dfk�hnjO�:��W£mncqcfiTU�W°dfQ6mAd�WVmng$Q4ceW2cfcfk�hCjÉQxmCc�dqQTW'cqmsU�W'v�P�P]�i��§¶Ê©cXUXWVj·dfk�hnjTW2yÉk�j

_FWVg dqk�hCj��T�O��k�jxyFhA�R®¯�xmncfWVy�jThsd$mAdqk�hCj�klc]W��·iTk��Ams��W�j·dKdfh£p$mAdfW�®Å�6mncfWVy�jxhsdqmsdfk�hnj±§�¢²jdfQxW+pfW2ctdKhs��dfQxk�c
w6msw?W�p2�2��W�ixceWIdfQTW���k�jxyFhA�R®¯�xmncfWVy]jThndqmsdfk�hnj�cfk�j6g�WI��WRmspqW:k�j·dqW�pqWVcedfWVy�k�jZhn�Fd$msk�jTk�jx�<dfQxW�W��Cixk���k��xpfk�iTU
��k�jxyFhA�Çcek�¬�W2c��ªhnpRdqQTW�ceW2cfcfk�hnjxcV§

���� / 0��.���31 � ��.��3/
Y�hCjxcfk�yFWVp���cfWVcqcek�hnj6c���QTklg$QÉceQ6mspqW
mu��k�jT��hn��gVmswxmCg�k�dta 8 a (  !'	8'n§ /:mCg$Q¶cfWVcqcek�hnjdfp$msj6ceU�k�dqc�yxmAdqm
i6cek�jT�'wxmng$�CW�dqc©hs��cek�¬�W  �Tk�dqcV§�¨±W�d��Ç�?WXdfQTWX�xmsj6yF��k�yFdfQF®²yFW��lmLauwTpqhFyFixg d+ 0«R¤¦oI¥©jTW�dt��hnpq��§ � W
mCcfcfiTU�W�dfQ6mAd�dqQTW
v�P�P k�c�U�mnk�jx��a�yFW�dqW�pqU�k�jTW2y��ba�dqQTW°wTpqhnwxmn�Cmsdfk�hnj�yFW��lmLa�mnjxy���QTW�jxg�Wn�-g�mnj"�6W
g�hnjxcfklyFW�pqWVy°dfh+�?W�mXg�hnjxcedqmnj·dV§
¨OW�d����! "� \^�=� � �! "�;� � �/ "� � � � ���C�/ "�B�<yFW�jThndfWZdfQTWX�nW2g dqhnp¦hs�I��k�jxyFhA� cfk�¬VWVc©hs�:dqQTW���cfWVcqcek�hnj6c�mAddqk�U�WG $§:Êzcfabjxg$QTpqhnjTk�¬�W2y°��hCcqc¦ 0k¡§ Wn§��6mX��hCcqc��ªhnp�WVmCg$Q'cfWVcqcfk�hCj6¥�k�c�mCcfcfiTU�WVy
dfh+hFg�g�iTp<mAdRdqk�U�WG �k��

�B
� C �

� � �! "� j � �  Å�A�·¥

PRQxW�ms�?hA�nWKg�hCjxyFk�dfk�hnj£klc<W��·iTk��Ams��W�j·d�dfh�cfmLabk�jT�XdfQxmsd©m+ceabjxg$QxpfhCjTk�¬VWVy'��hCcqc�hFg�g�ixpqcR��QTWVj£dfQTW�dfhsd$ms�
jbiTUZ�6WVpRhs�OhCiFdqcedqmnjxyFk�jT��wxmCg$�nW�dqc�k�j
dfQTW]jTW�dt��hCpf��W -Tg�W�WVyxc:dqQTW¦dfhsd$ms�?jbiTU��?W�pRhs�wxmng$�CW�dqcIdfQ6mAdRdfQTW
jxW�dt��hnpq�°g�msj'QxmnjxyF��Wn§
� k�dfQThCiFd©��hCcqc�hn���CW�jTWVpqmn��k�dtan�T��W�d¦ceW2cfcfk�hCjxc J�APL�A � � � A���ixceW]dqQTWZ\£¢e\�¤8g�hnjT�CWVcedfk�hnj£g�hnj·dqpfhC�Oms���nhn®pqk�dfQTU msjxy
dfQTW�pfW2ctd�hs��dfQxW	� �
�'cfWVcqcek�hnjxc�ixcfW]dfQxW�Ê<¢e\u¤ g�hnjT�CWVcedfk�hnj£g�hCjCdqpfhC��ms���nhnpqk�dfQTU£§-¢²j'dfQTW

mn�xcfW�jxg�W¦hn���hCcqceW2c��·dqQTW]dt��h+mn���Chnpqk�dqQTU+c�k�jxg�pfW2mncfW©dqQTWK��k�jxyFhA�´k�j�dfQTW]�ªhC����hA��k�jx�X�RmLa

� � �! iQ �9�#\ ` ���/ "�  �� #g! �ªhnp0J R ( R�����/ "�2Q� �� � ! A �ªhnp��0Q J0Rj(�R��CA  Å�n|n¥

��QxW�pqW   msj6y� � mnpfW£dqQTW�k�jxg�pqWVmCceWuw6msp$msU�W�dqW�p$c+hs�KdqQTW�\£¢e\u¤ mnjxy dfQTWÊ<¢e\u¤ ms���nhCpfk�dfQxU'�
pqWVcfw?WVg dqk��CW���an§ Ò hCpZW -FmnU�wT��WC��  \ J � X J°�ªhCp�_FgVms�lms�T��W
P�Y�o��:msj6y� � \ J°�ªhCpXcedqmnjxyTmnpqy"P�Y�o�§
¨OW�d  � yFW�jxhsdfW�dfQTW�dfk�U�WZk�jxcedqmsj·d¦��QTW�judqQTWV, 1-3 g�hnjT�CWVcedfk�hnj�cfk��Cjxms�k�c©pfW2g�WVk��CWVy�§ � WXjThsdqW�dfQ6mAd¦m
g�hnjT�CWVcedfk�hnj
cfk��njxmn�?klc��nWVjTW�p$mAdqWVy°��QxW�j�m�cfabjxg$QTpqhnjTk�¬�W2y+��h·cfc�hFg�g�iTp$c�§�¢²j�pqWVcfw?hnjxcfW�dqhXmXg�hCjT�nW2ctdqk�hCj
cfk��njxmn�6dqQTW]dt��h�mn���Chnpqk�dqQTU+cRyFWVg�pfW2mncfW�dqQTWK��k�j6yFhA�´k�j'dfQTW]�ªhC����hA��k�jx�X�RmLa

� � �/ ;� �#\ ` �  ���! � � �ªhnp0J0Rj(�R��*A
� � ���/ � � �ªhCp��GQ J R (�R���A

��QxW�pqW �  msjxy � � mspqW£dfQTWyFWVg�pfW2mncfWuwxmsp$msU�W�dqW�p$c+hs�]dqQTW\£¢e\�¤ mnjxy dfQTWÊ<¢e\u¤ ms���nhCpfk�dfQxU'�
pqWVcfw?WVg dqk��CW���an§ Ò hCp�W -TmsU�wT��Wn���  \_X � ��� �K�ªhnp�_FgVms�lms�T��WKP�Y�o��xmsjxy ���(\_X � �K�ªhCp<ctd$msjxyxmsp$y�P�Y�o�§

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ �T~

¨OW�d '+�/,.�IyFW�jThndfW©dfQTW]��k�jxyFhA�R®²cek�¬�W©�nW2g dfhCp�WVU��?WVyTyTWVy�rtixctd<ms� dfW�pRdqQTW ,21-3Xg�hnjx�nWVcedfk�hnj�cek��njxmn��k�c
pqWVg�W�k��nW2y��TkÅ§ WC� '+�/,.� \K���/ � Q��f§R¨±W�d�� �uyFWVjThsdqW]dfQTW�dfk�UXW��6W�dt��WVW�j£dt��h°g�hnjx�nWVcedfk�hnj£cfk��Cjxms�lc�§�_bk�jxg�W
mn���±dfQTW�cfWVcqcek�hnj6c�mspqW]mCcfcfiTU�WVy�dqh+pfW2g�W�k��nWKg�hnjT�CWVcedfk�hnj�cfk��njxmn��c�msd�dfQTW�cqmsU�W]k�jxctd$msj·dV�6��WKgVmsj£��pfk�dfW
dqQTW]�ªhn����hA��k�jT�XpqWVg�ixpqcfk��CW©W��·ixmAdqk�hCj
�ªhCp '+�-,.�q§

' � �/,9Q J��#\ ` �  '
�B�-,.�  �� � #$! �ªhnp0J R (�R��*A
� � � ' � �-,.�*Q  � � �!  �ªhCp��0Q J0Rj(�R�� �  Å��&C¥

��,+ � ����.�� '�.�! /  �� "%' ��#

PRQxWudfp$msjxcfk�W�j·d°�6WVQxmL�bk�hCiTp+hs�]dqQTW���k�jxyFhA� cek�¬�W2c°g�mnj �?W�hC�Fdqmnk�jTW2y³�ba4cfhn���·k�jT� /6�·jxc� ¡� &C¥�msj6y
 Å�A�b¥ § 5¦k��nW�j�dqQTW
k�jTk�dfklms����k�j6yFhA� �nWVg�dfhCpG'+�!X��f��dqQTW+dqk�U�W°dqh�dqQTW°Æxp$ced���h·cfc� � msj6y���QTW�jxg�Wn�.'+�BJE�gVmsj'�6W�g�hnU�wTiFdqWVy�§�PRQTk�c<��mLa+��W�g�mnj�pqWVg�iTpqcfk��nW���a°g�hCU�wTiFdfW0')�-,.�q§�PRQTklc�ms����hA�<cRi6c�dfh+hn�Tdqmsk�j'dfQTW
�?W�Q6mL�·k�hnixp�hn�OdfQxW¦��k�jxyFhA�R®²cfk�¬VW��nW2g dqhnpRmsjxy
dfQTW]��hCcqc�k�jxcedqmnj·dqc��6W��ªhnpqW�dqQTW]W��·iTk���k��Tpqk�ixU�k�c�pqWVmCg$QTWVy�§
Ê�dRW��·iTk���k��Tpqk�iTU£��� �°mnjxyS')�-,.�:��k�����g�hCjb�nW�pq�nW<dfhZdfQTWVk�p�cedfWVmCyFa°cedqmAdqW©�Amn��iTW2cRyFW�jThndfW2y°�ba�� �¦msjxy ���
pqWVcfw?WVg dqk��CW���an§ � W�mnpfWRk�j·dfW�pqWVcedfW2yXk�jXÆxjxyTk�jT�]dqQTW<��k�jxyFhA�³cek�¬�WC� � � �Chs��WVmCg$Q�cfWVcqcfk�hCjXmsd:W��·iTk���k��Tpqk�iTU£§
PRQxW�j±� � � dfhn�CW�dqQTW�p���k�dqQ	� �I��k����Fms����hA�i6cOdqh©hC�Fdqmnk�j�dfQTW�dfQTpqhnix�nQTwTiTdO�ªhnp�cfWVcqcek�hnj�($§�Ê�d�W��Cixk���k��xpfk�iTU')�-,.����hCiT��y��6WZk�yFWVj·dfklg�ms�Odfh '+�-, Q J��f� '+�/, Q L��f��msj6y�ceh
hnj±§�PRQxW�pqW��ªhnpqWn�x�ªhnp©WVmng$Q�cfWVcqcfk�hCj�($�?��W
gVmsj'hn�Fd$msk�j)� � �ªpqhnU /6�·j� Å��&·¥�mCc��ªhn����hA�<cV§

� � \�` �  � �  ��
 #g! �ªhnp0J0Rj(�R��*A
� ��� � � Q  ���� � 	��*� �ªhCp��0Q J0R ( R�� �  Å��(s¥

PRQxW��±W��·ixmAdqk�hCjxc�k�j ¡��(n¥:mnpfW�Æ)-FWVy°w?hnk�j·d�cfhn��iFdfk�hnj6cIhn�±dfQTW]g�hCpfpqWVcfw?hnjxyFk�jT��W��·ixmAdqk�hCjxcIk�j� Å��&·¥ § � W
jxhA� QxmL�CWG,9Q_J��Amspqk�mn�T��W2c�k�j ����AfJVR�( R ,"msjxy� �A��msjxy&,�W��Ci6mAdfk�hnj6c�§�PRQTW�Æxjxms�W��·ixmsdfk�hnjug�mnj
�?W
hC�Fdqmnk�jxWVy��ba�jxhsdfk�jT�udqQxmAdXmu��h·cfc�hFg�g�ixpqcK��QxW�j¶g�hnjxyFk�dfk�hnj  Å�A�b¥]k�cZcfmsdfklctÆ6WVy�§�PRQTWVpfW��ªhnpqWn�dfQTW�/,6QKJE�!1-3�W��·ixmsdfk�hnj'k�cRhC�Fdqmnk�jxWVy£mnc

�B
�DC �

� �
� 

Q �B
� C � ; �

� �
� � \ � �  Å��,C¥

� W�jThndfW�dfQxmsd°�ªpfhCU mnjba4hCjTW�hs�]dqQTW�Æxp$ced � W��·ixmsdfk�hnjxc
k�j  Å��(s¥+��W�gVmsj hC�Fdqmnk�j³dqQTW��Ams��iTW�hn�
� �s§ÉPRQTW'�Amspqk�mn�T��W2c � � AfJIR (SR �Ég�mnjTjThndX�?W�ixjTk7�·iTWV��aÉyTW�dfWVpfU�k�jTWVyÉ�ªpfhCU dfQTW2ceW �"W��·ixmAdqk�hCjxc�§
PRQxW�a°��k����yFW�w?W�jxy£hCj
dqQTWK��k�jxyFhA�´�CWVg�dfhnp�rti6ctd�ms� dfW�p<dfQTW]Æxp$ced�cfabjxg$QTpqhnjTk�¬�W2y°��hCcqc�§:PRQxk�c�pqWVcfiT��d�k�c
W��·iTk��Amn��WVjCd�dfh°dqQTW�pqWVcfiT��d�hn�Tdqmsk�jTW2yuk�j � }*����QTWVpfWKdqQTWXpqmsdfW��CWVg dqhnp<hn�IceabU�U�W�dqpfklg�\£¢e\u¤ÈcfWVcqcek�hnjxc
�Rmnc�yFWVw6WVjxyFWVjCd�hnj4dfQTWuk�jTk�dfklms�<p$mAdqW'�CWVg�dfhnp2§ �<hA��W��nWVpV�:dfQTWuW��Cixk���k��xpfk�iTU ��k�jxyFhA� cek�¬�W'�ªhCp+dfQTW
Ê�¢e\u¤ cfWVcqcek�hnj6c�gVmsj£�?W¦ixjTk7�·iTWV��a'yFW�dqW�pqU�k�jTW2y��ªpfhCU  ¡� (s¥ §-PRQTWVpfW��ªhnpqWn�

� � \ � 
��� � J	0�  �

���   A  Å�s�C¥

��� \  � ���J�� ��� ���� � J�	 �  �����   �0Q J0Rj(�R�� �  ¡}n�C¥

-.-0/�132�4�576



�C� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
Ò pfhCU  ¡��,·¥���WZgVmsj±��QThA��W��CW�p2�xhn�Tdqmsk�judqQTWXcfiTU hs�IdfQTWXW��·iTk���k��Tpqk�ixU ��k�jxyFhA� cfk�¬�WVc©hs�-dqQTW+\£¢e\u¤
cfWVcqcfk�hCjxc�§

�B
�DC �

� � \ �  � �
� 
� �

�B
� C � ; �

�&��A  ¡}T~2¥

¢²j£hCpqyFWVpRdfh°g�hnU�wTiFdqW]dfQTWKdqQTpqhniT�CQTwTiFd2� � � �F�ªhnp�cfWVcqcfk�hCj ($�T��W�yFk��·klyFW]dqQTWKdfk�U�W�k�jCdqW�pq�Ams�_�£k�j�cf��hsdqc
hn�-��WVjT�sdqQ � �s§ � W�jThndfW�dfQxmsdV�Crtixctd¦mA� dfWVp©m+��hCcqc<k�jxcedqmnjCd2�TdqQTW���k�jxyFhA�zcfk�¬VWK�ªhnp¦ceW2cfcfk�hCjl(�klc � � §�¢²j
�?W�dt��W�WVj�dt��h���h·cfcKk�jxcedqmnjCd$c���dqQTW°��k�jxyFhA�¸cek�¬�W°�ªhnp�W2mng$QÉcfWVcqcek�hnj�k�jxg�pqWVmCceW2cKixcfk�jx�£dfQTW'ms���nhnpqk�dfQTU
�Ck��CW�j4�·a / �CjO§Ç Å�n|n¥�§¶Ê<�lcfhx�Ik�j W��nWVpfa"v�P�P  0k¡§ Wn§���k�j W��CW�pqa�cf��hsd$¥���cfWVcqcek�hnj (Kdfp$msjxce�ªW�p$cZwxmng$�CW�dqc
W��·iTk��Amn��WVjCdXdfhk�dqcXwTpqWVcfW�j·dX��k�jxyFhA� cek�¬�WC§ÉPRQTW�pqW��ªhCpfWC�:k�j4�6W�dt��WVW�j¶dt��h��h·cfcZk�jxctd$msj·dqcV�:dqQTW�dfhsd$ms�
jbiTUZ�6WVp:hs��wxmCg$�nW�d$c�dfQxmsd�mspqW�dfp$msjxce�ªW�pqpqWVyZ�·aXceW2cfcfk�hnj (g�mnj��6W<hC�Fdqmnk�jxWVyX�baZcfiTU�UXk�jT�]dqQTW���k�j6yFhA�
cfk�¬�WVc�yFiTpqk�jT�£dqQTW � ��	3�"v�P�P�c�§£Ê�c��6W��ªhnpqWn����W
gVmsj�hn�Tdqmsk�jdfQTW
dfQTpqhnix�nQTwTiTd �.���ªhCp�WVmCg$Q�Ê�¢e\u¤
cfWVcqcfk�hCj
��QTWVpfW2mnc���W�gVmsj'hn�Fd$msk�j
dqQTW]dfhndqmn��dfQTpqhniT�CQTwTiFd2� �  �F�ªhnp<mn����dqQTW�\£¢e\u¤�ceW2cfcfk�hCjxcV§

�  \ 
� �

�B
�DC �

� �  
��� 
��� ; � � J
  � J  ¡}C�n¥

��� \   �
�

�
� �*Q� ��� � 
!
	 Q JL 	 �0QKJ0Rj( R�� �  ¡}n}C¥

� WZjxhsdfW�dfQxmsd©dqQTWZdfQTpqhniT�CQTwTiFd¦W -FwTpqWVcqcek�hnj6c�mspqW�mnwTwTpqh -bk�U+mAdqW�cek�jxg�W�dfQxWZjbiTUZ�6WVp©hn�:wxmng$�CW�dqc
dqpqmnjxce�ªW�pqpfW2y]k�jXmsjZv�P�P"klc�msj�k�j·dfWV�nW�p���QTWVpfW2mnc � � g�mnjKdqmn�nW�jThnjZk�j·dfWV�nWVp�Ams��iTW2c�§�Ê<�lceh6�LdfQTW�jbiTU��?W�p
hn�wxmCg$�nW�dqc�dfp$msj6ct�ªWVpfpqWVy
k�j�dfQTW�v�P�P k�j£��QTklg$Q£m���h·cfc�hFg�g�iTpqcRU+mLa°jxhsd��6WKW��·ixms��dqh � � � 	 §� W+g�msj�U+ms�nW�dfQTWX�ªhC����hA��k�jx�
hn�6ceWVpf�AmAdqk�hCjxc��ªpfhCU /6�·jxc�§� ¡�s�·¥¯®� 0}C}C¥�§�PRQTW�W��·iTk���k��Tpqk�iTU#�Amn��iTW
hn��dqQTW+dqk�U�W°�?W�dt��W�WVj�dt��hu��hCcqcKk�j6ctd$msj·dqcV� � �s�klc�k�jxyFWVw6WVjxyFWVjCdZhs��dfQTW°w6msp$msU�W�dqW�p$c]hs��dfQTW
Ê�¢e\u¤
mn���Chnpqk�dqQTU£§u¢¯dZklc�yFW�dfWVpfU�k�jTWVy"�ba�dfQTW'v�P�P]�]���:mnjxy�dfQxW
wxmnpqmnUXW�dfWVpqc]hn��dfQTW£\£¢e\u¤ ms���nhnpqk�dfQTU
hCjT��an§ PRQTW�W��·iTk���k��Tpfk�iTU ��k�jxyFhA�#cek�¬�W�hs�]dfQTWÊ<¢e\u¤ cfWVcqcek�hnjxc
yFW�w?W�jxyxc
hCjT��a hnj³dqQTW�k�jxg�pfW2mncfW
mnjxyÉyFW2g�pqWVmCceW°w6msp$msU�W�dqW�p$cKhs��dqQTW
dt��h�mn���Chnpqk�dqQTU+c�§Ê<�lceh6�dqQTW£Ê<¢e\u¤ cfWVcqcek�hnjxc�QxmL�nW°dfQTW£cfmnU�W
W��·iTk���k��Tpfk�iTU ��k�jxyFhA�¸�?W�QxmL�bk�hniTpXmsjxy±�:QTW�j6g�Wn�Ihn�Fd$msk�j"dfQTW£cqmsU�W
dqQTpqhniT�CQTwTiFd2§�PRQxW�pqWVcedZhn�<dfQTW
gVmswxmCg�k�dta+k�c<iFdfk���k�¬�W2y'�·a°dfQTW�\£¢e\�¤ ceW2cfcfk�hnjxcV§��� � � 5ª�T��� Ð�� �C�K� WZjThA� g�hnU�wxmnpfWKdqQTWVcfWXhn�xcfW�pq�AmAdfk�hnj6c<��k�dfQ�cfk�UZiT�lmAdfk�hnj6c�w?W�pf�ªhnpqU�WVyuixcfk�jT��ÀxÄ+� �
 0�nWVpqcfk�hCj°�F§ ��&C¥�§.��jT��W2cfc�ctd$mAdqWVy�hsdqQTW�pq��klceWC�sdfQxW©cfk�UZiT��msdfk�hnj+QxmCyXdfQTW©cfmnUXW©ceW�dIhs��wxmnpqmnUXW�dfWVpqcV§PRQTW
\u¢e\u¤4cfWVcqcfk�hCjxc±ixcfWVy�_Tg�ms�lms�x��WIP�Y�o��Amsj6y¦dfQTW�Ê<¢e\u¤³cfWVcqcek�hnjxc±ixceW2y�P�Y�o � W��Év�WVjThx§�PRQTWIwxmCg$�nW�d
cfk�¬�Wn�1È���ªhCp©W2mng$Q�cfWVcqcek�hnj���mCc©cfW�d©dfhIJHX ��X+�ba·dfWVc� FJHX�X?X+�ba·dfWVc¦hn�IyTmAd$m�� ��X°�ba·dfWVc¦hn�IQTWVmCyFW�p ¥ §
PRQxW�wTpfhCwxms�·mAdqk�hCjZyFWV��mLaC����n�Rmnc�d$ms�nWVjXdfhK�?W0JHX�X � 'C§�PRQTW�k�j6g�pqWVmncfW�msjxy�yFW2g�pqWVmCceW�wxmsp$msU�W�dfW�p$c�ªhnp
dqQTW]dt��h�mn���Chnpqk�dqQTU+c���WVpfW]ceW�d�dfh*  \ J � X�Jn�f ��0\<J � XT���  \_X � � �F�Tmnjxy � � \KX � �T§-_Fk�jxg�W]dfQTW � ��ªhCp:Ê<¢e\u¤´k�j6g�pqWVmncfWVc���k�dfQ°yTWVg�pqWVmCceW�k�j �  �n��W<ceW�d6�  dqh�m]�Lmn��ixW<ceU+ms����W�p�dfQ6msj�k�d$c:pqWVg�hnU�U�W�jxyFW2y�Amn��iTWucfhdfQxmsd+dfQTW�Ê�¢e\u¤ cfWVcqcek�hnj6cXmn��cfh�hn�Fd$msk�j m"g�W�pfdqmnk�j4dfQTpqhnix�nQTwTiTdV§ Ò pqhnU Ò k��CcV§´|T ¡mC¥' 0}
\u¢e\u¤ cfWVcqcfk�hCjxc:msj6y°}�Ê<¢e\�¤ cfWVcqcek�hnj6cq¥-mnjxy°|T 0�6¥� �&Z\£¢e\�¤ cfWVcqcek�hnj6c:msjxy�&�Ê<¢e\u¤ÇcfWVcqcek�hnjxc$¥ �C��W
jxhsdfW¦dqQxmAdRdfQxW]Ê�¢e\u¤ cfWVcqcek�hnj6c�k�jxyFWVWVy'g�hCj·�CW�pq�nW�dfhXdfQTWKcqmsU�W]W��·iTk���k��Tpqk�ixU���k�j6yFhA� cfk�¬VW©��QxW�pqWVmnc
dqQTW£W��·iTk���k��Tpqk�ixU ��k�jxyThA� cek�¬�W'hs�]msj³\£¢e\u¤#cfWVcqcek�hnj yFW�w?W�jxyxcZhCj4k�dqcX��k�jxyFhA�zrti6ctd+�?W��ªhnpqW'dfQTW
Æ6pqced]cfabjxg$QTpqhnjTk�¬�W2y���hCcqc�§XPRQTW � � �ªhCp�Ê<¢e\u¤ ceW2cfcfk�hCjxc©pfWVU�mnk�j6c�dqQTW+cfmnU�WXWV�nWVj�dfQxhniT�CQ�dqQTW���k�jT�
gVmswxmCg�k�dta]k�c�k�jxg�pqWVmCceW2y]�ªpfhCU LEX�X·\£�TwxcOdfh � X?XC\£�xwxcmnjxyKdqQTW�dfhndqms�·jbiTU��?W�p�hn�6ceW2cfcfk�hnjxck�c�k�jxg�pqWVmCceW2y

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ �n}

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  50  100  150  200

W
in

do
w

 s
iz

e

Time(s)

AIMD

AIMD flows
MIMD flows

kV6 q c ��� W W W Q <34gm�� ��� m�� � 	?m

 0

 200

 400

 600

 800

 1000

 1200

 0  50  100  150  200

W
in

do
w

 s
iz

e 
(p

ac
ke

ts
)

Time (s)

AIMD

AIMD flows
MIMD flows

k Q�q c � 	 W W W Q <34gm�� � � � m�� ��� m
Ò k��niTpqW�|F¹ � k�jxyFhA�ÇW��nhC��iTdfk�hnj
hn��cfWVcqcfk�hCjxc�§

Pmn�T��WK�6¹:_bW��CW�p$ms�±\£¢e\u¤ mnjxy£ceWV�nWVpqmn�?Ê�¢e\u¤�cfWVcqcek�hnj6c�§
¨±k�jT��_Fw6WVWVy � �  � � � �
 Å\£�Twxc$¥  0c$¥  ¡\£�xwxcq¥  Å\£�Twxc$¥  0wxmng$�CW�dqc$¥

�2\	�x§ �k\ � § �n�n� �T§ ,C}' ¡}C¥ ~ &n�6 e~2|F~L¥ }T§ |T ¡}T§ �·¥ �n�£ ¡��(n¥
�i\<J LF§ �6\	�x§ }C�n� �T§ ,C}' ¡}C¥ �n} ,x§ &6 ¡�F~�,C¥ }T§ |T ¡}T§ �·¥ �n�£ ¡��(n¥

�ªpqhnU cfk -'dfh+dt��W����nWC§�¨±W�d � � msjxy � � yFWVjThsdqWKdfQxW�dfQxpfhCiT�nQTwxiFd©msj6y'dfQTWZW��·iTk���k��Tpqk�iTU ��k�jxyFhA�zcek�¬�W
hn�<msjba�hCjTW°hn��dqQTW�Ê�¢e\u¤ ceW2cfcfk�hnjxcV�pqWVcfw?WVg dqk��CW���an§£¢²j¶P�ms�T��W°�6�dqQTW�mnjxms��a·dfklg�mn�Imsjxy¶cek�U�iT�lmAdqk�hCj
�Amn��iTW2c�hs� � �n� �  � � �b�?msjxy � �XmspqW��nk��nWVj±§RPRQTW�cfk�UZiT��msdfk�hnju�Ams��iTW2c<mspqWK�nk��nWVjuk�juwxmnpfWVj·dfQTW2ceW2c�§RÊ�cwxpfW2yFk�g�dfW2yÉk�jÉdfQxW£mnjxms��aFceklcV��dfQTW'W��·iTk���k��Tpqk�ixU ��k�jxyThA� cek�¬�W'msjxyÉdfQTW'dqQTpfhCiT�nQxwTiFd�hs�<dqQTW'Ê�¢e\u¤
cfWVcqcfk�hCjxc�pfWVU�mnk�j6cRiTjxg$QxmnjT�nW2y�WV�nWVj���QTWVj'dfQTW�gVmswxmCg�k�dta+k�c<k�jxg�pfW2mncfW¦�ªpfhCUmLEX?XC\£�xwxc�dfh � X?XC\£�xwxc��
mnjxy
dfQTW]dqhsdqmn��jbiTU��?W�p<hn��cfWVcqcek�hnj6c�klc�k�jxg�pqWVmCceW2y+�ªpqhnU cfk -
dfhXdt��W����nWC§

-.-0/�132�4�576



�s� ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
���� &  �"%����#� �$)��� � � 1 $)� "
'������
� W]jThA� cedfixyFa°dfQTWKcqg�W�j6mspqk�hZ��QTW�pqW©hCjTWK\£¢e\u¤ ixcfW�p�msj6y
Ê<¢e\�¤ ixceWVp�ceQxmnpfW�dfQTWKcqmsU�W¦��k�jT��§ � W
jxhsdfW�dfQxmsd�WVmng$Q
ixceWVp�gVmsj°k�jTk�dfklmAdqW¦cfW��CW�p$ms�6cfWVcqcfk�hCjxcIhn�±dfQxW¦cqmsU�W©mn���Chnpqk�dqQTU£§ � W]mspqW�k�jCdqW�pqWVcedfW2y°k�j
�bjThA��k�jT��dfQTWKg�hCjxyFk�dfk�hnjxc�iTjxyTW�p���QTklg$Q°dqQTWKÊ<¢e\u¤ ixcfW�pRg�mnj
hC�Fdqmnk�j��6W�dedfWVpRdfQTpqhnix�nQTwTiTd�dqQxmsj�dfQTW
\u¢e\u¤zixcfW�p2§
Ò k�pqcedV�L��W:g�hnj6ceklyFW�p�dqQTWIgVmncfW-k�j]��QTklg$QKWVmCg$Q©ixcfW�pOk�jTk�dfklmAdqWVcOhnjT��a�hCjTW:ceW2cfcfk�hnj±§±¢²jKcfixg$Q�m�cqg�W�j6mspqk�h6�

dqQTW���k�jxyFhA�zcfk�¬VWZmnjxy'dfQTW�dfQTpqhnix�nQTwTiTd©hs�:W2mng$Q�cfWVcqcek�hnj£klc�hC�Fdqmnk�jxWVy£�ªpqhnU /6�·jxcV§Z 0}C�C¥²®$ ¡}C�n¥���k�dfQ
�2\ LXmsjxy �6\ JC§
Ò pfhCU  0}·�n¥Rmnjxy� 0}n}·¥ �xmCc �4G I� ªkÅ§ Wn§�� 8 G I4¥ �xdfQTWKp$mAdqk�h�hs��dfQxWKdfQTpqhnix�nQTwTiTdqcV�  =

 9
�x�ChbWVc�dfhXx§-PRQTk�cRcfiT�n�CWVcedqc�dfQ6mAd�k�j�QTk��nQF®²cew?W�W2y
jxW�dt��hnpq�bcV�CdfQTW�\£¢e\u¤ i6ceWVp���k������nW�dRU�hCced�hn�OdqQTWKg�msw6mng�k�dtan§

[©j�dfQxWXhndfQTWVpKQxmsj6y��±k��IdfQxW°«�¤¦oÇhs��dfQTW�jTW�dt��hCpf�uklcKceU+mn���Å��dfQxW+\u¢e\u¤¸ixcfW�pK��k����-hC�Fdqmnk�j��hA��WVp
dqQTpqhniT�CQTwTiFd<g�hCU�wxmspqWVy°dfh�dfQxW�Ê<¢e\u¤ cfWVcqcfk�hCj±§
� � Ð��:Ð ��� ��� Ð���� 
�	2½�¼ � ��¾n½�À?Ãs¼¯½�»¼��Cºq½ Ä �bÃsÂ�¾�� � � q½�Â�Ã)� � � Á � �³»sÀ� ����� Ä�½�Ä$Ä Á ÃsÀ � Á Â Â 
·½�¼q½�¼¡¼²½�º¦¼��CºqÃ�� 
���¿ �F¼
�$Ã��©¿F»sºf½$¾°¼²Ã
» �������¸Ä�½�ÄqÄ Á ÃsÀ�# 6 �b½Z¼ �·ºf½�Ä �FÃAÂ�¾9�A»AÂ �x½ � � � � Á Ä 
 Á �A½�Àn5�

� � \ � �   �� � �L��  � �
� QKJ !�� Q J

� � ! A  ¡}s�·¥

� �F½�ºq½
�
\ 
�� � �

 � � � � #� � Ð±Ð�����
 � 6 �b½�»�fÃE�L½�ºf½�Â�»A¼ Á ÃAÀ_�$»AÀ_q½uÃ?�¼²» Á À?½$¾ �bÄ Á À�
¼ �F½ #�»���¼�� � R � � ¼²Ã 
C½�¼ �F½�º � Á ¼ � � ��À #

� 8 9 ! #
PRQxW��Amn��iTWRhn��� �xyFWVw6WVjxyTc-hCjT��a�hnjZdfQTWRk�jxg�pqWVmCceWRmsj6yXyTWVg�pqWVmCceW�wxmsp$msU�W�dfW�p$c�hs�6dfQTWRdt��h¦mn���Chnpqk�dqQTU+c�§
P�ms�x��W�|Z�nk��nW2c�dfQTW]�Ams��iTWVc<hs� � �O�ªhnp<yFk�µ?WVpfWVj·d��  ��k�dfQ   \<J � X J]mnjxy� � \ JC§

P�ms�T��W�|F¹ � �±�ªhCp<yFk�µ�W�pqW�j·d<�Ams��iTW2cRhs�&�  §�  �x§ ,�(s| �x§)(n| �x§ |
� � � (b§ }s� ~V��&T§ & ��,·�F§ (A}

¢²j Ò k��x§ &x 0m·¥ �RdqQTW���k�jxyFhA� W��nhC��iTdfk�hnj³k�c
wT��hsdedqWVy �ªhCp+dfQTW�dt��hÉcfWVcqcek�hnj6cX�ªhnp 8 \ J � \£�Twxc
mnjxy �  \ X � �F§�PRQTW
«R¤¦o�� �©��k�cZ��W2cfcKdfQxmnj"dfQTW � � §�PRQxW�Ê<¢e\�¤ mn���Chnpqk�dqQTU hC�Fdqmnk�jxcZmu�?W�dedqW�p
dqQTpqhniT�CQTwTiFd�k�j"dqQTk�cXg�mCceWC§ ¢²jÉdfQTW�jTW -bdXcfW�dZhs��cfk�UZiT��msdfk�hnjxcV����W�ceW�d �  dfh�k�d$c�pqWVg�hnU�U�W�jxyFW2y
�Amn��iTW'hs�¦�T§ , (s|T§�¢²j Ò k��6§ &x ª�?¥ �-dqQTWug�hnpqpqWVcfw6hCjxyFk�jT����k�jxyFhA�¸W��Chn��iFdfk�hnj¶k�cXwT��hsdfdfWVy±§ÉPRQTW�W�µ?W2g d
hn�Ik�jxg�pqWVmCcek�jT� �  k�c©dqh'pqWVyTixg�WZdfQTW+cfQxmspqW�hn�IdqQTW+Ê<¢e\u¤¸cfWVcqcek�hnjO§�¢²jP�ms�x��W &T�±m'g�hCUXw6mspqk�cfhnj�hn�
dqQTW��Amn��iTW2c�hC�Fdqmnk�jxWVy£�ªpqhnU#msj6ms��abcfklc�msj6y�cek�U�ix��msdfk�hnjxc�k�c©wTpqWVcfW�j·dfW2y�§©Ê8�nhbhFyuU+mAd$g$Quk�c¦hn�6ceWVpf�CWVy
�?W�dt��W�WVj
dqQTW�msj6ms��abcfklc�mnjxy£cek�U�ix��msdfk�hnjxcV§

Ò pfhCU  ¡}n}C¥��Ck�dR��mCc-hn�xcfW�pq�nW2yZdfQxmsdIdfQxW<dfQxpfhCiT�nQTwxiFdIhn�Tdqmsk�jTW2y+�baZW2mng$Q°Ê<¢e\�¤ cfWVcqcek�hnj+pqW�U+mnk�jxc
g�hnjxcedqmnj·d°��QTW�pqWVmCc�dfQTW�dfhndqms��dfQTpqhnix�nQTwTiTd�hs�]dqQTW\£¢e\�¤ cfWVcqcek�hnj6c+k�j6g�pqWVmncfWVc°��k�dqQ k�j6g�pqWVmncfWuk�j
gVmswxmCg�k�dtan§:Ê�j£Ê�¢e\u¤ i6ceWVp�U�mLa
��mnjCdRdqh+hn�Fd$msk�j�dqQTpqhniT�CQTwTiFd$c�cek�U�k��lmspRdqh°m°\£¢e\u¤zixcfW�p2§:¢²j'dfQxk�c
gVmncfWn�AdqQTW©Ê�¢e\u¤ i6ceWVp:U+mLa�hnw?W�j°cfW��CW�p$ms�TcfWVcqcek�hnj6c-k�j+hCpqyTW�p�dfh�k�U�wTpqhA�nWRk�dqc:hC�xcfW�pq�nWVy�dfQxpfhCiT�nQTwxiFdV§

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ �C|

 0

 50

 100

 150

 200

 250

 0  50  100  150  200  250  300  350  400

W
in

do
w

 s
iz

e

Time(s)

AIMD
MIMD

kV6 q c � � 	 W Q <34$m���� � W�i � m�� � ��� W8;=4gm

 0

 20

 40

 60

 80

 100

 120

 140

 160

 180

 200

 0  20  40  60  80  100  120  140  160

W
in

do
w

 s
iz

e

Time(s)

AIMD
MIMD

k Q�q c � �&W W Q <34gm�� � � W�i �
	
� m�� � ��� W8;=4gm
Ò k��niTpqW"&T¹ � k�jxyFhA�´WV�nhC��iFdqk�hCj
�ªhCp�hnjTW�\£¢e\�¤ ceW2cfcfk�hnj£msjxy�hnjTWKÊ�¢e\u¤�cfWVcqcek�hnjO§

Pmn�T��W &x¹�[©jTW�\£¢e\u¤ mnjxy'hnjTWKÊ�¢e\u¤ cfWVcqcek�hnj±§i�9\<J �?XnU�cV§
¨±k�jT�'_bw?W�W2y � � � � � � � � ¡\£�xwxcq¥  Å\£�Twxc$¥  Å\£�Twxc$¥  ªw6mng$�nW�dqc$¥  0wxmng$�CW�dqc$¥

} �T§ �C�� Å�F§ } &·¥ �x§ &' 0�x§ |C�n¥ &�&T§ �
  (A�x§)(n¥ ~V}x§ �6~Z t~C~2¥
�g\KX � � | �6§ �·|
 0�x§�~2¥ �T§ (s|� 0�x§)(F~2¥ � &T§ ,C�� 0��,C¥ ~V}x§ �6~Z t~L�n¥

~V� ,x§ ,�&' �,T§ (L�b¥ �T§ �C�� 0�x§ ,�&C¥ ~�(A}x§ }C�
 t~�(A}·¥ ~V}x§ �6~Z t~L�n¥
~V} �6§)(s}' Å|F§�~V�·¥ �x§ �C�� ¡|T§ &n�·¥ &n�T§ �n�'  &�(s¥ &n�x§ &'  &C�C¥

� \_X � ��� � ~2| &x§ ��,' �&T§ &C�C¥ |F§ �s�£ ¡|T§ &·|n¥ , &T§ |s�'  ,n�·¥ &n�x§ &'  &�,C¥
}n� ~ &x§ &n�' e~ &x§ �·|n¥ |F§ ��(
 ¡|T§ ,�&C¥ �T~*(F§ ,C}
 ¡�T~n~L¥ &n�x§ &'  &C�C¥

_Fk�jxg�W+WVmCg$Q�Ê�¢e\u¤ cfWVcqcfk�hCj��CW�dqcKdfQTW°cqmsU�W�dfQxpfhCiT�nQTwxiFd�k�j6yFW�w?W�jxyTW�j·d�hs��dfQxW°jbiTU��?W�p�hn�RÊ�¢e\u¤
cfWVcqcfk�hCjxcu 0mCcfcfiTU�k�jx��dqQTW�pqW�klc°cfi �°g�k�W�j·d
g�mnwxmng�k�dtaT¥ �Rmsj Ê�¢e\u¤ i6ceWVp°g�msj³k�U�wTpfhA�CW£k�d$c°hn�6ceWVpf�CWVy
dqQTpqhniT�CQTwTiFd��ba°hnw?W�jxk�jT�+UZiT��dfk�wT��W�cfWVcqcfk�hCjxc�§

-.-0/�132�4�576



� & ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
� � Ð��:Ð ��� ��� Ð���� 
 � 6 �b½�Ä��+»AÂ Â�½�Ä ¼�À � �6q½�º<Ã0#RÄ�½�ÄqÄ Á ÃsÀTÄ ��� � � Á ¼ � � � Á � �+»sÀ  � ��� �bÄ�½�º=� Á Â Â?Ã� ¼²» Á À
» q½�¼Å¼¯½�º 
sÂ�Ã?q»AÂ¼ �·ºfÃ�� 
���¿ �F¼
�$Ã��©¿T»Aºf½$¾+¼²Ã�Ä Á À�
sÂ�½ ��� ��� �bÄ�½�º Á Ä 
 Á �A½�À ��

� \ � � 9
�

 � � � �
� � !�� A  ¡}C|n¥

� �F½�ºq½ 9 \ � �� �� � � � 
� �� C + � � � � Á Ä°¼��b½'½��d� Á Â Á  º Á � � � Á À?¾CÃ)� Ã0#
»sÀ���ÃAÀ�½£Ã0#+¼��b½  ����� Ä�½ Ä$Ä Á ÃAÀxÄ
»sÀ?¾ Á Ä�¾C½ �IÀ?½$¾ Á À�� 8 � ! � »sÀ?¾ � Á ÄZ»LÄ�¾C½ �IÀ?½$¾ Á À � 8�! ! #
� hsdqW�dfQ6mAd � yFW�w?W�j6yTc¦hnjT��a�hCj �Çmsjxy£dqQTWXk�jxg�pfW2mncfW�msjxy�yFWVg�pfW2mncfW�wxmsp$msU�W�dfW�p$c<hn�-dfQTW�dt��h'ms���nhn®pqk�dfQTU+cV§:Pmn�T��W (��nk��nW2c�dfQTWK�Ams��iTWKhn� � �ªhnp<yFk�µ�W�pqW�j·d<�Ams��iTWVcRhn��� �ªhCp�  \_X � ��� �F§

P�ms�T��W (b¹ � �ªhnp<yFk�µ�W�pqW�j·d��Lmn��ixWVcRhs� �©§
�  \ � ~V�n� |n�n� ~2�n�C� ~2�n�C�n� |s�C�n�n�X � � � } ~ , } ( } (n� ~ ,�&n}
�  \ � ~V�n� |n�n� ~2�n�C� ~2�n�C�n� |s�C�n�n�X � ��� � � ~ } ( (b~ }·|�,

_bk�U�k��lmsp<dfhXdfQTWZÊ<¢e\u¤zi6ceWVpV�Tm°\£¢e\�¤zixcfW�p<U+mLa
mn��cfh�dqpfa
dfh+k�U�wTpfhA�CW©k�dqc<hn�xcfW�pq�nW2y+dfQxpfhCiT�nQF®
wxiFdX�ba�hnw?W�jxk�jT�ceWV�nWVpqmn��cfWVcqcek�hnjxcV§_Fk�jxg�Wn���ªpqhnU( 0}C}C¥��-dfQTW'Ê<¢e\u¤ i6ceWVp���k����R�nW�dXm�dfQTpqhniT�CQTwTiFd
k�jxyFWVw6WVjxyFWVjCdKhn�:dfQTWXjbiTU��?W�p]hn��\£¢e\u¤ cfWVcqcek�hnjxcV�?dfQTWXhn�6ceWVpf�CWVy£dqQTpfhCiT�nQxwTiFd©hn��msj�\£¢e\u¤ ixcfW�p
��k����TjThsd:k�U�wTpqhA�nWR�ba�hnw?W�jxk�jT��cfW��CW�p$ms�FcfWVcqcek�hnjxcV§PRQxk�c-pqWVcfiT��d:k�c:k�j°g�hnj·dfp$mnced�dfh]dfQxW�pfW2ceiT��d:hn�Tdqmsk�jTW2y
k�j� 0}·|n¥���QxW�pqW<��W�jxhsdfW2y�dfQ6mAd�mnj°Ê<¢e\u¤ ixcfW�pIgVmsj+k�UXwxpfhA�CW�k�d$c:hn�6ceWVpf�CWVyZdfQTpqhnix�nQTwTiTd:�·aXhnw?W�jxk�jT�
cfW��CW�p$ms��cfWVcqcek�hnjxcV§

� �����	����'��]������� ��A�Z�����
	�����C� ���	��	<��� � �����C�
¢²j
dfQTklc�cfWVg dqk�hCj°��W¦cedfixyTa�dfQTW]W�µ�WVg�d�hn�QxmL�bk�jT�ZmZyFk�µ?WVpfWVjCd�v�P�P �ªhCp�W2mng$Q�cfWVcqcfk�hCj°hnj
dfQTW¦W��·iTk���k��F®
pqk�iTU ��k�jxyFhA� �?W�QxmL�bk�hniTp2§<PRQTW�jxhsdqmsdfk�hnjuixcfWVy�msjxy'dqQTWZcqg�WVjxmspqk�h+klc�dfQTWXcfmnUXWZmnc�k�j�_bW2gs§©|T§ � W
mCcfcfiTU�WZdfQxmsd¦dqQTW�pqWXW -Fk�cedqc]m'«R¤©o�� �©�±cei6g$Q�dqQxmAd¦dfQTWVpfW�klc]m'cfabjxg$QTpqhnjTk�¬�W2yu��hCcqc���QTWVjg�hnjxyTk�dqk�hCj
 Å�A�b¥Iklc�cqmAdfklceÆxWVy�§:¨OW�d�� � �?W]dfQxW�v�P�P hs��ceW2cfcfk�hnj�(q§-PRQTWVj±�T��WKg�msj'pqW���pqk�dqW� Å��(n¥�mCc��ªhn����hA�<cV§

��� \ �  ���5 � 
 #g! 5 A J Rj( R��*A  ¡} &C¥
��� \ � � � ��� Q  � � � 	�� �C�"A �GQ J R ( R�� �  ¡} (s¥

PRQxW¦W -FwTpfW2cfcfk�hnjxc��ªhnpRdqQTpqhniT�CQTwTiFd<mspqWKmnc��ªhC����hA�<c�§

�.�#\ �� � �
� 

��� � � � 
� 5 �� C +  �  �ªhCp0J0R (�R��*A

�
� 

���: � � � � 
� 5 �� C + � �ªhnp��0Q J0R ( R�� �

 ¡} ,C¥

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ � (

Ò hnp¦ 0} &·¥�dqh��?W¦g�hnjxcfk�cedfWVj·d � �<QxmncIdfhZ�6W©W��·ixms�6dfh � �5\�� ����� � # � ���� �	��� 
����
� ��
 �� � � � � � §:PRQxW�pqW��ªhnpqWn�·msU�hnjx�dqQTW°\£¢e\u¤¸cfWVcqcek�hnj6c���hnjx��a£dqQTW+ceW2cfcfk�hCj���k�dfQ�dfQTW���WVmCctdKv�P�Pz��k����-QxmL�CWXmnj�W��·iTk���k��Tpqk�iTU#��k�j6yFhA�

cfk�¬�W]yFk�µ�W�pqW�j·d��ªpqhnU^Xx§�PRQxWKW��·iTk���k��Tpqk�iTU ��k�jxyThA� hs�dfQTW]hsdqQTW�p�\u¢e\u¤zceW2cfcfk�hnjxc���k������Ch�dqhkXx§ � W
gVmsj±�6dfQxW�pqW��ªhnpqWn��g�hCjxcfk�yFWVp<dqQTWZgVmncfW���QTW�pqW�dqQTW�pqW�klc�hCjT��a'hCjTWX\u¢e\u¤8cfWVcqcfk�hCj�msjxy�cfW��CW�p$ms�OÊ�¢e\u¤
cfWVcqcfk�hCjxc�§
Ò hnp��6\ JC�b�ªpfhCU  0}�&C¥�msj6y ¡} (n¥ �F��W¦hC�Fdqmnk�j

� � \ � �

��� � J	0�  �

���   A

� � \  � � �J�� � �

��� � J	0� � �

���  �� � �� � A�LVR ( R���A

� � \ �  � �
� 
� � B

�DC �
� � � �

PRQTWk�jCdqW�pf®Å��hCcqc+dqk�U�W�yFW�w?W�j6yTc'W�j·dfk�pfWV��a hCj dfQxW�wxmnpqmnU�W�dfWVpqc�msjxy dfQTW�v�P�P#hs�KdqQTW"\£¢e\u¤
cfWVcqcfk�hCj±§:PRQTWKW�µ�WVg�d�hs�-yFk�µ?WVpfWVj·d�v�P�P�cR�ªhCp�dfQTW�Ê�¢e\u¤�cfWVcqcfk�hCjxcRk�c�dfh°cqg�ms��W�� � �ba�mX�0mng�dfhCp�hs�Z! 9! 5 §PRQxW�pqW��ªhnpqWn�Fmnj'Ê�¢e\u¤�cfWVcqcek�hnj���k�dqQ£��hA��W�p�v�P�P gVmsj'hn�Fd$msk�j'm��?W�dfdfWVpRdfQTpqhniT�CQTwTiFd2§

���� / � ���2"%��/ � � ���

¢¯�-dqQTW�pqWZmnpfW �:\£¢e\u¤ cfWVcqcek�hnjxc<��k�dqQ�yFk�µ?WVpfWVj·d¦v�P�Pc¦cfQxmspqk�jx�°m°��k�jT���?dfQxW�judqQTWZcfWVcqcek�hnju��k�dfQ�dfQTW
cfU+ms����W2ctd�v�P�P ��k������CW�d<ms���?dfQTWKg�mnwxmng�k�dta°mnjxy+dqQTW]��k�j6yFhA�<c��ªhnpRhsdqQTW�p�cfWVcqcek�hnjxc���k������Ch�dfh+�x§�PRQxk�c
pqWVcfiT��d<��mCc�ms�lceh�U�W�j·dqk�hCjTWVy��T�ªhnp�dt��h+ceW2cfcfk�hCjxcV�Fk�j�� ( �¯§ �<hA��W��CW�p2�Fk���dfQxW�ceW2cfcfk�hnjxcRQxmL�CW¦dfQTWK��k��?W�pfdta
dqh'g$Qxh·h·ceWZdfQxW�k�p¦k�jxg�pfW2mncfWXmnjxy�yFW2g�pqWVmCceWZwxmsp$msU�W�dqW�p$c<dqQTW�jWVmCg$Q�cfWVcqcek�hnjg�mnj�hn�Tdqmsk�j�cfhnU�W�ceQ6mspqW
hn��dqQTW°g�mnwxmng�k�dtaC§°¨±W�dL  �<mnjxy �  �R�6W�dqQTW°k�jxg�pqWVmCceWXwxmnpqmnUXW�dfWVp�msjxy�dfQxW°yFWVg�pfW2mncfWZwxmnpqmnU�W�dfWVpV�pqWVcfw?WVg dqk��CW���an�Fhn�OdfQxWZ(!1-3+\u¢e\u¤�cfWVcqcek�hnjO§
� � Ð��:Ð ��� ��� Ð�����
����Ä�½�ÄqÄ Á ÃsÀTÄ1� Á ¼ �£¾ Á � ½�ºf½�Àx¼�� 6 6±Ä � Á Â Â �b»E�L½X»9q½��F»�� Á Ã��Fº]Ä Á � Á Â�»AºK¼²Ã ��Ä�½ Ä$Ä Á ÃAÀxÄ� Á ¼���¼��b½�Ä�»��+½�� 6 6 Á #

� � 
��� � J	0�  � �

��� �   � � \K4 �t»9�$ÃAÀxÄ$¼²»AÀ6¼ ! �  ¡}n�C¥

6 �F½ Á À6¼¯½�º5�²Â�ÃLÄ$ÄK¼ Á ��½ � � � � � Á Â ÂO¼��b½�ÀIq½Z½��f�x»AÂ±¼²ÃG4 #
� � Ð±Ð�����
 � �X½]À�ÃA¼²½]¼��b»A¼ � Á ¼ ��¼ � Á Ä(�A»AÂ �x½ZÃ0# � � � � 8 ��! Á Ä0�$ÃsÀTÄ Á Ä ¼¯½�Àx¼ # 6 �b½�ºf½#�ÃAºf½ � »sÀ�½��d� Á Â Á �º Á � �Ä�ÃsÂ �F¼ Á ÃsÀ ½N& Á Ä ¼0Ä�# 2½�¼ ')�/X�� Á Ä
¼ �F½ Á À Á ¼ Á »AÂ=� Á À�¾nÃ)� �A½"��¼²ÃAº�# 6 �b½u¼ Á �+½'¼¯Ã�¼��b½ �Iº$Ä ¼©Ä5�AÀ*���·ºfÃAÀ Á-, ½$¾
Â�ÃLÄ$Ä �  � � �$»AÀ q½S�$Ã��©¿ �F¼²½$¾ �bÄ Á À�
£¼��b½S�$ÃAÀ�¾ Á ¼ Á ÃAÀ � �

�DC + ' � �/X��5 1 9 #g! 5 � \ � # ��½S�$»AÀ"À?Ã �<�$Ã���¿ �F¼¯½' � �BJE� \ �  � ' � �/X��5 1 9 #g! 5 � #76 �F½'À?½'&n¼©Â�ÃLÄ$Ä � Á Â ÂRÃH�P�f�Fº�»0#$¼²½�º�»�¼ Á �+½	� ��#"6 � Á Ä �q»sÀ q½ �A½�º Á ��½q¾ ��
À�ÃA¼ Á À 

¼ �F»A¼ � �

�DC + 465 � � 7� � 5 \ � � »sÀ?¾  � \ � �+
 Á �L½�À ���� 8 ��!+Ä�»s¼ Á Ä ��½ Ä � �
� C + ' � �FJE�  1 = #g! \ � # �±ºfÃ��

¼�� Á Ä �I½'Ã?�¼¯» Á À  � \ � � #H! Á À*�q½  � Á Ä+¼ �F½�½��f� Á Â Á �º Á � � �A»AÂ �x½�Ã/#�¼ �F½ Á À6¼¯½�º5�²Â�ÃLÄ$Ä+¼ Á ��½ � ' � �BJE� � Á Â Â
»sÂ Ä�Ã q½X¼ �F½+½�f� Á Â Á �º Á � � �A»AÂ �x½°Ã/# � � #���Ã � � ¼��b½ZÄ5�LÄ ¼²½ � � Á Â Â q½ZÄ Á � Á Â�»AºX¼¯Ã�¼��b½XÄ�»��+½�� 6 6 �$»LÄ�½� �F½�ºq½'¼ �F½'½��f� Á Â Á �º Á � � � Á À?¾nÃ �T�A½P��¼²ÃAº Á Ä
¼ �F½
Ä�»���½u»AÄ°¼ �F½ � Á À?¾CÃ)�Y�A½P��¼²ÃAº�� �bÄ ¼]»/#$¼¯½�º
¼��b½��Iº$Ä$¼
Ä5�AÀ*���·ºfÃAÀ Á-, ½$¾
Â�ÃLÄ$Ä�#

-.-0/�132�4�576



� , ©Â ¼ ��»sÀ � ��2ºf»�� �b½�À��sÃ�� �
	�� ºf»� ���
PRQxW�pqW��ªhnpqW'��W�gVmsj hn�Fd$msk�j³m�g�hnjxyFk�dfk�hnj³hCj cfW�dfdfk�jT��dfQTWuk�jxg�pfW2mncfW£mnjxy³yFWVg�pfW2mncfW�w6msp$msU�W�dqW�p$cZhn�
\u¢e\u¤ ms���nhCpfk�dfQxU�mnc�mZ�ªiTjxg�dfk�hnj£dfQxW]v�P�P k�j£hCpqyFWVpRjThsd�dqhX�?WKW -bdqpfWVUXWV��a
iTjF�0msk�p2§

� ������� � ���������

¢²j dqQTWuÆxp$ctd�wxmspfd°hs�¦dfQTW�wxmsw?W�p2�R��W�cedfixyTk�W2y dfQTWu�0mnk�pqjTW2cfc�k�j ceW2cfcfk�hnjxcu 0��k�dqQ W�k�dfQTWVp°dfQxW�cfmnU�W
v�P�P8hnpKyFk�µ?WVpfWVj·d�v�P�P�c$¥¦ixcek�jT��\£¢e\u¤ g�hnjx�nWVcedfk�hnjg�hCjCdqpfhC�:ms���nhCpfk�dfQTU£§ Ò hCp]dfQTW°cfWVcqcek�hnj6c©��k�dfQ
dqQTW�cfmnUXWZv�P�P]��k�d¦�Rmnc�hn�xcfW�pq�nW2y'dfQxmsd©dqQTW�pqW��Rmnc©W -bdqpfWVUXWZiTjF�0mnk�pqjTWVcqc<WV�nWVj�k�j�dfQTW�g�mCceW�hs�Ip$mAdqW
k�jxyFWVw6WVjxyFWVjCdumncfabjxg$QTpqhnjThCixc°��hCcqcfWVcV§8¢¯d£��mCc�cfQThA��j dqQxmAd'�0msk�p£ceQxmnpfk�jT� g�hnix��y �?W"mng$QTk�W��CWVy³�ba
k�j·dfpqhFyFixg�k�jT�'m�cedfpqWVmnU hn�Ip$mAdfW�yFWVw6WVjxyFW�j·d�mncfabjxg$QTpqhnjThCixc���hCcqceW2c�§ Ò hnp¦dfQTW�g�mCceWXhs��ceW2cfcfk�hCjxc<��k�dfQ
yTk�µ�W�pqW�j·d©v�P�P�c��?k�d¦��mCc<hC�xceWVpf�CWVy�dfQ6mAd<dqQTWZmnpfpqk��Amn�±pqmsdfW�hn��dfQTW2ceWZpqmsdfW�yFWVw6WVjxyFW�j·dKmncfabjxg$QTpqhnjThCixc
��hCcqcfWVc�QxmCy�dqhK�6W<�CpfW2mAdqW�p�dfQxmnj+m¦g�W�pfdqmnk�j�U�k�jxk�UZiTU�p$mAdqW�k�j�hnp$yFWVpdqh�mng$QTk�W��CW��0msk�pfjTW2cfcV§PRQxW�pqW��ªhnpqWn�
k�j�jTW�dt��hnpq�Fc���k�dqQ+ceW2cfcfk�hCjxc�ixcfk�jx��\£¢e\u¤´mn���Chnpqk�dqQTU+c��smKcedfpqWVmnU hs��p$mAdfW<yTW�w?W�jxyFWVj·d�mncfabjxg$QTpqhnjThCixc
��hCcqcfWVcV�?i6cek�jT�x�?�ªhCp¦W -TmsU�wT��Wn�±cfhnU�W��TiTµ?WVp¦U+mnjxms�CW�U�W�j·d¦cqg$QTWVUXWC����hCiT�ly��?WZjTW2g�W2cfcqmspqa'dfh'W�jxcfiTpqW
�0mnk�p]cfQxmspqk�jx�x§�¢²j�dfQTW�cfWVg�hCjxy£wxmnped¦hs�:dqQTWZw6msw?W�p2�6��WXcedfi6yFk�W2y�g�mnwxmng�k�dtaucfQxmspqk�jT�°�?W�dt��W�W�j\£¢e\u¤
cfWVcqcfk�hCjxc:msj6y+Ê<¢e\u¤ÇceW2cfcfk�hnjxcV§O¢¯d���mCc-jThsdqWVy�dqQxmAdI�ªhnp�m��nk��nW�j+cfW�d�hs��wxmsp$msU�W�dfW�p$cV�nÊ<¢e\u¤ÇcfWVcqcek�hnjxc
�ChsdKm°dqQTpqhniT�CQTwTiFd]��QTklg$Q�klc]k�jxyTW�w?W�jxyFWVj·d]hn�:dfQxW�«R¤¦o��Omsjxy�dfQxmsd]dfQTWXpfW2ctd]hs��dfQTW+gVmswxmCg�k�dta'�Rmnc
iTdfk���k�¬�W2y��ba�dfQTW
\£¢e\�¤ cfWVcqcek�hnj±§+¢²j�jTW�dt��hCpf�Fc¦��k�dfQÉ«R¤©o ��WVcqc¦dfQ6msj"m'dfQTpqWVcfQThC��y��Ams��iTWn��k�d��Rmnc
hC�xcfW�pq�nWVy�dfQ6mAd�hCjTW°Ê<¢e\u¤ cfWVcqcek�hnj�hn�Tdqmsk�jTW2y��?W�dfdfWVp�dfQxpfhCiT�nQTwxiFd�dfQ6msj�hnjTW'\£¢e\u¤ cfWVcqcfk�hCj±§�¢¯d
�Rmnc+mn��cfh�hn�xcfW�pq�nW2yÉdqQxmAd'msj Ê<¢e\u¤ ixcfW�p
g�hniT�ly hnw?W�j U�ix��dqk�wT��W�cfWVcqcek�hnjxc�k�j hnp$yFWVp�dfh"k�UXwxpfhA�CW
k�dqc�hn�xcfW�pq�nW2yudfQxpfhCiT�nQTwxiFd���QTW�pqWVmCc¦�ªhnpKdqQTW
\£¢e\u¤ ixcfW�p]dfQxW+dfQTpqhnix�nQTwTiTd���mCc]k�jb�Amspqk�mnj·d¦dqh£dfQTW
jbiTUZ�6WVp�hs�-ceW2cfcfk�hnjxc�k�d<hnw?W�jTW2y�§

� 	��A	���	<� �	��

��~��KP]§ h]W�����aC���A_Fg�mn��mn�T��W¦P�Y�o�¹6¢²U�wTpfhA�bk�jT��oWVpe�ªhCpfU+mnjxg�W¦k�j���k��CQxcfw6WVWVy � k�yFWZÊ<pqWVm � W�dt��hCpf�FcV� �
�:Ã���¿ �F¼¯½�º��:Ã�� � �FÀ Á �$»A¼ Á ÃAÀ �©½d� Á ½��-�T�nhC�¡§T}C}T�FjTh6§x�F�FwTw±§ ,n}��F�T~C�·Ê�wTpfk���n�n�n}x§

� ��� 5X§���k�jTjTklg�hCU��?Wn���s[©j¦dqQTW�_·d$ms�Tk���k�dta�hn� � W�dt��hnpq�FcO[©w6WVpqmsdfk�jT��P�Y�o�®¯��k��nW�Y�hCjT�nW2ctdqk�hCj�Y�hCj·dfpqhn�Å� �
k�j � ºfÃ@� #IÃ0#]¼��b½ � � +� �XÃsº Â�¾ �:ÃsÀ 
nºf½ Ä$Ä �6�n�n�C�T§

� }��K¤Z§:Y�QTk�i4msjxy"vK§ 'nmnk�jO�	�LÊ<jxmn��aFcfk�c�hs�RdfQTW
¢²jxg�pqWVmCceW�
A¤©WVg�pqWVmCceW�Ê<���nhCpfk�dfQxU�c��ªhnpXY�hCjT�nW2ctdqk�hCj
Ê�nhCk�yxmsjxg�W©k�juY�hCU�wTiFdfWVp � W�dt��hnpq�Fc�� ��TÃ��Fº À?»sÂOÃ0# �:Ã��©¿ �F¼²½�º �Z½�¼(�IÃAºP�2Ä�»AÀ?¾+�+! �����·�Chn�Å§�~*(b�
jxhx§±~C�FwTw±§±~��?~��6��~V� ,C�T§

� � ��_�§ 5¦hnpqk�j6ce�ban� � Ò WVWVyF�6mng$� \£hFyFWV��k�jT� k�j�¢²j·dfWVpfjTW�d Y�hCjT�nW2ctdqk�hCj�Y�hCjCdqpfhC�¡� � k�j� ºfÃH��#¸Ã0# � � � ���� � � � !x� Ò WV�Tpqixmspqa��n�n�s�6� Ê<�lceh�ceWVW m(dqWVg$QTk�jxg�mn��pqW�w?hnpfd mAd
Q·dfdfw±¹�
�
A�����K§ mnpf�Å§ ��i6ctdq�¡§ WVyFi�
��n�nhCpfk�jxcf�·a�
�P�v��s�C�C�L®²}n�x§ w6c�§

� |�� 5X§ ��mCceWV�CmL�RmT��\�§�\£iTp$mAdqmx�<msjxy ��§R\uk�a·msQxmnpqmx��� Ò mnk�pqjTW2cfc°mnjxy _·d$ms�Tk���k�dta³hs��g�hCjT�nW2ctdqk�hCj
g�hnj·dfpqhn��U�W2g$QxmsjTklcfU�c�hn��P�Y�o�� � 66½�Â�½P�qÃ��+�V�FÀ Á �$»s¼ Á ÃsÀH!*�LÄ ¼²½ �ZÄ � � hA�CW�U��?W�p<�n�n�n�x§

oqp -io=r



�» Á º À�½ Ä$Ä Á À��������	�:ÃAÀ�
C½�Ä ¼ Á ÃsÀ��:ÃAÀ6¼¡ºqÃAÂ�©Â 
·ÃAº Á ¼����ZÄ �n�

� &��K¤Z§s¨±hC�niTk�jThA�]msjxy+��§Av<mCyFQxmT��� /:jxyb®Ådfhs® /-jxyZv<mAdqW�®²«RmncfWVyZY�hCjT�nW2ctdqk�hCjZY�hnj·dfpqhn�Å¹Y�hnjb�nWVpf�CW�jxg�W
o:pfhCw6WVpedqk�W2cImsj6y°_Fg�mn��mn�Tk���k�dtaZÊ<j6ms��abcfklc�� � � ��� ��� +� � 6Fºf»sÀTÄ�»���¼ Á ÃAÀTÄ]ÃAÀ ��½�¼�IÃsºP� Á À�
s�b�nhC�¡§x~n~n�
jxhx§T�6�TÊ<iT�Cixctd©�n�n�C}T§

�)(*�K¨I§��©i±� h�§���mspf�ªhni6ceQ±�6msjxy'¢ §6v<QTW�WC� �L«�k�jxmspqa°¢²jxg�pfW2mncfW�Y�hCjT�nW2ctdqk�hCjuY�hCj·dfpqhn�: 0«�¢fYR¥��ªhCp Ò mCctd
¨OhnjT�n®¯¤©klctd$msjxg�W � W�dt��hnpq��� �
k�j � ºfÃH��#:Ã/# � � ��� � À�#�ÃH�$Ã��X�6\umnpqg$Qu�s�C�s�6§

� ,��KÊ�§O«�ixyFQTk�p$mAremT� Ò §���W�pqj��sj6yFW�¬�®tY�mnUXw?hCcV����§ 5X§+h]iT���AmspqjTk¡�I�Omsjxy Ò §O¤Z§O_bU�k�dqQ±� �A_·dqhbg$Q6mncedfklg
¤©k�µ?WVpfWVjCdqk�mn�6/6�·ixmAdqk�hCj��ªhCpKP�Y�o � k�jxyFhA�È_bk�¬VWn¹KÊ<j6ms��abcfklc¦mnjxy / -Fw6WVpfk�U�W�j·dqmn� �:ms��k�yTmsdfk�hnj±� �� ºfÃ?q»? Á Â Á ¼(� Á À�¼ �F½ ��À�
 Á À�½$½�º Á À�
�»sÀ?¾ ��À�#�Ãsº���»s¼ Á ÃsÀ?»AÂS!*� Á ½�À �$½ Ä �T�Chn�Å§�~ ,T�Fwxw±§±~n~C~ ��~��C�x�·�n�n�s�6§

� ����[Z§FÊ�k�df® ��W�����mn�¡�!/�§FÊ<��dfU+mnj±�T¤�§!/-��hni6mnyF�CQTk�pqkÅ�F\"§ /-pqp$msU+yTmsjxk¡�Fmsj6y � §T\£k��nhCi±� �Lo�W�pf�ªhnpqU+msjxg�W
hn�RP�Y�o 
L¢to�¹OdfQTW°gVmncfWXhn��dt��h�Y�hnj·dfpqhn����WVy�_FhniTp$g�W2c�� � k�j � ºfÃ@� #�Ã/#+¼��b½ ��� � ��� � ����~V�C� (F�±wTw±§� &n���·��(�(b§

��~V��� 5X§ Ò mLanhC����Wn� �Z§ Ê�§O\ums��aFceQxW����Omsj6y\�§ ��§O\uW�jxcfQTk��nhA��� 66Ã$¿ Á � Ä Á ÀÉ¼��b½��:ÃAÀTÄ ¼Åº � ��¼ Á �A½ 6 �b½$ÃAº5�
Ã/# �:Ã��FÀ6¼¯»� Â�½ ��»AºP�sÃ�� � �b» Á ÀTÄ ��Y�mnU��Tpqk�yT�nW �<jTk��nWVpqcfk�dta°o:pfW2cfcV�±~V�C�C|T§

��~n~��]¨I§ h]��W�k�jTpfhFg$�������x½f�x½ Á À 
 !��LÄ ¼¯½���Ä
	6ÃsÂ � ��½ � � 6 �F½qÃsº5�A� � k���WVa���cfhnj6c���~2� (s|T§
��~2��� 'x§ 5X§)h]W�U�WVj·aC� 'x§ ¨:§�_FjTW����¡��msj6y"Ê�§ � §#h]jxmnwTw±���X½�À � ��½�ºf»?�Â�½���»AºP�sÃ���� �b» Á ÀTÄ ��_bwxpfk�jT�nWVpe®

�-WVpf�lms�6� � WV��:hCpf���x�Aj6y
W2yFk�dqk�hCj±�±~2� (�&x§
��~V}��K_�§ o�§x\£WVa·j�msjxy°v�§bP��W�WVyTk�WC� ��»AºP�sÃ���� �F» Á ÀTÄ�»AÀ�¾ !6¼²ÃH� �b»AÄ ¼ Á �%!?¼¯»� Á Â Á ¼�A�-_bwTpqk�jx�nW�p2�b¨±hnj6yFhnj±�

~2�n�C}T§
��~�� �K_�§ \ugLY�msjTjxW msjxy _�§ Ò ��hAaby±� �2j6c�¹ � W�dt��hCpf� _bk�UZiT�lmAdfhCpV� � ÊO�Amsk��lms�T��W mAd

Q·dfdfw±¹�
�
A�����K§ klcekÅ§ WVyFi 
AjxcfjxmsU	
Lj6c 
F§

-.-0/�132�4�576



Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)

Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)

Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)

Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)

Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)

Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)��������� �	��
�

���������� ��� ���

ISSN 0249-6399


