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EGFIH�JLKLMONQP�RTSUKTVXWZY[K�\]SU^ZS_\`H�JLKTS
a?b`ced_K�\]f4ghSi\UbjVek

PlVXmnmoc1bi\lpZKqb`KTrjFIK�bjrjFnKts-u�v1v1wXxyNzf{V|^�}e~1~1}ON }e��mIVe�1KTS

���&�T�����n�X�X�
��K(mnb`KTSUK�s/\�Ves�VXmnmnb`c1V1rjF{\Uc�VesIVXk�^=��ghsn��\UFIK(moKTbi��c1bUJ�VXsIr�K�rjFIVXb`V1r�\UKTbUg�Si\Ug�r�S�ce��E]�@atSUKTS`SighcXsIS

ghs(\`FnKOmnbUK�SiKTsIr�K�ce��snK�\_��c1bU�Lb`cXWZ\`K�bjS���Fng�rjF[pZKTmnkhc�^�\`FnKqPlVesopZcXJ���VXbUkh^��]K�\UKTr�\UghcXs�� Pl����¡�JLKTrjFZ¢
VXsng�SiJ£��g�\UFy\_��c�¤¦¥�VXsIp¨§e©Zª?pZbUc1mymnb`cX«oVe«nghk�g�\_^���WnsIr�\UghcXsISL� Pl¬U�¡�®¯��KLr�cXsISUg�pZK�b�\UFnKLr�V1SiK���g�\UF�V
k�Veb`�XK@s=WnJ�«-K�b°ce�¯E]�@a�SUKTS`SUg�c1sIS���Fng�rjF�WoSiKG\`cX�XKTs�«IWIrj�XK�\`S���cXb°JLVXbU�=ghsn��¤¦¥�VesIp4§�©ZªImIVXrj�1K�\`S?Ve\?\UFnK
KTs/\UbjVesIr�Kqce��\UFnK�snK�\_�@cXb`�±®�²lsIpZKTb�SUcXJLK�SUg�JLmnkhg���^/ghsn�[V1SUSUWnJLmZ\`g�c1sISl�@K�pZKTbUgh³XK	V(SUK�\Oce�?KT´/WIVe\UghcXsIS
\`FIV�\q�1c�³XK�b`sµ\`FnKLK�³Xc1k�Wn\UghcXsycX�°\`FnKTSUK�E]�@a5SUKTS`SighcXsoS�VXsIp{\`FnKLbUc1WZ\UKTb`SOWnsopZK�bqr�c1sISUghpZKTb`Ve\UghcXs�®���K
\`FnK�s�SUcXkh³XK�\UFnK�SiK�K�´/WIV�\`g�c1sIS�s/WIJ�KTbUg�r�VXk�kh^	WISUghsn�qV]¶IY=K�p�m-cXghs/\�JLK�\UFIc=p�®��WIb�VXsIVekh^ZSig�S�r�VXsLrTVemZ\`Wnb`K
rjFoVebjVXr�\`K�b`ghSi\Ug�r�S�cX�¯«ocX\UF(Pl���;Vesop�E&VXg�k-�]b`cXm{�8E��O¡�J�K�rjFIVesIghSUJ�S?g�s(\UFnK]Pl¬U�b`cXWn\UK�b�®��WIb°JLcZpZK�k
g�S�³|VXk�g�pnVe\UKTp�\UFnb`cXWI�XF·SUg�J�Wnk�V�\UghcXsoS���Fng�rjF·SUFnc��¸\UFoV�\Lk�K�SUS�\UFIVXsº¹/»¼KTbUb`cXb�ghSLV1rjFng�KT³XK�p½g�s¨J�c/S_\
rTVXSUKTST®(¾�Veb`ghcXWIS�m-K�bU��cXb`J�VesIr�K(VesIVXk�^ZSUKTS�Veb`KL\UFnKTs�r�VXbUb`g�K�pyc1WZ\	WISUg�sI�4\UFng�S�VXmnmnb`c1VXrjF�g�s¿c1b`pnK�b�\Uc
Si\UWopZ^q\UFIK�g�JLmIV1r�\?ce�o\UFnKlP�¬U�mIVebjVeJLK�\UK�bjS�cXs�\UFnKGm-K�bU��cXb`J�VesIr�K@rjFIVXb`V1r�\`K�b`ghSi\Ug�r�S&ce�¯E]�@a�SUKTS`SUg�c1sIS�®
�WIbOb`KTSUWnk�\`S�SUFnc��À\UFIVe\�\UFnKLkhc1S`S�mIbUc1«IVe«nghkhgÁ\_^�\UFIbUK�SiFnc1khpyce�O§e©Zª]mIV1rj�XK�\`SOFIVXS�V�Sigh�XsIgÁ¶orTVes/\�K�Â-K�r�\
c1s�\UFnK]E]�@a�\`Fnb`cXWn�1FnmnWZ\°VXsIpLcXs�\UFIK]V|³XKTb`VX�XK�´/WnKTWnKlkhK�sn�X\UF�®?Ã=K�\i\Ughsn�q\`Fng�S�mIVXb`VXJ�K�\UKTb�r�cXsoSig�S_\jS?ghs
\`b`V1pZghsn��ceÂ½«oK�\_��KTK�s4\`FnK�snK�\_��c1bU��WZ\Ughkhg���V�\UghcXs{VXsIp�\UFIK	� Veghb`snKTS`SlVeJLc1sn�(E]�@a�r�c1snsnK�r�\UghcXsoS�®��Wnb
b`KTSUWnk�\`SGVek�SUc�SUFnc��"\UFIVe\lE&VXg�k¯��bUc1m[JLKTrjFIVXsng�SiJ¸g�SGmIVebU\Ug�r�Wnk�Veb`kh^�SUWng�\`Ve«Ik�KO��cXbO¤¦¥µmIV1rj�XK�\jS�\`c�S`V�\`ghSi��^
³�VXbUghcXWISlÄ�c=Ã[r�cXsISi\UbjVeghs/\`ST®
ÅµÆ/Ç±È`É�Ê ��Ë��X�
E]�@a�ÌIPlVXsIpZc1J'��VXbUkh^[��K�\UK�r�\`g�c1s�ÌIE�Veghk��]b`cXm�Ìna�V1rj�XK�\]fµVXbU�=ghsn�IÌZÍ�g�Y=K�p4a&c1g�s/\]f4K�\UFncZp¯®
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mIbUR�SiKTsIr�Kqp�� Wnsµb`cXWZ\`K�WnblWn\Ughk�g�SUVXs/\lk�K	JLR�r�VesIghSUJLK���PlVXsIpZcXJ'��Veb`k�^��]K�\UK�r�\UghcXs��� Pl�°�O¡]V|³XKTr�pZKTWZY
��c1sIr�\`g�c1sIS]pnK	mnb`cX«IVX«ng�khg�\UR�pZK�bUKid_K�\�Ì&¤¦¥(K�\L§e©Zª8®��]cXWIS�r�cXsoSig�pZR�b`cXsoS�Wns{�1b`VXsIp�sncXJ�«nbUK�pZK�SUKTS`SighcXsIS
E]�@a���k�� KTs/\Ub`R�KlpZWLb`RTSUKTVeWê®&��KTS���Eêc1�XKTs��@WIrj�XK�\`S��@Sic1s1\�Wn\Ughk�g�SiR�S?m-cXWnb�J�VXb`´/WnKTb�khKTS�mIVX´/WnK�\`S�¤¦¥qc1W
§e©Zª8®��?s�WZ\Ughk�g�S`Ves/\	r�K�bU\`VXg�sIKTS�F/^=m-ce\`FnHTSUKTS�SUg�JLmnkhgÁ¶-r�V�\`bUg�r�K�S�Ì¯sIcXWIS�pZR�\UK�b`JLg�sIcXsIS�khKTSORT´/WIVe\UghcXsIS�´/Wng
�1cXWn³1K�b`snK�s/\�k�� RT³Xc1k�WZ\`g�c1s	pZKTS�SUKTS`SighcXsISêE]�@aµK�s	mIbUR�SiKTsIr�K°pnW	bUc1WZ\UKTWnb&Pl¬U�®��?soSiWng�\UK1Ì�sncXWoS�b`RTSUcXkh³XcXsoS
khKTS	RT´/WIV�\`g�c1sISqs=WnJLR�b`g�´1WIK�JLK�s/\�VeW¿JLc�^1K�s½pZK(k�V4J�R�\UFncZpZK�pZW¿moc1g�s/\	¶IY=K1®��]ce\`bUK(VXsIVekh^ZSiKL\`g�KTs1\
r�cXJLmZ\`K�pZKTS]moKTbi\`KTS�p��nKTS�VeWµJLRTrTVesng�SUJ�K	P]��� K�\�pZK�Slm-K�bU\UK�S]p��nK�S]VXWµJ�R�r�VXsnghSUJLK���E�Veghk&��bUc1m���®
�]cXWIS[³�VekhghpZc1sIS�snce\`bUK{JLcZpZHTk�K�mIVeb4SighJ�WIkhVe\UghcXs�K�s J�c1s/\UbjVes/\�´/WnK�pIVesIS�khV�mnk�WoS[mIVXbi\4pZKTS�r�V1S�Ì
k�� K�b`bUKTWnblb`K�k�V�\Ugh³XK�KTSi\]g�sn��R�b`g�KTWnb���¹1»[®]a?khWISUg�KTWnb`SOVesoVekh^=SUKTS]pZK�m-K�bU��cXb`J�VesIr�K�Sic1s/\�VekhcXbjS�K�Â±KTr�\UWnRTKTS
KTsqWZ\UghkhghS`Ves/\�r�K�\U\UK�VXmnmnb`cZrjFnK�V�¶Is	p�� R�\UWIpZghK�b�k�� K�Â-K�\�pZK�S�mIVXb`VXJ�H�\Ub`KTS�pnK°P�¬UºSUWnb&E]�@a�®� �KTSêbUR�SiWIkÁ\jV�\`S
JLc1s1\`bUKTs/\O´/WnK�khKLSiKTWng�k�r�VXb`V1r�\`R�b`ghS`Ves/\lk�V���cXsor�\UghcXs�pZK�mIbUc1«IVe«nghkhgÁ\`R�pZK�S�moVX´/WnK�\jS�§e©Zª!�(WIsyghJ�moVXr�\
SUgh�Xsng�¶or�Ve\Ug���SUWnblkhK	pZR�«IgÁ\]pZK�Slr�c1snsnK�Y=ghcXsoS�E]�@a¨K�\�SUWnb�khV�\jVeghk�khK�JLc�^XK�sIsnKqpZW4\`VXJ�m-cXsµpZW4b`cXWZ\`K�Wnb
Pl¬U�®/a�cXWIb�¶IY=KTb@r�K�moVebjVeJLH�\`bUKlghk-� VeWZ\G\`bUc1Wn³XKTb°Wns�«oc1s�r�c1JLmnbUc1JLghS�K�s/\Ub`K]k�� WZ\Ughk�g�S`V�\UghcXs�pZW[b`RTSUKTVXW
K�\�k"� RT´/Wng�\UR]K�s/\Ub`K�k�K�S�r�c1snsnK�Y=ghcXsoS�E]�@a�®#�lc/S?b`RTSUWnkÁ\jV�\jS�J�c1s/\Ub`K�s/\°VeWIS`SUgI´/WnK�k�K�JLR�r�VesIghSUJLKlpZKlb`K_d_K�\
��E&VXg�k��]b`cXm��LVXmnmnkhgh´/WnR�VeWZY½mIVX´/WnK�\`S[¤¦¥IÌ�KTSi\�mIVXbi\`ghr�Wnk�ghH�b`K�JLKTs1\	«Ig�KTs·VXpnVXmZ\UR�m-cXWIb�S`V�\Ug�Si� VeghbUK�khKTS
r�cXs/\UbjVeghs/\UK�S@pnK�´/WIVXk�g�\UR	pnK�SUK�b`³=ghr�KX®
$ Ê ��� È �&% � ���
E]�@a�ÌIPlVXsIpZc1J'��VXbUkh^[��K�\UK�r�\`g�c1s�ÌIE�Veghk��]b`cXm�Ìna�V1rj�XK�\]fµVXbU�=ghsn�IÌZÍ�g�Y=K�p4a&c1g�s/\]f4K�\UFncZp¯®
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��g�Â-KTbUKTs1\`ghVe\UK�p"ÃZK�b`³/g�r�K�S{� ��g�Â¯Ã=KTbU³n¡LFoVXSL«-K�K�s�mIbUc1moc/SiK�p���c1b[Ve«-cXWZ\(FoVek��qpnKTr�V1pZK{VXS�V¿S`r�VXkhVX«nkhK
JLK�rjFIVesng�SUJ cX�êmnb`c�³=ghpZghsn��Ä�WoVekhgÁ\_^Lce�&ÃZK�b`³/g�r�K��éÄ�c=Ãn¡�ghs(\`FnKO¬ s1\`K�b`snK�\�®�� s=WnJ�«oKTb@cX�êS_\`WIpZghKTS@FIV|³1K
«-K�KTsºr�cXsIpnWIr�\`KTp·\Uc½WnsIpZKTb`Si\`VXsIpºSiWIrjFºVes"VebjrjFng�\UKTr�\UWnb`KX®¨¬ \(ghSLSi\Ughk�k]snce\(r�khKTVXbL��FIV�\(SUK�b`³/g�r�K�S�V
ÃZK�b`³/g�r�K�a?bUc�³=g�pZK�b�r�VesµcXÂ-KTb]WISUghsn����gÁÂ�Ã=KTbU³4JLKTrjFIVXsng�SiJ�S]VXsIpµVek�SUc(Fnc��;\UFnKT^µr�VesµmIbUc�³=g�pZK�\UFnKTJ
� v�� ®�ÍIcXb?K�YZVXJLmnk�K1Ì�K�YZmnkhcXg�\Ughsn��\UFnK ��SUSUWnb`KTp�ÍIcXb`�@VXb`png�sn��a&KTb"!lc1m �@K�FoV|³/ghcXb@�#��Íya"!��G¡ � x$�ISUK�b`³=ghr�K
g�S�´1WIgÁ\`K°ghs1\`bUg�r�Ve\UK°SUghsIr�K?\`FnKG´1WoVekhgÁ\_^Oce�ISUK�b`³=ghr�K?ceÂ±K�b`KTpqg�SêSi\`Ve\Ug�S_\`ghrTVekhk�^��XWoVebjVes/\UKTKTp¯®�PlVXsIpZc1JÀ�°Veb`k�^
��K�\`KTr�\UghcXs4��gÁ\`Fµ¬ sµVesIp{�WZ\��8P�¬U�¡Gmnk�V|^ZS�VLJLVed_cXb�b`cXkhK�g�s�\UFIK�pZKTSUgh�Xs4VesIp�\UFIK	g�JLmnkhK�JLKTs1\jV�\`g�c1s
cX�q\UFnK%�]Í¸r�khV1SUSUKTST® P�¬U�g�S�V¿JLKTrjFIVXsnghSUJ \UFIVe\�ghsIr�k�WIpnKTS�«ocX\UF&��r�\Ugh³XK½Ä�WIK�WnK½fµVesIVX�XKTJ�KTs/\
��c1bOr�cXsn�1KTSi\UghcXsyr�cXs/\Ub`cXk�Vesopµmnb`K���K�b`K�s/\`ghVXk&mIV1rj�XK�\]\Ub`KTVe\UJLK�s/\O��cXbqSUK�b`³/g�r�K�pZg�Â-KTbUKTs1\`ghVe\UghcXs�®qP�¬U¸ghS
rjFoVebjVXr�\`K�b`g��TKTpµ«=^µ\_�@c4sncXsn¢ pZK�r�b`KTV1Sighsn��pnbUc1m�mnb`cX«oVe«nghk�g�\_^µ��Wnsor�\UghcXsoS�®(EGFnKLJLc1Si\�VesoVekh^/�TKTp�r�VXSUKTS
VXbUK�mnghKTr�K�¢ ��ghSUKqkhg�snK�Veb���WIsIr�\`g�c1sIS]pZK�¶IsnK�p4«/^[\_��cL\`Fnb`KTSUFncXk�pnS�VesopµVLJLVeYZg�J�WnJ'pZb`cXm4mnb`cX«oVe«nghk�g�\_^X®
��FIK�s{\`FnK�´/WnKTWnKLSigh��K�ghS�«oKTk�c��À\`FnK�k�c��@K�b]\UFnb`KTSUFncXk�p¯Ì-snc�mIVXrj�1K�\]g�S�pnbUc1mnmoK�p¯®O��FnK�sy\UFnKL´/WnK�WnK
SUgh��K�ghS�ghs¨«-K�\_�@K�KTs�\UFIK�\_�@c�\UFnb`KTSUFncXk�pnSTÌ?mIVXrj�1K�\jS�VXbUK4pZb`cXmnm-KTp·b`VXsIpZcXJLkh^¿VXr�r�cXbjpZghsn�{\`FnKµpZbUc1m
mIbUc1«IVe«nghkhgÁ\_^q��WIsIr�\`g�c1s�®�@KT^XcXsop	\`FnKlWnmnm-K�b�\UFnb`KTSUFncXk�p¯ÌXVXs=^�ghsIr�c1J�ghsn��mIV1rj�XK�\jS?Veb`K�pZbUc1mnm-KTp��¦¶I�1WnbUK
M|¡�®

Drop probability

1

Queue sizemax inminout
max outmin in

pout
Max

p
in

Max

Í�gh�XWnb`KLM('���YnVeJLmnkhK�ce�?P�¬UÀkhc1S`SGmnb`cX«IVX«nghk�g�\_^L��WnsIr�\UghcXsIS

��V1rjF���WnsIr�\`g�c1s½ghS	V1SUSUgh�XsnK�p{\`cµcXsnK�r�k�VXS`STÌêgé® K1®{¤¦¥�cXb[§e©Zª8®)!lK�sor�KXÌê\Ucµ�1g�³1K�«-K�\U\UKTb�SiKTbU³=g�r�K�\Uc
¤¦¥µmoVXrj�XK�\`S°\UFIVXs½§e©Zª°mIV1rj�XK�\`S@��KOsnKTKTp[\UcLSiK�\�rTVeb`K���Wnkhkh^L\UFnK�mIVXb`VXJ�K�\UKTb`S°ce�ê\`FnKqpZb`cXm[mIbUc1«IVe«nghkhgÁ\_^
��WIsIr�\`g�c1sIS�®���K�Veb`KLWnsIV|�GVeb`KLce�lVes=^ymIbUKT³/ghcXWoS���c1bU�y\UFIVe\�K�YZmnkhghr�gÁ\`k�^�K�YnVXJ�ghsnK�S�\UFnK[mnbUc1«nkhK�J cX�
FIc���\Uc�SUK�\�\`Fnc1SUK�mIVebjVeJLK�\`K�bjS@g�s4cXbjpZKTb�\`c�SUVe\Ug�S_��^[V�\`b`V*�r�r�cXs/\_^=b`V1r�\T®

Ñ&Ñ Û�+nã�ã�ë�ì



v � � ����© 	�� ����§e©��������	� ��¥�
?¤¦©

fµVXs=^�mnb`K�³=ghcXWIS�S_\`WIpZghKTS	FoV|³XK�«-K�K�s�rTVeb`bUghKTp�c1WZ\	\Uc�rjFIVebjVXr�\UK�b`gh��K�\UFnK�S_\`KTVXpn^�Si\`Ve\UK[VXsIp�\UFnK
\`b`VXsISUg�KTs1\�«oKTFIV|³=g�c1blce�?\`FnK�PlVXsIpZc1J �°Veb`k�^4�]K�\UK�r�\UghcXsº� Pl�°�O¡]g�symnbUK�SiKTsIr�K�ce�°E]�@a"\`b`V*�rX®��WZ¢
WoSiKTkhV ��ª ����� � MXM��GWISUKTp·pngÁÂ±K�b`K�s/\Ug�Vek@KT´/WIVe\UghcXsIS	\Uc½pZKTS`r�b`gh«oK[\UFnK4pZ^=sIVeJLg�r�S�ce��V�Pl��� ´/WnK�WnK�ghs
ghs/\UKTb`V1r�\UghcXs���gÁ\`F½ghpZK�Vekhg��TKTp�E]�@a5SUcXWIb`r�KTST®�Í�ghbUc1g�W ��ª ����� ��� ��mnbUK�SiKTs/\UKTp�V�J�K�\UFncZp�\Ucµr�cXsZ¶I�1Wnb`K
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Pl¬UÀb`cXWZ\`K�bjS�®
¬ s·\UFng�S�mIVem-K�bL�@K[mnb`KTSUK�s/\�VXs¨VXmnmnb`c1VXrjF½\`c�VXsIVekh^=��ghsn�{\`FnK�m-K�bU��cXb`J�VesIr�K�rjFIVXb`V1r�\`K�b`ghSi\Ug�r�SqcX�

E]�@a5SiK�SUSUghcXsIS]g�s{sIK�\_�@cXb`�=S]��gÁ\`F�P�¬U b`cXWn\UK�bjST®]��K�r�cXsISUghpnK�b�\UFnK�r�VXSUK���g�\UF�V(k�Veb`�XK	s=WnJ�«oKTb�cX�
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