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V/WYX�Z�[]\�^`_badcfeTgihjX�Z�[-g)klmZ�ZonYpYqrk�stpChug
vKwxlmyi[h6V�z�{x^

z6st|Y|Rlmwxh6}T[�wx[~kuWY[�wukuWY[�pO���~�>�>��a��mnYp�[��m�m�f�`ad�m�o|<st�m[~g

�����-�����Y�m�m� v�lCg�q����-�m�U�Y������klUZ�|Y��qrstpCh�g�eTg�hx[�Z3g)|Ywxl� fqr}T[�hi¡¢l,¡¢[����¤£¥g�|R[-k�q¤¦<[-}GgjkuWY[-}YnY��q�pY�,|Rlm��qrkq�[-g-§Rp<stZ�[���e©¨ªu«Y¬u-®]¯%¯
° z�lmnYp<}f£±z6lm�Yq�p²��q�³m[>´,smp�}E¨�ªj«�¬j-®¢µ�¶· °A¸ vKv¹��q�³U[~´��º6|²hjl»pYl�¡�§���q¤hxhx��[¼W�sUg3�<[-[�p½}YlmpY[�hjl¾hjsm³m[¼sU}T �stpChjsm�m[�lm¿`hjWY[
k�lmZ]��q�p�sthxq�lmp»lm¿)�RlthxWÀ|Rlm��q�k�q�[~g�hjlÁZ3s��Tq�Z�q�Â-[�gjkuWY[-}YnY��sm�Yq���q�hiem��{¥p»hjWYqrg2g�hxn<}Tem§K¡¢[�|YwxlU|<lCg�[�hi¡ÃlÁ|Ywjq�lUwxq�hiem§Ä|Rlm��q�k�e¾stp�}
Å n�smpUhjnYZbsUgxgxq��UpYZ�[�pCh`sm���Ulmwjq¤hjWYZ3g6¿ÆlUw�v�lUgxq¤�»�~�m�m�����-�Gg�eTg�hx[-Z�gÇhjW�s�h�stwj[]lU|Thxq�Z3st�Ä¡�q�hxW©wx[-�Usmwj}Yg6hxl�hxW�[2|Rl�¡¢[�w`lt¿ÈhjWY[
¿Æ[~smgxq��Yq���q¤hie�hj[-g�h ° qA� [m��q�hjgÄst��q���q¤hie�hjl`}Yq�g�hxq�pY�mn�q�gxW]¿Æ[~smgxq�����[/stp�}]pYlmp]¿Æ[-sUg�q��Y��[/k�lmpT¦<�mnYwus�hjq�lUp�gj´�#V/WYlUnY�mWoZ]n�kuWo��[~gxg�klUZ�|Y��[��
hjW�stp�stp
[�TW�stn<gihjq� U[Ç[��f|���lUwjsthxq�lmp4§UhxWY[�[��f|Rlmp�[�pChxqrst�ÉklUZ�|Y��[��Tq¤hie3lm¿4hxWY[�sm���Ulmwjq¤hjWYZ3gÈ��q�Z�q�hjg¢hjWY[�q�w�st|Y|Y��qrk�st��q���q¤hie�hjl3g�Z3st���
lUw�Z2[~}Tq�nYZ2£±gxq�Â-[�|YwxlU�Y��[�Z3g��ÄV/WYqrg�qrg/¡�Wfe
s2WY[�n�wxqrgihjq�k`qrg�|Ywjlm|RlUgx[-},hxl3W�smp�}T��[`�rstwj�m[-w¢hjsmgx³�gx[hug��
Ê g`gxWYl�¡�pGq�pÁhxWY[2[�T|R[�wjq�Z�[�pChug�§Olmn�w`|�wxlU|<lCgxsm��st����l�¡6gÇsUkuWYq�[- fq�pY��s�gxq��UpYq�¦<k�smpUh`�Usmq�pÁq�p¼¿Æ[-smgxq��Yq���q�hie�l� m[�w ¸ vKv�§4stp�}

hjWY[�wj[¿ÆlUwx[�n�gxq�pY��hxWY[oklmZ�|YnYhjs�hjq�lUp�st�#wx[~g�lUnYwjk�[-g/s�h�hjWY[�q�w6¿Æn�����[-g�h)|Rlthx[-pChxqrst�P�È{¥p�Z3stpfe
k-smgx[-g/¡�WY[-wx[ ¸ vKv:}Tlf[-g�pYlmh)��[-sm}
hjl
s3¿Æ[~smgxq�����[]gjkuWY[~}TnY��[m§On�gxq�pY���<lmhxW ¸ vKvEstp�}¼z6zËZ3s>e
|�wxl� fqr}T[]stpÁst��hx[�wjp�sthxq� m[�hxl
ÌÈÍ ¸ §O¡�WYqrkuW4§OZ�lUg�h)lt¿Îhj[�p4§Oqrg)p�lth
q�Z�|Y��[-Z�[�pChx[~}�sth�hxWY[o^�c�³m[-wxp�[��É��[� m[-�A�
Ï�ÐCÑOÒxÓoÔ ��Õ��m� ^Ç|R[�wus�hjq�p���cfeTg�hx[-Z�g-§�_�n��¤hjq¤£PhjsUg�³fq�pY��§�cTkuW�[-}TnY��q�pY��§Yz�lUnYp�}f£¥z�lU�Yq�p#§ ¸ q��T[-}f£±vKwjq�lUwxq�hie,vKwj[�[-Z�|Thxq� m[U�
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	 � ��� [-gÇg�eTg�hxX�Z�[~g6klUpT¿ÆlmwjZ�[-g6smnGgihustp�}Ysmwj}�v�lUgxq��©�~�m�m�����-�
l�Rwj[�pChÇ}Y[�nT��|<lU��q�hxq Å nY[-gÇ}�� lmwu}TlmpYp<stp�k�[�Z�[�pCh6�Yq�[�p
gx|��~kq�¦���[~g�§
��gxs> Ulmq�w]¨�ªu«Y¬u�®o¯%¯`[h3¨�ªu«Y¬u�®¢µ�¶·t���)lmn�g���hxn�}Yq�lUp�g�}Ystp<g�k[�wust|Y|Rlmwxh���� nThxq���q�gjs�hjq�lUp�k�lmZo�Yq�p���[3}T[,k[~g�}T[�nY�
|Rlm��q¤hjq Å nY[~g]}Ysmp�g���� lU|Thxq Å nY[,}T[,Z3s��Tq�Z�q�gx[�w��rs�¿Þstqrgxsm�Yq���q�h��3[�h�|YwxlU|<lCg�lUp�g�}T[-g]st���mlmwjq�hxWYZ�[-g�}�� sm����lTk�s�hjq�lUp©}Y[3|Ywxq�lmwjq�h��m§�}T[
|Rlm��q¤hjq Å nY[�}�� lUwj}TlUpYp�smp�k[-Z2[-pCh¢[�h)}T[ Å n�stpChxn�Z |<lUnYw���[-g6gxeTgihjX�Z�[-g/v�lUgxq��¼�-�U�m�Y�����#� � [~g�st���mlUwxq�hxWYZ�[~g¢}�� sm����lTk�s�hjq�lUp�gxlmpCh
Z�lmpChjw��~g,lm|Yhxq�Z�smnT�Àsmn²wx[-�Usmwj} }Tn²|RlmnY Ulmq�w�}Tn hj[-g�h�}T[�¿Þsmq�gjst��q���q¤h��m§6k�� [~gihx£��t£±}Tq�wj[���s»k-st|�sUkq�h��G}Tn hj[-g�h��»}Yq�g�hxq�pY�mn�[�w
��[-g,k�lmpT¦<�mnYwus�hjq�lUp�go¿Þstqrgxsm�Y��[~g,}T[~g,klUpT¦��mn�wjsthxq�lmp�g2pYlUpT£A¿Þsmq�gjst����[~g����¢q�[�p Å nY[���[~g,st���mlUwxq�hxW�Z2[~g2|YwxlU|<lCg��~g�w��~}TnYqrg�[-pCh,��s
k�lmZ�|Y��[�Tq¤h���}Yn |Ywjlm�Y��X�Z�[U§Kk[�����[£¥kq¢wx[~gihj[�[�T|RlmpY[-pChxq�[�����[�[�p ��[�pYlmZo�Ywj[�}T[
h� mkuW�[-g2k[ Å n�q¢��q�Z2q�hx[���� nThjq���qrgxsthxq�lmp }Y[�k�[-g
sm���Ulmwjq¤hjWYZ�[-g!��}T[~gK|Ywjlm����X-Z2[~gK}T[6|R[hjq¤hj[-gÃ[hÈZ�l�eU[�pYpY[~g�hjsmq�����[-g-�Ä\"� [-g�hÈ|RlmnYw Å nYlmqP§mpYlUn�gK|�wxlU|<lCg�lUp�g�nYpY[6W�[�nYwjq�g�hxq Å nY[6|R[�n
k�lmZ�|Y��[�T[�k�st|<st�Y��[�}T[�hxwustq�hx[-w/}Y[-g�|Ywjlm����X-Z2[~g/}T[��mwustp�}Y[-gÃhjsmq�����[~g��
vÄstw�gxq�ZonY�rs�hxq�lmp#§Cp�lmn�g/klUp�g�hjs�hjlmp�g Å nY[`pYlUg¢|Ywjlm|RlUgxq�hxq�lmp�g¢|R[�wjZ2[�h�hj[�pCh6}�� lU�Thx[-pYq�w¢n�p
�Cstq�p
gxq��UpYq¤¦Rk�s�hjq¤¿�[�p�¿Þstqrgxsm�Yq���q�h��

[-p»klmZ�|�smwjsmq�gxlmp#� ¸ vÈv���Í`stp�g�}Y[3pYlmZo�Ywx[-n�gx[-g�klUpT¦��UnYwjsthxq�lmp�g`pYlUpT£P¿Þstqrgxsm�Y��[~g�s> m[-k ¸ vKv�§#��� nThxq���qrgjs�hxq�lmp»k�lmZo�Yq�p���[3}T[
¸ vKv [�h
z6z |R[�wjZ�[h
}T[Áklmp<}TnYq�wx[$�¾n�p²lmwu}TlmpYp<stp�k�[�Z�[�pCh�¿Þstqrgxsm�Y��[m§/[h
smq�p<g�q)}Y[�¿ÆlmnYwjpYq�w,nYpY[Ást��hx[�wjp�sthxq� m[$��ÌÈÍ ¸ §
|Rlm��q¤hjq Å nY[ Å nYqP§Y��[�|Y��n<g6g�lUnY m[-pCh-§Tp�� [-g�h�|�smg�}Tqrgx|<lUpYq�����[�}Ysmp�g/��[-g6gxeTgihjX�Z�[-g�}�� [�T|Y��lmq�hjsthxq�lmp4�
%�Ô �-� Ò �'& � �
� cfeTgihjX�Z�[-g/}�� ÌÄ�T|Y��lmq�hjs�hjq�lUp4§Y_�nY��hxq�£Ph� mkuW�[-g-§<^Çwj}TlUpYp�smp�k[-Z2[-pCh-§fz�lmnYp<}f£±z6lm�Yq�p4§ ¸ q¤�T[~}f£PvÈwxq�lmwjq¤hie�vKwj[�[-Z�|T£
hjq� U[m�
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� Ô�� � Ð� � Ô�� ��� Ð ������Õ Ñ�� V/WYqrg3gihjn�}Te»}T[~st�rg]¡�q�hxW hxW�[�gjkuWY[~}TnY��q�pY�Ált¿)wj[-sm�¤£Phxq�Z�[�gxeTgihj[�Z3goq�Z�|Y��[�Z�[�pChj[-} lmp v�lCg�q��
�~�m�m�����-�»klUZ2|���qrstpCh3^Ç|R[�wus�hjq�p��ÁcfeTgihj[�Z ° ^�c�´%��v�lUgxq¤�²�-�U�m�����-� � ��!±§K|Ywj[� fq�lmn�gx��eÁ³fpYl�¡�p»sUg]v�lUgxq��#"<§K}T[¦<pY[-gowx[~st��£Ahjq�Z�[
[��Chj[�p�gxq�lmp2hxl�v�lUgxq��]Z3stq�pY��e2klUp�k[-wxpYq�pY��gxq��Up�st�rg�§mq�pChx[-w�£±|YwjlTk[-gjg�klUZ2ZonYpYqrk�sthxq�lmp�g-§tZ�[�Z�lmwje�Z3st|�|<[~}]¦<��[~g�§Cg�efp�kuWYwjlmp�lmn�g
smp�}
sUg�efp�kuW�wxlUpYlmn�gÃ{x^o§Chxq�Z�[�wug�stp�}�gxkuW�[-}TnY��q�pY� ° s2wx[~k�st|
lt¿�v�lCg�q���� gÃ¿Æ[~s�hxn�wx[~g/wx[-��sthx[-},hxl3gjkuWY[-}Tn���q�pY�2q�g/�Uq� U[�p�q�p%$u�Y���-´�
V/WYqrg6g�hjsmp�}Ystwu},W<smg/�R[-klUZ�[� m[�wje3|Rlm|YnY�rstw6smp�}
Z2lCgih6lm¿#hjlf}�s>e � g)^�c
klmpY¿ÆlmwjZ�§Ysth6��[~smg�h�|�stwxhxqrst����eU§Chxl3q�h-�

& � Ô �
& Ð 	 Õ Ð'(�*) � )ÞÔ��+� v�lUgxq��»�-�m�U�Y�����Gk�lmZ�|Y��q�smpUho^�cTg`|Ywjl� fq�}Y[�hi¡¢l�gjkuWY[-}YnY��q�pY��|<lU��qrkq�[-g-§Ép�smZ2[-��e�¨�ªu«Y¬u�®¢µ<¶·�stp�}
¨�ªu«Y¬u�®o¯%¯%§�¡�WYqrkuW²nYp�}T[-w�gxlmZ�[�wx[~gihjwxqrk%hjq�lUp�g3}Tqrgxk�n�gjg�[~} q�p,$u�Y���m§/smwx[�wj[-gx|R[-k%hjq� U[���e»[ Å nYq� �st��[�pCh3hxl ¸ q��T[-}ÀvKwj[�[-Z2|Yhxq� m[
vKwjq�lmwjq¤hie °Þ¸ vKvÃ´ostp�}�z�lUnYp�}f£¥z�lU�Yq�p ° z6z ¿Ælmwog�WYlUw�h%´%��V/Wfn�g�§�nYp�}Y[�w]v�lCg�q�� �~�m�m�����-�4§4[~smkuW�|Ywjlfk�[-gjg�qrg�smgjg�q��mp�[-}©�<lmhxW
sÁ|Ywjq�lUwxq�hiem§Äs¼gjkuWY[~}TnY��q�pY�Á|<lU��qrke»smp�}É§Äq�p»hjWY[�k-smgx[�lm¿Çz�lmn�p�}f£¥z�lm�Yq�p4§Ks Å n<stpChxnYZ�� Ê h�[-smkuW |<lUq�pCh�q�p hxq�Z2[U§Klmp�[�lt¿
hjWY[�wx[~sm}Te�|YwjlTk[-gjgx[-g6¡�q�hxWÁhxW�[oWYq��mW�[-g�h`|Ywjq�lmwjq¤hie�qrgÇ[��T[-knYhx[-}4§4smk�k�lmwu}Tq�pY�3hxl
hxW�[2wjnY��[-gÇlt¿¢q¤hug`gjkuWY[~}TnY��q�pY�
|<lU��qrke ° [m� ����§
efq�[��r}Tq�p���hxWY[o\ÃvÈºËst¿Îhx[-w/hxWY[�[-p�}�lt¿�s Å n�smpChxnYZ n�p�}T[�w6z)z)´%�
V/WY[�|�wxlU�Y��[-Z¹sm}�}Twx[~gxgx[-}
WY[-wx[�qrg/hxl3sUgxgxq��Up
|�wxq�lmwjq¤hjq�[~g�§T|Rlm��qrkq�[-g6smp�} Å n<stpChjsohxl�husmgx³Tg/q�p�gxn�kuW�so¡/s>e�sUg/hxl�wj[-gx|<[~k%h

}T[~sm}T��q�pY[3klmp<gihjwjsmq�pChjg-� ¸ lmw ¸ vKv�st��lmp�[m§OhxW�[2¡¢[�����£P³fpYl�¡�p Ê n�}Ygx��[�e¼sm���Ulmwjq¤hjWYZ-� �.!Èq�g�lU|Thxq�Z3st�P�0/)[�wj[o¡¢[3klUp�g�qr}T[-wÇhjWY[
k-smgx[-g ° �~´)¡�WY[-wx[ohxWY[ Å n�stpChjnYZ  �st��nY[oqrg�s�gxeTgihj[�Z2£P¡�qr}T[2klmp<gihustpCh�smp�} ° �m´)¡�WY[�wj[ Å n�smpChjs�k-stpÁ�<[�kuWYlUgx[�p¼lmpÁs,hjsUg�³C£
|R[�wx£Ahusmgx³���sUg�qrg-� Ê h6hjWY[�hxq�Z�[�lt¿Ä¡�wjq¤hjq�pY�<§�k�sUg�[ ° �~´/qrg�nYp<}T[�w)gxnY�YZ�qrgxgxq�lmp�stp�}�k-smgx[ ° �m´�W�smg��R[�[-p�|YnY�Y��qrg�WY[~}�q�p1� �.!±� Ê g
q�hÃ¡�q����R�R[Çgx[�[�p�q�p2$u�Y�í��stp�}2$3"��í�f§UhxWY[`klUZ2|���[��fq�hxq�[-gÃlt¿OhjWY[-gx[6hi¡¢l�|Ywjlm�Y��[�Z3gÃstwj[6g�n�kuW,hxW�sthÃstp,[��TW�stn�g�hxq� m[Çg�[~stwukuW2qrgKp�lth
¿Æ[~smgxq��Y��[�[� U[�p�lmp�g�Z3st���Ég�q�Â�[�|Ywjlm����[-Z�g-� ¸ lUw�q�p�g�hjsmp�k[U§Ys�husmgx³�gx[h�lt¿�k�stwu}Tq�p�st��q�hie

10
¡�q�hxW�husmgx³U£¥gx|<[~kq�¦<k Å n�smpChjs2kuWYlUgx[�p

smZ2lUpY�04]}Tq R[-wx[-pUh/ �st��nY[-gÃwj[ Å nYq�wx[~gÄhxl�stp<st��eCÂ-[�hxW�[)¿Æ[~smgxq��Yq���q¤hie3lm¿4Z2lUwx[)hxW�smp 1011 }Tq R[-wx[-pCh/k�lmpT¦��UnYwus�hxq�lmp<g ° gx[�[5$3"<� �t´�

� Ô�� ��� ) � �#� )ÞÔ�� � � V#wusm}Yq¤hjq�lUp�st����eU§�hjWY[oz)z�|Rlm��q�k�e�qrgÇlmpY��e�klmp<g�qr}T[�wj[-}�n<g�[�¿ÆnY��¿Ælmw`��l�¡ |Ywjq�lUwxq�hie�|YwxlTk�[-gjg�[~g6|R[�wx¿ÆlmwjZ2q�pY�
gxlmZ�[¼�<smku³f�mwjlmnYp<}Àk�lmZ�|YnThus�hjq�lUp hjsmgx³Tg56�¡�WY[�p½pYlthjWYq�p�� Z�lmwj[Gq�Z2|RlmwxhjsmpCh
qrg�wjnYpYpYq�pY��7u��{¥p!hxWYqrg
g�hxn<}Tem§`smg,¡¢[Á}Yq�}
q�p8���~�T§4��!±§#¡¢[3stwj�mnY[ohxW�sth�hxWY[,k�lmZ]��q�pY[~}¼n<g�[�lt¿/z6z stp�} ¸ vKv�st����l�¡6g6hjlGg�n�k-k[~gxg�¿ÆnY����eGgjkuWY[-}YnY��[3s��rstwj�m[2pCn�Z]�R[�w�lt¿
gxeTgihj[�Z3g¢hxW�sth)stwj[�nYp�gjkuWY[-}Tn���sm�Y��[�¡�q�hxW ¸ vKv!st��lmp�[m�
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|Y�rstq�p ¸ vKv k�sUg�[
�<[~k�stn<g�[�hxWY[�n�gx[
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q�p�lUnYw6stp�sm��eTgxq�g-�

Ê gxgxlTkqrs�hx[~}�¡�q¤hjW,[-sUkuW3|<lU��qrke2qrgÈs�|Ywjq�lmwjq¤hieowjsmpY�m[U��ÍÇ[�|R[�p�}Yq�pY�olmp�hjWY[)q�Z�|Y��[-Z�[�pChjsthxq�lmp4§UhxWY[~g�[)|Ywxq�lmwjq�hieowustpY�U[-g�Z3s>e2lmw
Z3s>e3pYlmh/l� U[�wj��sm|,�YnTh�Z�lUg�h/q�Z�|Y��[�Z�[�pChus�hxq�lmp<g�st����l�¡²l� U[�wj��sm|Y|Yq�pY��� �6lmhx[ÇhxW�sth¢hjWY[-gx[�|Ywj[� fq�lUn�gx��e�[�T|Y�rstq�pY[~}
gjkuWY[-}YnY��q�pY�
Z�[-kuW<stpYqrg�Z3gKgxq�Z2q��rstwj��e]sm|Y|Y��e]hjl�v�lUgxq¤�ohxWYwj[-sU}Yg�¡�q¤hjW�hxWY[Çg�eTg�hx[�Z klUpUhj[�pChxq�lmp3gjklU|<[6sUgKgihustp�}�stwu}Tq�gx[-}o�fe]v�lUgxq��
�-�U�m�����~k
g�hjsmp�}Ystwu}%�í� !±�
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V/WY[3sUk%hxq� fq¤hjq�[~g`lt¿KhjWY[3g�eTg�hx[�Z smwx[2Z�lT}T[���[-}¼�CeGs�gx[h
T
lm¿
n
|R[�wjq�lT}Tqrk�stp�}¼q�p<}T[�|R[�p�}Y[�pCh�hjsmgx³Tg

T = {τ1, τ2, ..., τn}
�

ÌÈsUkuW]husmgx³
τi
qrgÄkuW�stwusmkhx[-wxq�Â�[~}��fe]sÇhxnY|Y��[

(Ci, Ti, Di)
¡�WY[-wx[/[-sUkuW]wj[ Å nY[~gihÄlt¿ τi §mk�sm����[-}2stp2q�p<gihustp�k�[m§tW�sUgÄstp2[�T[-k�nThxq�lmphjq�Z�[�lt¿

Ci
§Ysowx[-��sthxq� m[Ç}Y[-sm}Y��q�pY[

Di
smp�}�so|<[-wxq�lT}�[ Å n�st�Rhxl Ti hxq�Z2[�nYp�q¤hug��Ã^ÇpY[�}T[-pYlthj[-g¢�fe τi,j hxWY[ jth wj[���[-smgx[)lm¿ τi �Ê g�n�gxn�st�P§fhxWY[�wj[-gx|Rlmp�gx[`hxq�Z2[�lm¿�smp�q�p�g�hjsmp�k[�qrg¢hxWY[�hjq�Z�[�[��rst|<g�[~}��R[hi¡¢[�[-p�q�hjg�smwxwjq� >sm�Éstp�}�q�hjg�[-p�}�lm¿�[��T[-knYhxq�lmp4�

º)p�}T[�wÇv�lUgxq¤���-�U�m�Y�����#§�g�[-[<$u�Y���m§<[~smkuW�hjsUg�³
τi
|<lCgxgx[-gjgx[-g��RlthjW¼s3|Ywjq�lUwxq�hie

pi
smp�}�s�gjkuWY[-}YnY��q�pY�,|Rlm��qrke

schedi
�6{¥p

hjWYq�gÄg�hxn<}Tem§t¡¢[�kuWYlflUgx[KhjWY[�klmpf U[�pChxq�lmp=6ihxW�[/gxZ3st����[-w#hjWY[/pfnYZ�[�wjq�k-st�f �st��nY[m§�hjWY[/WYq��mWY[-w�hjWY[/|Ywjq�lUwxq�hiej7u�4{¥p�sm}�}Tq¤hjq�lUp�hjlÇhjWY[
|Ywjq�lmwjq¤hieU§UnYp<}T[�w/z6z�§f[-sUkuW3hjsUg�³

τi
qrg¢sUgxgxq��mpY[~}3s Å n�stpChjnYZÜ �st��nY[ ψi ��V/W�[Ç|Ywjq�lmwjq¤hie�stp�}�gxkuWY[~}TnY��q�p��]|Rlm��q�k�e�sUgxgxq��mpYZ�[�pCh

P
q�g¢¿ÆnY����e�}T[¦<pY[-}
�fe,s2gx[h�lm¿

n
hjnY|Y��[-g

(τi, pi, sched
P
i )
° qP� [U�ÄlmpY[`¿Ælmw/[~smkuW,husmgx³Y´%� Ê Å n<stpChxnYZ smgjg�q��mpYZ�[-pUh/nYp�}Y[�w P §}T[-pYlthj[-}
�fe

ΨP
§Y}T[¦<pY[-gÃhxW�[�g�[�h¢lm¿ Å n�stpChjnYZÜ �st��nY[-g ψΨP

i

¡�WY[�wj[
ψΨP

i

qrgÃhxWY[ Å n�stpChjnYZ lt¿ τi �KV/W�[`¡�W�lm��[`gjkuWY[-}YnY��q�pY�qrg/¿ÆnY����e�}T[¦<pY[-}��fe3hxW�[�hxnY|Y��[
(P ,ΨP)

¡�WYqrkuW�qrg�k�sm����[-}�s�ªu·�
~µ*� �T¯3�����Þ·�
�lm¿�hjWY[�g�eTg�hx[-Z��
º)p�}T[�w�sUgxgxq��UpYZ�[�pCh

P
§ChxW�[`gx[h/lt¿Éhusmgx³fg

T
qrg¢|�stwxhxq�hxq�lmp�[-}3q�pChxlogx[�|<stwus�hx[)��s>eU[�wug�§ClmpY[Ç��s>eU[�wÈ¿Ælmw¢[-smkuW�|Ywxq�lmwjq�hieo��[� U[��

j¡�WY[-wx[ÇhxW�[`�rs>em[-w
T P
j

qrgÈhjWY[�g�nY�<g�[�h¢lm¿#hjsUg�³Tg¢smgjg�q��mp�[-}�hjlo|Ywjq�lmwjq¤hie���[� m[-�
j
�Kº)p�}T[�w

P
§
T P
hp(j)

° wx[~g�|#�
T P
lp(j)

´¢}T[�pYlmhx[~gÈhjWY[
gx[h)lm¿Èst���ÉhjsUg�³Tg)|<lCgxgx[-gjg�q�pY�3s3WYq��mW�[�w ° wx[~g�|4�/��l�¡Ã[-wu´¢|�wxq�lmwjq¤hie�hxW�smp

j
� Ê ��s>eU[�w�q�pG¡�WYqrkuWGst���4husmgx³fg)stwj[�gxkuWY[~}TnY��[-}�¡�q�hxW

z6z ° wj[-gx|4� ¸ vKv¢´6qrgÇk-st����[~}GstpÁz6zË�rs>em[�w ° wj[-gx|4� ¸ vKv:��s>eU[�w%´%�6{¥p�hjWY[o¿Ælm����l�¡�q�pY��§
P
lmw

ΨP
¡�q������<[2lmZ�q�h�hx[~}�¡�WY[-pGpYl

k�lmpT¿Æn�gxq�lmp�g�smwx[�|RlUgjg�q��Y��[m� Ê ��qrg�h6lt¿#hjWY[�pYlmhjs�hjq�lUp�g/qrg�|Ywjl� Cqr}T[~},q�p�sm|Y|R[�p�}Tq���sth/hxWY[�[-p�}�lt¿#hjWYqrg�wx[-|<lUw�h~�
{¥p hjWY[�¿Ælm����l�¡�q�pY�<§�s�hjsUg�³

τi
qrg�gjstqr}E¨�ªj«�¬j���� ���H��¬©nYp<}T[�w�smgjg�q��mpYZ�[-pUh

(P ,ΨP)
q�¿�q�hjg,wj[-gx|Rlmp�gx[�hxq�Z�[¼�RlmnYp�}4§6smg

k�lmZ�|YnThj[-}��fe,hjWY[�[�Tqrgihjq�p��3v�lCg�q��Á�~�m�U�Y�����
gjkuWY[~}TnY�rst�Yq���q�hie
smp�st��eTg�qrgD� S�!±§�qrg�pYl3�mwj[-sthx[-w/hxW�smp�q�hjg)wx[-��sthxq� m[�}T[~sm}T��q�p�[ ° qP� [U�
Z3s��Tq�Z]nYZ }Tn�wjsthxq�lmpGst����l�¡Ã[~}
�R[hi¡¢[�[-p�hxWY[2stwjwxq� �st�4lm¿Èstp�q�p�g�hjstp<k[]smp�}�q¤hug)[-p�}�lm¿�[��T[-knYhxq�lmp<´�)V/WY[]¡�W�lm��[]g�eTg�hx[-Z qrg
gjstqr}�gxkuW�[-}TnY�rst����[�q�¿Kst���4husmgx³fgÇstwj[�gxkuW�[-}TnY�rst����[U� �)lthj[�hxW�sth6hxW�[�hx[~gih`|Ywj[-gx[�pChx[~}
q�pR� S.!�q�gÇg�n"�,k�q�[-pUhÇ�YnThÇp�lth)pY[~k[~gxgjstwjem§
hjWY[�wj[�stwj[)hjWCn<g¢hjsmgx³�gx[hug/¡�WYq�kuW�¡�q����ÉpYlmh��<[�k�rsmgjgxq¤¦�[~}
sUg/gxkuWY[~}TnY�rst�Y��[`¡�WYq���[�hxW�[�wj[Ç[��fqrg�h�k�lmpT¦<�mnYwus�hjq�lUp�gÈn�p�}T[�w�¡�W�q�kuW
pYl,}Y[-sm}Y��q�pY[-g�smwx[`Z�q�gjgx[-}É�

��� 3 	 ././=
���
�"#4'�A@.

{¥p¼hxWYqrg�gihjn�}Te�M�smgÇ[�T|Y�rstq�pY[~}�q�p� �/���t§OlUpY��e©¨�ªu«Y¬u�®¢µ�¶·�smp�}�¨�ªj«�¬u�®o¯%¯,stwj[ok�lmp�gxq�}Y[�wj[-}�¿Ælmw`|Rlmwxhjst��q���q¤hie�klUp�k[-wxp#�`ÍÇnY[
hjl�hxWY[�k�lmZ�|Y��[�Tq¤hie�lt¿�sUgxgxq��mpYq�pY�2|Ywxq�lmwjq�hxq�[-g-§ Å n<stpChjs2stp�}�gjkuWY[-}YnY��q�pY��|Rlm��q�k�q�[~g�§fhjWY[�¿Ælm����l�¡�q�pY�2wx[~gihjwxqrk%hjq�lUp�g�stwj[`Z�sU}T[ P
�m��klUpUhj[�fhÇgx¡�q¤hukuW���sthx[-p�kq�[-gÇstwj[�pY[��U��[~k%hx[~}É§R�YnTh)hjWY[�e�klUnY�r}��<[oq�p�k���n<}T[-}�q�p�hxW�[ogjkuWY[-}Tn���sm�Yq���q�hie�smp�st��eTg�qrg�lt¿ � S.!Äsmg
k�rsmgjg�qrk�sm����e,}TlUpY[ ° gx[�[m§Y¿Ælmw�q�p�gihustp�k�[m§X���m��!Æ´%§
�T��g�q�p�k�[os
|Ywxq�lmwjq�hie
��[� U[���¡�q¤hjWYlmnTh�stpfe�hjsUg�³TgÇW�smgÇpYl�[ O[-kh`lUp�hxWY[3gjkuWY[-}YnY��q�pY�<§R¡¢[]q�Z�|<lCg�[ohxW�[o|Ywjq�lmwjq¤hie�wjsmpY�m[�hxl
�<[�k�lmpChxq��mn�lmn�g-§
�Y�¢hi¡Ãl�hjsUg�³Tg6W<s> Cq�pY��}Tq O[�wj[�pCh�gxkuWY[~}TnY��q�p���|Rlm��q�k�q�[~g)W�s> U[o}Tq O[�wj[�pChÇ|Ywjq�lmwjq¤hjq�[~g�§OqP� [U��§

∀i 6= j
§
schedi 6= schedj =⇒

pi 6= pj
§

"���st���Ä¨�ªj«�¬u�®¢µ�¶·2husmgx³Tg/Z]n�g�h)|RlUgjg�[~gxg/}Tqrgihjq�p<k%h)|Ywjq�lmwjq¤hjq�[~g °
schedi = schedj = sched � fifo =⇒ pi 6= pj

´�GO²q�hxW
hxWYqrg3smgjgxnYZ�|Thxq�lmpÀstp�} ¡�q¤hjWYlmnYh�|�wxq�lmwjq¤hie»kuW<stpY�U[
s�h3wjnYpT£Phxq�Z�[m§6¨�ªu«Y¬u�®¢µ<¶·©q�g�[ Å n�q� �st��[�pCh2hxl©¦Y�T[-}T£P|Ywj[�[-Z�|Thxq� m[
|Ywjq�lUwxq�hie °A¸ vKvÃ´%�KV/Wfn�g-§Kgx[� m[-wjsm�ÄhjsUg�³TgoW�s> fq�p���hxWY[�gxsmZ�[�|Ywjq�lUwxq�hie�stwj[,pY[-k�[-gjgxsmwxq���e©gjkuWY[-}YnY��[~}�nYp�}T[-w�¨ªu«Y¬u-®]¯%¯
|<lU��qrkeU§

4T�¢hxWY[ Å n�smpChxnYZ  �sm��nY[�k-stp��<[�s�gxeTgihj[�Z2£P¡�qr}T[�klUp�g�hjstpCh�lmw�gx|<[~kq�¦<k`hxl3[~smkuW�hjsmgx³O�

����� � 8 :@�!<@=>?�� 5>#�?4#�� � ��A
� ? � .9#�. =@A><$�6 +-'�./#10����  �!8�������� �

{¥p�hjWYq�g)|�stwust�Uwjsm|YW4§f¡¢[]g�n�Z2Z3smwxq�Â�[`hxW�[]gxkuW�[-}TnY�rst��q���q¤hie�stp�sm��eTgxq�gf� S.!�lt¿Ks3klUpT¦��mn�wjsthxq�lmp
(P ,ΨP)

nYp�}T[-w)v�lUgxq¤�É�¢V�sUg�³Tg
gjkuWY[-}YnY��[~}�nYp�}T[-wÇv�lCg�q���k-stp��R[o}T[~gxk�wxq��<[~}�smgÇs,g�n�|<[-wx|RlUgxq¤hjq�lUp�lt¿K|Ywjq�lUwxq�hie��rs>em[-wjgD� S.!±� Ê h)[~smkuW�|Rlmq�pUhÇq�p�hjq�Z�[U§<lUpY[�lt¿
hjWY[�wx[~sm}Te�q�p�g�hjstp<k[-gÇ¡�q�hxWÁhxWY[�WYq��mWY[~gih�|Ywjq�lUwxq�hie ° ��[h�� g�gjs>e

pi
´)qrg`[�T[-k�nThx[~}ÁsUgÇgxlflmp©smg�stp�}Ásmg`��lmpY��smg`pYl�q�p<gihustp�k�[-g

q�p�hxWY[�WYq��mW�[�w/|Ywjq�lUwxq�hie3��s>eU[�wug ° q�p�gihustp�k�[-g/lm¿#hjsUg�³Tg¢q�p
Thp(pi)

´/smwx[`|R[�p�}Tq�pY�<�Ä{¥p�g�qr}T[�[-sUkuW
|�wxq�lmwjq¤hie3�rs>em[-w-§Cq�p�gihustp�k�[-g�smwx[

Ø�Ø î�q�ù�r�ô%õuø÷%ú?sct%ö



� �����/¯x¬?
��Þ¬¯cM������o�
	>¬H�

gjkuWY[-}YnY��[~}¼[-q¤hjWY[�w�sUk�klUwj}Yq�pY��hxl ¸ vKv lmw�z6z ¡�q¤hjW¼hjWY[owj[-g�hxwjqrk%hxq�lmp<g)hjW�s�h�sm����q�p�gihustp�k�[-g`�R[���lmpY�Uq�pY�
hxl
hxW�[�gjstZ�[2��s>eU[�w
W�s> U[`hxWY[�gjstZ�[�|<lU��qrkeU�
¸ vKv |Rlm��q�k�e,q�g�sUkuWYq�[� m[~},¡�WY[-p�sowj[-sm}Ye3q�p�g�hjsmp�k[

τi,j
q�g/[��f[~knThj[-}
¡�WY[�p�pYl�WYq��mWY[-w/|Ywxq�lmwjq�hie2q�p�g�hjsmp�k[~g/q�g/|R[�p�}Yq�pY�<�

º)p�}T[�w�z6z�§Rs,hjsmgx³
τi
W�smg)wx[-|<[~s�hx[~}T��e
hjWY[2lm|Y|RlmwxhxnYp�q¤hie
hxl
[�T[-k�nThx[2}TnYwjq�pY��s3hjq�Z�[�g���lth`lt¿KZ3s��Tq�Z�sm�#��[�pY�mhxW

ψΨP

i

�Ç{±¿
hjWY[`hjsmgx³3W�sUgÃp�lo|R[�p�}Yq�pY��q�p�g�hjstp<k[`lmw/��[~gxg¢|R[�p�}Yq�pY��¡¢lmwj³2hxW�smp,hxW�[�gx��lth/q�g/��lmpY�<§ChxWY[-p�hjWY[Çwj[-g�h/lt¿#hjWY[�g���lth/qrgÃ��lUg�h�stp�}
hjWY[�husmgx³�W�sUg�hxl3¡/stq�h6¿ÆlUw6hxW�[�pY[�fhÇk�eTk��[�hxl,wj[-gxnYZ�[m�/V/WY[�hjq�Z�[o�<[�hi¡Ã[-[�p�hi¡¢l,klmp<g�[~knThjq� U[�lm|Y|RlmwxhxnYp�q¤hjq�[~g/hxl,[��T[-knYhx[
Z3s>e� �stwjem§É}T[-|<[-p�}Tq�pY�
lUpGhjWY[2sUk%hjn�st�Ä}T[-Z�smp�}Glm¿KhxW�[olmhxWY[-wjg)hjsUg�³Tg-§R��nTh�q¤h�qrg)�RlmnYp<}T[-}Á�fe

ψ
ΨP

i =
∑

τk∈T P
pi

ψΨP

k

q�p
smpCe
q�pChj[�wj >sm�4¡�WY[-wx[�hjWY[]k�lmp�gxq�}Y[�wj[-}�hjsmgx³�W�smg�|R[�p<}Tq�p��,q�p<gihustp�k�[-g6sthÇstpfe�Z�lUZ2[-pCh-�¢{¥p1� S�!P§<¡ÃlUwjg�h�£¥k�sUg�[`wx[~g�|Rlmp<g�[�hjq�Z�[
�RlmnYp<}Yg�¿ÆlUw]|Ywjq�lmwjq¤hie©��s>eU[�wug�W�s> U[3�<[-[�p }T[-wxq� m[~}�q�p s�¡¢s>eÁhxW<s�hoqrgoq�p�}Y[�|R[�p�}T[-pCh]¿ÆwjlmZ hxWY[�gxkuW�[-}TnY��q�pY�G|Rlm��q�k�q�[~g�n�gx[-}
¿ÆlUw][-sUkuW¾��s>eU[�w~��V/WYq�g2stp<st��efgxqrg�q�go��sUg�[~}�lmp�hxW�[
klUp�k[-|Th]lm¿6Z�styilmwjq�Â-q�p���¡ÃlUwx³©stwjwxq� �st�Ä¿ÆnYp<k%hxq�lmp<g�§Ä¡�WYqrkuW¾Z�[-sUg�nYwj[�s
�RlmnYp<}
lUp�hjWY[�|YwjlTk[-gjgxlmw/}T[�Z3stp<}É§T¿Ælmw�[~smkuW�hjsmgx³O§Tl� m[-w/smp
q�pChx[-wx �st�4g�hjsmw�hjq�p��2sth�s 6��m[-pY[�wust��q�Â-[-}
kwjq¤hjq�k-st�Éq�p�gihustpCh[7%�ÄV/WY[
Z3s�yilUwxq�Â�q�pY�2¡ÃlUwx³,smwxwjq� >sm�R¿ÆnYp�k%hjq�lUp�lmp�stp�q�pChj[�wj >sm�Élt¿���[-pY�thjW

t
¿Ælmw6s2|R[�wjq�lT}TqrkÇhjsUg�³

τi
q�g P

si(t) = Ci ·

⌈
t

Ti

⌉ � ° �~´

V/WY[�¡¢lmwug�h�£¥k�smgx[)wj[-gx|Rlmp�gx[)hjq�Z�[��RlmnYp<}�k-stp��R[�[�T|Ywj[-gjg�[~}�smg

Z�st�
j<j∗ (ei,j − ai,j)

§ ° �m´

¡�WY[-wx[
j∗ =
Z�q�p

{j | ei,j ≤ ai,j+1}
§C¡�WY[�wj[

ai,j
qrgKhjWY[Çwj[���[-sUg�[)lt¿ÉhxW�[

j
hxW q�p�g�hjsmp�k[Çlt¿

τi
st¿Îhx[�wÃhxW�[`k�wxq�hxqrk�sm�<q�p�g�hjstpCh/stp�}

ei,j
qrg�s]�RlmnYp<}�lUp,hxW�[`[��T[-knYhxq�lmp�[�p�}
lt¿4hjWYqrg/q�p�g�hjsmp�k[U�Kcfq�p<k[

τi
qrg�s]|R[�wjq�lT}Tqrk)hjsmgx³O§

ai,j = (j − 1) · Ti (j = 1, 2, ...)
�

{±¿
τi
qrg/q�p�smp ¸ vKv �rs>em[-w-§ChxW�[�p

ei,j =
Z�q�p

{t > 0 | s̃i(t) + si,j = t}
§ ° �C´

¡�WY[-wx[
s̃i(t) =

∑
τk∈T P

hp(pi)
sk(t)
qrg�hxW�[)}T[�Z3smp�}o¿ÆwxlUZ�WYq��mWY[-wÄ|Ywjq�lUwxq�hie�hjsUg�³Tg ° qA� [m��hjsUg�³]q�p

T P
hp(pi)

´�smp�}
si,j =

∑j
i=1 Ciqrg/hxW�[�}T[�Z3stp<},¿ÆwjlmZ |Ywx[- fq�lUn�g¢q�p�g�hjsmp�k[~g�stp�}�hxW�[�knYwjwx[-pCh/q�p�g�hjsmp�k[�lt¿

τi
�Ä{±¿

τi
q�g�q�p�stp�z6zE��s>eU[�w~§mhjWY[�p

ei,j =
Z2q�p

{t > 0 | Ψi(t) + si,j = t}
§ ° "f´

¡�WY[-wx[`hjWY[�}T[�Z3smp�}
¿ÆwxlUZ WYq��mWY[-w�|Ywxq�lmwjq�hie�hjsmgx³Tg�stp�}
lt¿Äst���ÉlthjWY[�w/husmgx³Tg/lt¿#hjWY[�z6zE�rs>em[�w/qrg �

Ψi(t) =
Z�q�p (⌈ si,j

ψΨP
i

⌉
· (ψ

ΨP

i − ψΨP

i
) + s̃i(t), s

∗
i (t)

) § ° 4m´

¡�WY[-wx[
ψ

ΨP

i − ψΨP

i

q�g/hjWY[�g�n�Z¹lt¿�hxW�[ Å n<stpChjsolt¿Äst���ÉlthjWY[�w/husmgx³fg/lm¿#hjWY[�z6zE��s>eU[�w�stp<}

s∗i (x) = max
u≥0

(si(u) + s̃i(u+ x) + si(u+ x) − u)
§ ° �C´

¡�WY[-wx[
si(u + x) =

∑
τk∈T P

pi
\{τi}

sk(u + x)
qrg�hjWY[,}T[�Z3smp�}G¿ÆwjlmZ lthjWY[�w�husmgx³fg`hjW�stp

τi
q�p

T P
pi

�,V/WY[,st���mlUwxq�hxWYZ ¿Ælmw
k�lmZ�|YnThjq�pY�ÁhxW�[�¡¢lmwug�h�£¥k�smgx[,wj[-gx|<lUp�gx[,hxq�Z�[��<lUnYp�}Yg�k�smp �R[�¿ÆlmnYp�} q�p � S�!±�»{±h3q�gohxl�g�hxwj[-gjg]hjW�s�h2hxW�q�g3gjkuWY[-}YnY��sm�Yq���q�hie
smp�st��eTg�qrg`q�g�gxn"�,kq�[�pCh��YnTh�p�lth�pY[~k[-gjgjstwje���g�lUZ2[2husmgx³¼g�[�hjg�Z3s>e�¿Þstq��ÄhjWY[�hx[~gih�¡�WYq���[ohjWY[�e©stwj[o|R[�wx¿Æ[-khx��eÁgjkuWY[-}YnY��sm�Y��[m�
V/WYqrg�¡�q����Ãk[�wxhjsmq�p���eÁq�p�}Yn�k[,k�lmp�gx[�wj �s�hxq� m[2wj[-gxnY�¤hug��YnTh�hjWY[,st|�|YwxlCsmkuW©}T[� U[���lm|R[-}©WY[�wj[�wx[-Z3stq�p�g� �st��q�}©¡�q�hxW¾stpYlmhxWY[-w�£
�R[hxhx[�w6£ÃgxkuW�[-}TnY�rst��q���q¤hie�hj[-g�h)smg/��lmpY�3sUg/q¤h6qrg�g�n �3k�q�[-pCh)stp�}
|<lCgxgx[-gjgx[-gÃhxWY[�|�wxlU|<[-w�hjq�[~g�}T[-gjkwjq��R[-}
q�p%$%�T�p4f�

����� � 8 :@�!<@=>?4#4A@B =>A@<$�! +-'�./#%0 �62*2�3 �4��5 ��5
��./#48 �> ' � �6 �"#4�!.

º)p�}T[�w ¸ vKv�§�sUg/¡Ã[-���ÉsUg/nYp�}T[-w/z)z�§Ystpfe,WYq��mW�[�w/|Ywjq�lUwxq�hie2hjsmgx³,¡�q����É|�wx[-[�Z�|Th6s]��l�¡¢[�w¢|Ywxq�lmwjq�hie�hjsmgx³�hxWfn�g¢hjWY[`¿Ælm����l�¡�q�pY�
|Ywjlm|R[�wxhxq�[-g/W�lm�r},¿ÆlUw6stpfe3hjsUg�³
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pi
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{±h`qrg`¡ÃlUw�hjW¼pYlmhxq�pY�,hjW�s�h�hjWYq�g�}T[-��s>e�qrg`pYlth�}T[-|<[-p�}T[�pCh�lmp¼hxWY[�wj[��rs�hxq� m[o|Ywjq�lUwxq�hie
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stp�}

hxWfn�g/¡¢lmp�� h)}T[-��s>e�hjWY[�q�w6[�p<}f£Plm¿Î£P[��T[-knYhxq�lmp4�
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Rªu¬ �
/)l�¡Ã[- m[�w~§T}T[-gx|Yq�hx[���[�Z�Z3s���WYlU��}Tq�pY�<§YgxkuWY[~}TnY��q�p��3nYp�}T[-w)z6z ��[-sm}�g¢hxl,gjkuWY[-}Tn���q�pY�,stp�lmZ3st��q�[~g��Ä{¥p<}T[�[~}É§<gjkuWY[-}YnY��q�pY�

nYp<}T[�w,v�lCg�q�� qrg�lt¿Îhj[�p!klUnYpChx[-w�£±q�pChjnYq¤hjq� U[m� ¸ lmw3q�p�gihustp�k�[m§¢q¤h
W�smg��R[�[-p!g�WYl�¡�pÀq�p � "�!±§ÃhxW�sth�[-smwx��e¾[�p�}T£Plm¿Î£P[��f[~knThjq�lUp�g
k-stp¾��[-sm}©hjlGZ�q�gjgx[-}¾}T[~sm}T��q�p�[-g�q�p k�lmpT¦��UnYwus�hxq�lmp<g`hxW�sth]¡ÃlUnY�r}��<[�¿Æ[-smgxq��Y��[�¡�q¤hjW1O²\ÃÌÈV�g-�L/6[-wx[U§�¡¢[,WYq��mWY��q��mWCh�hxW<s�h
q�p�kwj[-sUg�q�pY�ohxWY[ Å n�smpChxnYZ g�q�Â�[�lt¿�s2hjsUg�³,k-stp�q�p<kwj[-smgx[`q¤hug�wx[~g�|Rlmp<g�[Çhxq�Z�[m� ¸ q��UnYwj[-g���stp�}��2|Ywj[-gx[�pCh¢hxWY[�gjkuWY[-}YnY��q�pY��lt¿
husmgx³
gx[h

T = {τ1, τ2}
¡�WY[-wx[

τ1 = (C1 = 2, T1 = 5)
smp�}

τ2 = (4, 10)
� Ê ���4hxW�[�hjsmgx³Tg��R[���lmpY�2hxl,hxWY[�gjstZ�[��rs>em[�w�smp�}

hjWY[�kuWYlUgx[�p Å n�stpChjnYZ¹smgjgxq��UpYZ�[�pChjg�smwx[ Ψ = {ψ1 = 2, ψ2 = 2}
° ¦��UnYwx[��>´/stp�}

Ψ
′

= {ψ1 = 2, ψ2 = 3}
° ¦<�mnYwj[]�t´`�
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τ1, ψ1 = 2

τ2, ψ2 = 2
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t

¸ q��mnYwj[)�jP#cTkuWY[-}YnY��q�pY�Çlt¿ThjsUg�³�gx[h
T = {τ1, τ2}

¡�q�hxWoz�lmnYp<}f£±z6lm�Yq�p]stp<} Å n�stpChxn�Z sUgxgxq��mpYZ�[�pCh Ψ = {ψ1 = 2, ψ2 = 2}
�
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τ1, ψ1 = 2

τ2, ψ2 = 3

¸ q��mnYwj[]��PÃcYkuWY[-}Tn���q�pY�3lt¿�hjsUg�³
g�[�h
T = {τ1, τ2}

¡�q¤hjWGz�lmnYp<}f£±z6lm�Yq�p�stp�} Å n�stpChjnYZ sUgxgxq��UpYZ�[�pCh Ψ′

= {ψ1 = 2, ψ2 =
3}
�
Ê gKq�hÃk�smp2�R[Çgx[�[-p�lmp�¦��UnYwx[~g��6stp<},�f§CgxnYwj|Ywjq�gxq�p��m��e�hxWY[)wx[~g�|Rlmp�gx[/hxq�Z�[6lt¿

τ2
q�g

6
¡�q¤hjW,s Å n�stpChjnYZ�lm¿ 2 smp�} 8

¡�q�hxW
3
�J/6l�¡¢[� m[-w-§R¡�q�hxWGhjWY[3gxkuW�[-}TnY�rst��q���q¤hie�smp�st��eTg�qrg)n<g�[~}Gq�pGhxW�q�g�g�hxn�}TeU§É|Ywjlm|R[�wxhie©�2WYlU��}Yg`stp<}G¡�q������R[2n<g�[~}�hxl
wx[~gihjwjsmq�p
hjWY[�g�[~stwukuW
gx|�smk�[�q�p�gx[-k%hjq�lUp "<� Ê |Ywxlflm¿�qrg��mq� m[-p
q�p�sm|Y|R[�p�}Tq�� Ê �
& � Ô/.ÈÐ �~� Ñ � K#¬H�

τi
�u¬D�o�V��¨0�o��
2�=ACA,� ��>m¬�¯cM(��
Rª�¯x¬c�>¨���
�21±¯x¬¨36�6¯j¬j���ª?��
#�54J���A¨6�?����
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Oª¯x¬c��¨¬¨�40�Æ«Y¬�¯x¬%¨��·�
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O�·�¶

τi
ªu·��� ���±¬u9� ���Æ« �Æ«Y¬2ªu«Y·>¨�¬H
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¸ nYw�hjWY[�wjZ�lmwj[m§�¡¢[
¡¢lmnY�r}¾��q�³U[,hjl¼WYq��mWY��q��mWCh]hjW�s�h~§ Å nYq¤hj[�gxnYwj|Ywjq�gxq�p��m��em§�wx[~}Tn�k�q�pY�¼hxWY[�gx[h�lt¿6WYq��mWY[-wolUw5:tstp�}¾gjstZ�[
|Ywjq�lmwjq¤hieÁhjsUg�³Tgolt¿)s�husmgx³©}YlC[~g]p�lth�pY[-k�[-gjgxsmwxq���e©}Tq�Z2q�pYqrg�W lmwo��[~s> m[,nYp<kuW�stpY�U[-}¾q�hjgowj[-gx|<lUp�g�[,hxq�Z2[U�¾V/WY[
gjkuWY[-}YnY��q�pY�
lm¿�hjsmgx³¾g�[�h

T = {τ1, τ2, τ3}
¡�WY[-wx[

τ1 = (C1 = 1, T1 = 5, D1 = 5)
§
τ2 = (1, 5, 5)

stp�}
τ3 = (6, 10, 10)

¡�q�hxWÀs
gxeTgihj[�Z2£P¡�qr}T[ Å n�stpChjnYZ¹lm¿ 3 q�g6|Ywx[~g�[-pChx[-}
nYp�}Y[�w/hxW�[�smgjg�q��mpYZ�[-pUhugHP

C P = {(τ1, 1, sched � fifo)
§
(τ2, 2, sched � rr)

§
(τ3, 2, sched � rr)}

lmp�¦��UnYwj[��Y§
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C Q = {(τ1, 2, sched � fifo), (τ2, 1, sched � rr), (τ3, 1, sched � rr)}
lUp�¦��mnYwj[ "<�

Ê g�q�h]k�stpÁ�<[3gx[�[-pÁlUp¼¦��UnYwj[-g`��smp�}%"Y§ÉhxW�[2¡¢lmwug�h�£¥k�smgx[]wj[-gx|Rlmp�gx[]hjq�Z�[�lt¿
τ2
q�g
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nYp<}T[�w

P
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(τ3, 2, sched � rr)

(τ2, 2, sched � rr)

(τ1, 1, sched � fifo)

¸ q��mnYwj[3� P]cTkuWY[~}TnY��q�p���lm¿Èhusmgx³¼g�[�h
T = {τ1, τ2, τ3}

¡�W�[�wj[2|�wxq�lmwjq¤hjq�[~g
p1 = 1

§
p2 = p3 = 2

stp�}Á|Rlm��q�k�q�[~g
sched1 =

sched � fifo § sched2 = sched3 = sched � rr ° smgjg�q��mp�Z2[-pCh P ´�
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(τ1, 2, sched � fifo)

(τ3, 1, sched � rr)

(τ2, 1, sched � rr)

t
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¸ q��mnYwj[ "�P�cTkuWY[-}YnY��q�pY��lt¿ÇhjsUg�³ gx[h
T = {τ1, τ2, τ3}

¡�WY[�wj[�|Ywxq�lmwjq�hxq�[-g
p2 = p3 = 1

§
p1 = 2

stp<} ¡�WY[-wx[�|Rlm��q�k�q�[~g
sched2 = sched3 = sched � rr § sched1 = sched � fifo ° sUgxgxq��mpYZ�[�pCh Q ´�
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Ê |Y|<[-p�}Tq�� � g�WYl�¡6gÇhjW�s�h�hjWY[,klUp�g�[-wx �sthxq� m[]wj[-gx|Rlmp�gx[2hxq�Z2[3�Rlmn�p�}�klmZ�|YnYhx[-}©¡�q�hxW8� S.!È[�p<g�nYwj[-gÇhjW�s�h�|Ywjlm|R[�wxhieÁ�
WYlU��}�g�� Ê g/q�h�¡�q����É�R[�gxWYl�¡�p
q�p�st|Y|R[�p<}Tq¤��\Ç§Ys�gjkuWY[-}YnY��sm�Yq���q�hie2hx[-g�h�¡�WYqrkuW
[-p�g�n�wx[~gÈhjW�s�h/|Ywjlm|R[�wxhie���qrg/ m[-wxq�¦�[~}É§Tst����l�¡6g
hjl�n<g�[3stp©[�fhj[�p�gxq�lUpÁlm¿ÈhjWY[ Ê n�}Ygx��[�eÁsm���Ulmwjq¤hjWYZ ° sUg�}TlmpY[�q�p¾g�[~k%hxq�lmp<g`��smp�}L"C´�stp�}Á|Ywj[-gx[�wj m[-gÇq�hjg�lm|Yhxq�Z�sm��q�hieG¡�q�hxW
wj[��Cstwu}Yg/hxl,hxWY[2st�Yq���q�hie�lt¿�hxW�[�hx[~gihÇhxl�}Tq�g�hxq�pY�UnYq�gxWG�R[hi¡¢[�[-p�¿Æ[-smgxq��Y��[2stp�}�p�lmpT£P¿Æ[-sUg�q��Y��[]g�lU��nYhxq�lmp�g ° qP� [U��§R¡�W�s�h`q�g`k�sm����[-}
hjWY[�|<l�¡¢[�w�lm¿#hjWY[�hx[~gih6q�p�hxWY[�¿ÆlU����l�¡�q�p��C´%�
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° ��q�pY[

3
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Ô�� � � Ð � & � Ô � ) ����	 � V/WY[6Z3stq�p,qr}T[-s�q�gKhxl�Z�l� m[U§m¡�WY[-p,pY[-[-}T[~}É§mhjWY[)Z3st�fq�Z]n�Z smZ2lUnYpChÈlt¿É¡¢lmwj³f��lCsm}]hxl
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��G1 Ð#� Õ�A2
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gxeTgihj[�Z q�gopYlmhogxkuW�[-}TnY�rst����[
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Ti
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Ti
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R = {τ1, τ2, τ3}
�3ÌÃsmkuW©[-}T�U[2qrg��rst�R[���[-}

[-q¤hjWY[�w�¡�q�hxW26
= i
7 ° qA� [m��§4|Ywjq�lmwjq¤hie�[ Å n<st��hxl i ´6lUwI6 > i
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�R[���lmp��Ug�hjl,hjWY[o�rs>em[-w6lt¿
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q�g2smgjgxq��UpY[-}¾|�wxq�lmwjq¤hieÁq/¡�WYq���[�p�lf}Y[�k�Z2[~stp�g]hxW<s�h

τ1
qrg
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�~��husmgx³fgu´%� Ê g/q¤h6k�smp��R[�g�[-[�p�lUp�¦<�mnYwj[`�Y§fhxWY[�gx|�smk�[Çlm¿�gx[-stwukuW,�Uwxl�¡6gÈZ2lUwx[ÇhxW<stp�[�T|<lUpY[�pChjq�sm����e3¡�q¤hjW�hjWY[�pfnYZ]�R[�w/lt¿
husmgx³fg-§fhxWfn�g)stp�[�TW�stn<gihjq� U[�gx[-smwjkuW
q�g/p�lth�¿Æ[-sUg�q��Y��[�q�p�|Ywusmkhxqrk[`q�p�s2¡�q�}Y[�wjsmpY�m[`lt¿�wx[~st��£Ahjq�Z�[�gxefg�hx[-Z3g��

(*)�+-,/.�0214365757368:9;9=< V/W�[6st���mlmwjq�hxWYZË��lflm³TgÄs�hK[~smkuW2|Ywxq�lmwjq�hie���[- m[��
i
¿ÆlmwÈs�gxnY��gx[hKlt¿<hjsUg�³Tg

Ti
q�p2hxWY[6gx[h

R
¡�WYqrkuW2smwx[

gjkuWY[-}YnY��sm�Y��[Ãs�h�|Ywxq�lmwjq�hie
i
° ��q�p�[

5
q�posm���Ulmwjq¤hjWYZ��>´%� Ê h�[~smkuW�|Ywjq�lUwxq�hie)��[� U[��P§~hxWY[-wx[Ãq�g

2#R }Tq O[�wj[�pCh�|RlUgjg�q��Y��[ÈgxnY��gx[hjg Ti q�p
R
�Kcfq�p�k[Çs�hK��[-smg�hÄlmpY[/husmgx³]qrgKsmgjgxq��UpY[-}]hxl�[~smkuW2|Ywxq�lmwjq�hie���[- m[-� ° lmhxWY[-wx¡�qrg�[¢hjWY[)smgjgxq��UpYZ�[�pChÄ¡ÃlUnY��}2�R[�pYlmpY£±gjkuWY[-}YnY��sm�Y��[m§
gx[�[���q�pY[

8
q�p�st���mlUwxq�hxW�Z �>´%§fhjWY[�pCn�Z]�R[�w�lt¿#hjsmgx³Tg¢�<[-��lUpY�mq�pY�ohxl

R
qrg/��l�¡¢[�wÃhxW<stp�lmw¢[ Å n�st�Ohjl #T − (n− i) = i

¡�WY[-p
hjWY[�smgjg�q��mp�Z2[-pChÃ¿ÆlUw¢|�wxq�lmwjq¤hie���[� U[��

i
qrg/klmp<g�qr}T[�wj[-}4��V/Wfn�g-§fhxW�[�sm���Ulmwjq¤hjWYZÜ��lClU³TgÈ¿ÆlUw ∑n

i=1 2i = 2n+1 − 2
smgjg�q��mp�Z2[-pChjg

q�p¼hjWY[�¡ÃlUwjg�h`k-smgx[m��V/WYqrg�klUZ2|���[��fq�hie�¿Ælmw�s
 �stwjeCq�pY�
pCn�Z]�R[�w�lt¿Khusmgx³Tg)qrg�g�W�l�¡�pGlmp¼¦��mnYwj[��T§É¿Ælmw`q�p�gihustp�k�[m§O¿ÆlUw�s�gx[h
lm¿

10
husmgx³fg)q¤h�qrg)[ Å n<st�4hjl 2046

� ¸ q��mn�wx[2�,gxWYl�¡6gÇst�rg�l3hjWY[�g�q�Â�[olt¿ÄhxW�[ogx[-stwukuWGgx|�smk�[m� Ê �¤hjWYlmn��mW¼s��mwj[-s�h`klmZ�|Y��[�Tq�hie
wj[-}Tn<k%hxq�lmp�¡�q�hxW3wj[��Cstwu}Yg�hxl�s��YwjnThj[£P¿Ælmwuk[�[�TW�smn�g�hxq� m[�g�[~stwukuWoqrgÈsUkuWYq�[� m[~}É§�hjWY[)klUZ�|Y��[��Tq¤hie�wj[�Z3smq�p�gK[�T|<lUpY[�pChjq�sm�Yq�p�hjWY[
pfnYZo�<[-wKlt¿RhjsUg�³Tg-��V/Wfn�g-§mq�p�|YwjsUk%hjq�k�[m§thjWY[�|Ywjlm|RlUgjst�TqrgÄpYlmhÈg�nYq�hx[~}2¿ÆlmwÄ�rstwj�m[�£±gxq�Â-[Èhusmgx³ogx[hug�hxW�sthÈ¡¢lmnY�r}É§�¿ÆlUwKq�p<gihustp�k�[m§m�R[

Ù���Ø#ÙÎÚ
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¸ q��mnYwj[2��P�\ÃlUZ2|���[��fq�hie�lt¿ÃhxWY[2|Ywjlm�Y��[�Z ¿ÆlUw�s
pfnYZ]�R[�w`lt¿ÃhjsUg�³TgÇ >smwxefq�pY�,¿ÆwjlmZ
5
hxl

50
° ��lm���ogxk-st��[�¿Ælmw�eC£¥s��Tq�gu´�¡�W�[�p

hjWY[ Å n�stpChxn�Z¹qrg�s2gxeTgihj[�Z2£±¡�q�}T[� �st��nY[U�

�R[hxhx[�w/W�smp�}T��[-}��fe�WY[�n�wxqrgihjq�k-gK�UnYq�}Yq�pY�]hxWY[`g�[~stwukuW2hxl�¡/stwu}YgÄ|YwjlmZ�qrg�q�pY��|�smw�hugKlm¿ÉhxWY[`g�[~stwukuW�gx|�sUk[m�K^ÇpY[`g�n�kuW3W�[�nYwjq�g�hxqrk
qrg�|Ywjlm|RlUgx[-}�q�p�gx[-k%hjq�lUp 4Y�

� Ô 	 . & Ð� ) � Ñ � Ð Õ����t� )ÞÔ�� � Ê g�gx[�[-p��<[�¿Ælmwj[m§~hxWY[ ;=��>¨���¬H>�@BAIAD@FE(�G� |R[�wx¿ÆlmwjZ�g�stp�[��TW�stn�g�hxq� m[Kgx[-smwjkuW`¿ÆlUw�[~smkuW�|Ywjq�lUwxq�hie
��[� U[��

i
�ÄV�l]s�k[-w�hustq�p3[�fhx[-pCh-§Cq¤h¢q�gÃ|<lCgxgxq��Y��[6hxl�wj[-}Tn<k[�hjWY[)pfnYZo�<[-wÈlt¿#gx[hugÄhjW�s�h/stwj[/hxl]�R[)k�lmp�gxq�}Y[�wj[-}É��{¥p�}T[-[-}É§ChxW<stpY³Tg

hjl2|�wxlU|<[-w�hie,�T§TlUpY[�k�stp�qr}T[�pChxq�¿Æe�smp�},|YwjnYpY[�s>¡/s>e��Ywjsmp�kuWY[~gÈlm¿#hxW�[�gx[-smwjkuW,hxwj[�[`¡�WYq�kuW�pY[~k[-gjgjstwjq���e���[~sm}3hjl3g�nY�<g�[�hjg
TihjW�s�h)smwx[�pYlmh�gjkuWY[~}TnY�rst�Y��[m�

O²q�hxW�hjWY[���smgxqrk`sm���Ulmwjq¤hjWYZ [��f|���smq�p�g/q�p $j�����t§Y¿Æ[-smgxq��Yq���q�hie�qrg6smgjg�[~gxgx[-}
s�h�hjWY[���[~s�¿Þg/¡�WY[-p�st���ÉhjsUg�³Tg/W�s> U[`�R[�[-p��mq� m[�p
s�|Ywjq�lmwjq¤hieU��V/WY[�qr}T[~soqrg�WY[-wx[`hjl3[� �st��n�s�hj[`¿Æ[-smgxq��Yq���q�hie�s�h6q�pChx[�wjZ�[-}Tqrs�hj[� m[�wxhxqrk[~g/smg/¡¢[����A§Y�fe�sUgxgxq��mpYq�pY��s�|Ywxq�lmwjq�hie3��l�¡¢[�w
hjW�stp

i
hxlohxWY[ÇhjsUg�³TgÈ¿Ælmw¢¡�WYq�kuW
pYl2|Ywxq�lmwjq�hie2kuWYlUq�k�[)W�sUg¢�<[-[�p�Z3sU}T[ÇeU[h~��º)p�}T[-wÈhjW�s�h6klUpT¦��UnYwjsthxq�lmp4§Uq¤¿�s�husmgx³

τi
¡�W�q�kuW

qrg�smgjgxq��UpY[-}¼hxWY[3|�wxq�lmwjq¤hie
i
qrg�pYlth]gjkuWY[~}TnY�rst�Y��[m§ÉhjWY[�wj[3qrg�pYl�pY[-[-}ÁhxlGk�lmp�gxq�}Y[�w�hxW�[,kuWYq��r}Twj[�p�lt¿¢hxW�q�g� U[�wxhx[��O�3{¥p<}T[�[~}É§

¿ÆwjlmZ |Ywjlm|R[�wxhie��f§Kgxq�p�k[3hjWY[�|�wxq�lmwjq¤hie©smgjg�q��mp�Z2[-pCh�lt¿/hxWY[�kuWYq���}Twj[�p¾lm¿�hxWYqrg� U[�wxhx[��©¡�q����Ãq�p<kwj[-smgx[3hjWY[�gx[holm¿6gxsmZ2[�lmw
WYq��mW�[�w�|Ywjq�lUwxq�hie�husmgx³Tg�§RhxW�[2wj[-gx|Rlmp�gx[�hxq�Z�[�lt¿

τi
k-stpYpYlmh`}T[~kwj[-sUg�[U��V/Wfn�g-§Ést���ÄkuWYq��r}G U[�wxhxqrk[~gÇk�lmwjwx[~g�|Rlmp�}�g�hxl�|Ywjq�lUwxq�hie

sUgxgxq��UpYZ�[�pChjg¢hjW�s�h6smwx[�pYlmh�gjkuWY[~}TnY�rst�Y��[m�
V/WY[
¦�p�}Yq�pY�©lt¿)hxWYqrg2|�stwust�Uwjsm|YW»st����l�¡6gos¼ U[�wje¾g�q��mpYq�¦<k-stpCh2}T[~kwj[-sUg�[
q�p hxWY[�s> m[-wjsm�m[3pfnYZ]�R[�w�lm¿ÇklUpT¦��mn�wjsthxq�lmp�g

hj[-g�hx[-}��fe,hjWY[5;=��>¨���¬H>�@BAIAD@FE(�G��st���mlUwxq�hxWYZ�� ¸ lUw�q�p<gihustp�k�[��t§<smg�k�smp��<[�gx[�[-p�lUp�¦<�mnYwj[]� ° sC´%§ThjWY[�s> m[-wjsm�m[ÇpCn�Z]�R[�w�lt¿
k�lmpT¦��UnYwus�hxq�lmp<gÄhxW<s�h�pY[�[~}3hjlo�R[)hj[-g�hx[~}�¡�q�hxW
lmnYw/Z�[hjWYlT}3¿Ælmw

20
hjsUg�³TgÃq�g/st�RlmnYh

300
hjq�Z�[-g/gxZ3st����[-wÈhjW�stp
hxWY[�s> m[-wjsm�m[

pfnYZo�<[-wÃ¡�q�hxWYlUnThÈhjWYqrgÃq�Z�|Ywjl� m[�Z�[-pUh~�#{±h/q�g¢st�rgxl�pYlthj[�¡¢lmwxhxWfe�hjW�s�hÃhxWY[`q�Z2|�wxl� U[�Z�[�pChKwus�hxq�l�q�p�kwj[-sUg�[~gK¡�q�hxW3hjWY[)pfnYZo�<[-w
lm¿#hjsUg�³Tg ° ¿ÆwxlUZ

3
hjl

300
WY[�wj[~´� � lm�Uq�k-st����eU§fsUg/k�stp��R[�gx[�[-p
lUp�¦<�mnYwj[�� ° �<´%§ThjWY[�wxn�pYpYq�pY�2hxq�Z2[`¿ÆlU����l�¡6gÃhxWY[�gjstZ�[Çhxwj[�p�}

gxq�p<k[3q�h�q�g�}Yq�wj[-khx��eG|Ywjlm|Rlmwxhxq�lmp�sm��hjl�hxWY[3pfnYZo�<[-w�lt¿�klUpT¦��UnYwjsthxq�lmp¼hx[-g�hx[~}XP�¡�q�hxW�hxW�[,klmZ�|Y��[�Tq�hieG|YwjnYpYq�pY��Z�[hjWYlT}É§
hjWY[�wxn�pYpYq�pY�2hxq�Z2[]wjsmpY�m[~gK¿ÆwjlmZ

0.145
gÈ¿Ælmw

8
husmgx³fg¢hjl

60
gÃ¿ÆlUw

20
hjsmgx³Tg¢lmp�stp�{¥pChx[���\Ãlmwj[`ÍÇnYl

1.8
� /)Âm�

V/WY[2��q�Z�q�h�lm¿ÈhjWY[o|�wxlU|<lCgxsm��qrgÇhxW�sth-§4[- m[�pÁ¡�q¤hjW¼hjWY[�klmZ�|Y��[�Tq�hie�wx[~}Tn�khxq�lmp¼|�wxlTk[~}TnYwj[m§RhxW�[�k�lmZ�|Y��[�Tq�hie�q�p�k�wx[~smgx[-g
[��f|Rlmp�[�pChxqrst����e�¡�q�hxW
hxWY[`pfnYZ]�R[�w/lm¿4hjsUg�³Tg-� ¸ nYw�hjWY[�w/[��f|R[�wjq�Z2[-pChjg¢g�WYl�¡ hjW�s�h¢hjsUg�³,gx[hugÈlm¿�k�smwj}Yq�p�sm��q�hie

30
hjl

35
k�smp��R[

W�smp�}T��[-}�q�p�so¿Æ[�¡EWYlUnYwjg-� Ê �Rl� m[`hxW�q�g¢hjWYwx[~g�W�lm�r}É§fhxWY[�wjnYpYp�q�pY�2hjq�Z�[�¡�q����4wustqrgx[Ç|Ywjlm����[-Z lmp�k[-w�hustq�p�husmgx³,g�[�hjg6smp�},hjWY[
� Ý W>ìÄì��-ãtì�àÞëíç�ìiî�ïPæuþTèPì¥ïAâ>ã`ëíè d%ë ýìiî`ëíîÇèPìiê¥ïPëíá%î`ú �
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e b�h
¸ q��mnYwj[���P Ê  m[-wjsm�m[6pfnYZo�<[-wÃlm¿#klmpY¦��mnYwus�hjq�lUp�g�hj[-g�hx[-},hxl]¦�p�}�sog�lU��nYhxq�lmp,stp<}�s> m[-wjsm�m[/wjnYpYpYq�pY��hjq�Z�[`lmp�smp,{¥pChx[-�É\ÃlUwx[
ÍÇnYl

1.8
� /6Â,¡�q�hxWÀstp�}»¡�q¤hjWYlmnThohxWY[�klUZ�|Y��[��Tq¤hie©wx[~}Tn�khxq�lmp»Z�[hjWYlT}É��V/WY[�\ÃvÈº ��lUsm}

U
q�g2[ Å n�sm�Khjl 0.84

¡�q�hxWÀs
pfnYZo�<[-wÇlm¿Ähjsmgx³Tg6wustpY�Uq�p��3¿ÆwxlUZ

8
hxl

20
�ÇÌÈsmkuWG|Rlmq�pChÇqrg6hjWY[�s> m[�wust�U[� >sm��n�[]l� m[-w

100
[�T|<[-wxq�Z�[�pChjgÇstp�}G��lU���Çgjk�sm��[]q�g

n�gx[-}
¿ÆlUw�eU£¥s��T[~g��

sm���Ulmwjq¤hjWYZ qrg6pYl3Z�lmwj[�g�n�q¤hj[-}É� � stwj�m[-w¢hjsmgx³
gx[hug6k�smp��<[�hjwx[~s�hj[-}�¡�q¤hjW�WY[�nYwjqrgihjq�k-g6s�h�hjWY[�[�T|R[�p�gx[�hxW<s�h)wj[-gxnY��hjg�stwj[�pYl
Z�lmwj[�lm|Thjq�Z3sm�A§Ygx[�[�gx[-khxq�lmp24f�

� � �����-57���¾��"#"������57���o�Ü�]��������u����5 � �u��� ����"�� ��"6�©���Ã���� �2	����o���

O©[Ç[��fhx[�p<}�hxWY[�st���mlUwxq�hxW�Z |Ywjlm|RlUgx[-}�q�p
gx[-khxq�lmp,��hxl�hjWY[�k�smgx[6¡�WY[-wx[ Å n�stpChjs]k�stp��<[�kuWYlUgx[�p3lUp�s�husmgx³C£P|R[�wx£Ahusmgx³]��sUg�qrg
q�p,hjWY[Çq�pChx[-wx �st�

[ψmin, ψmax]
§f¡�WY[-wx[

ψmin
stp�}

ψmax
stwj[6p�sthxnYwust�RpfnYZ]�R[�wugÈ¡�W�lUgx[) �st��nY[-g¢stwj[�^�cf£±gx|<[~kq�¦<k)k�lmp�g�hxwustq�pChjg

lUw]kuWYlUgx[�p��feÁhxWY[�sm|Y|Y��q�k-s�hjq�lUp�}Y[-gxq��UpY[�w~�
V/WY[
klmwjwj[-gx|<lUp�}Tq�pY��st���mlmwjq�hxWYZ qrg�p<stZ�[-} ;=���¨c��¬?>�@BAIA @FE�� � ∗ ��V/WYq�g]pY[�¡
sm���Ulmwjq¤hjWYZ wx[-Z�smq�p<g#lU|Thxq�Z3st�P§tg�[-[¢sm|Y|<[-p�}Tq��,\��f¡�WY[-p�hjWY[¢¿Æ[-smgxq��Yq���q�hie`qrg�smgjg�[~gxgx[-}�¡�q¤hjWogjkuWY[-}Tn���sm�Yq���q�hie�stp�sm��eTgxq�g# m[�wjq�¿ÆeCq�pY�
|Ywjlm|R[�wxhie��,}T[-gjkwjq��R[-}�q�p1$u�Y� 4T� O²q�hxWGhxWY[]sUgxgxnYZ�|Thjq�lUp�g�Z3sm}T[]q�pGgx[-khxq�lmp¼�f§<hxWY[]|<lU��qrke�q�g)q�Z�|Y��q�[-}��fe�hjWY[]pfnYZo�<[-w6lt¿
husmgx³fgÈW�s> fq�p���hxWY[`gxsmZ�[6|Ywjq�lUwxq�hie]��[� U[���P�gxWYlmn���}�lUpY��e2lmp�[�hjsUg�³��R[Çsmgjgxq��UpY[-}2|Ywjq�lUwxq�hie]��[� U[��<q�hjWY[�p,q�hjgÃ|Rlm��q�k�eoqrg ¸ vKv ° qP� [U�
s,z)zË��s>eU[�w�lm¿Äk-stwu}Tq�p�st��q¤hieÁ��qrg)g�hxwjq�khx��e
[ Å n�q� �st��[�pCh6hjl�stp ¸ vKv:��s>eU[�w~§�gx[�[<$%�T���-´%§RlthjWY[�wj¡�q�gx[�hxW�[]|Rlm��q�k�e
qrg6pY[~k[~gxgjstwjq���e
z6z���V/WY[�|Ywjlm�Y��[�Z¹q�g¢hjWCn<g�wx[~}Tn�k�[-}�hxl,smgjgxq��UpYq�p��o|Ywjq�lmwjq¤hjq�[~g�§f|Y��n�g Å n�smpUhus�hjl�hjsUg�³Tg¢hxW<s�h��<[-��lUpY��hxl3s�z6zE�rs>em[�w~�

�$��� ���������
	��������������
∗
��?%B*'* ;#�� :
�

{¥p�hjWY[]gjstZ�[�¡¢s>e
smg/hjWY[0;=��>¨���¬H>�@BAIAD@FE(�G��st���mlUwxq�hxWYZ�§ThjWY[]sm���Ulmwjq¤hjWYZ ��lClU³Tg¢¿Ælmw)s3gjkuWY[-}YnY��sm�Y��[�g�[�h)lt¿�hjsUg�³Tg6sth6[-smkuW
|Ywjq�lmwjq¤hie���[� U[��P��/)l�¡Ã[- m[-w-§tgxq�p<k[¢hxWY[ Å n<stpChxnYZ k�smpo�R[)kuWYlCg�[-p4§�hxW�[6st���mlmwjq�hxWYZ�[��YstZ�q�p�[-g-§�¿ÆlmwÄ[~smkuW2|<lCgxgxq�����[6gx[hKlm¿<husmgx³fg-§
sm���4|RlUgjgxq��Y��[ Å n�stpChxn�Z¹smgjg�q��mp�Z2[-pChjg¢nYpChxq��4q�h�¦�p�}Yg6s�gxnYq�hjst����[�lUpY[ ° ��q�pY[ 5 q�p�st���mlmwjq�hxWYZ¹�U´%�

K4� Ð .�Ô�� � � Ð � & � Ô � ) � �
	 � ¸ lmw�[~smkuW¼|�wxq�lmwjq¤hie���[� U[��
i
° ��q�pY[3�
q�p�st���mlmwjq�hxWYZ �m´§ÉhxW�[m;=���¨���¬?>�@BACAD@FE(�G���
sm���Ulmwjq¤hjWYZ

sth�hx[-Z�|ThjgÇhxl
¦�p�}Ás�gjkuWY[-}YnY��sm�Y��[ogxnY��gx[h
Ti
q�pÁgxnY��gx[h

R
° ��q�pY[<43q�pÁst���mlUwxq�hxW�Z �m´6¡�WY[-wx[

R
qrg)Z3sU}T[olm¿Èst����hxWY[ohjsUg�³Tg

¡�WYqrkuWGW�s> U[�pYlth`�<[-[�pGeU[h�smgjg�q��mpY[~}�s3|Ywjq�lUwxq�hiem§Rs,|Rlm��q�k�e�smp�}Gs Å n�smpUhjnYZ��)V/WY[2st���mlmwjq�hxWYZ¹hxwjq�[~gÇsm����|<lCgxgxq�����[]gxnY��gx[hug
lm¿

R
§ÄlmpY[,�fe�lmp�[m§Ästp�}¾sm���¢|RlUgjg�q��Y��[ Å n�stpChxn�Z sUgxgxq��mpYZ�[�pChug�¿Ælmwo[-smkuW»gxnY��gx[h2nYpChxq��¢s¼gxkuWY[~}TnY�rst�Y��[�k�lmpT¦��UnYwus�hxq�lmp�qrg

lU�Thjsmq�pY[~}GlUw�sm���Äk�lmpT¦��UnYwus�hxq�lmp<g6W�s> U[]�R[�[�p�klUp�gxq�}T[-wx[~}É��{¥p¼hjWY[2��sth�hx[-w�k�smgx[m§OhjWY[�g�eTg�hx[�Z qrg`pYlth�gjkuWY[-}YnY��sm�Y��[ ° ��q�pY[-g]�
smp�} � q�p¼sm���Ulmwjq¤hjWYZ �m´%��^)hxWY[-wx¡�qrg�[U§�¡¢[]W�s> U[�¿Ælmn�p�}Gs�gjkuWY[~}TnY�rst�Y��[]gxnY��gx[h-§O}T[-pYlthj[-}��fe

Ti
§O¡�WYqrkuW4§Rq�pGhxWY[�z6z�k-smgx[m§

|RlUgjg�[~gxgx[-g Å n�smpUhjnYZ smgjgxq��UpYZ�[�pCh {ψk}τk∈Ti

° ��q�pY[��-�oq�p�sm���Ulmwjq¤hjWYZ �m´%�ÄvÈwx[~kqrg�[-��eU§
Ti
qrg�gjkuWY[-}Tn���sm�Y��[`¡�WY[-p�sm���RhjsUg�³Tg¢lt¿

Ti
smwx[Ç¿Æ[-sUg�q��Y��[�s�h�|Ywjq�lUwxq�hie

i
¡�WYq���[�sm���Ohusmgx³Tg/¡�q¤hjWYlmnTh6sUgxgxq��UpYZ�[�pCh ° qP� [U��§Yhjsmgx³Tg¢q�p

R\Ti
´ÃW�s> m[�s2|Ywjq�lUwxq�hie3�mwj[-sthx[-wÈhjW�stp
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�?� . �#� P�hjsmgx³�gx[h
T = {τ1, τ2..., τn}�
Ð ���
&Æ� P�gjkuWY[-}Tn���sm�Y��[�|Ywjq�lmwjq¤hieU§YgxkuWY[~}TnY��q�p��2|Rlm��qrke�smp�} Å n�smpChxnYZ smgjg�q��mpYZ�[-pUh Pk = (P ,Ψk)� �T�-� P

i
P�|Ywjq�lUwxq�hie3��[� m[-�Ohxl,sUgxgxq��Up

R
P�hjsUg�³C£¥g�[�h�¡�q¤hjW�p�l�sUgxgxq��mpY[~},|Ywjq�lUwxq�hie

P
P�|�stwxhxqrst�É|�wxq�lmwjq¤hie,smp�}�|<lU��qrke
smgjg�q��mpYZ�[-pUh

ΨP
PÄ|�smw�hjq�sm� Å n<stpChxnYZ st����lTk-s�hxq�lmp

R = T
��

P = ∅
��

�±Ô �
i = n
� Ô � Õ Ô�

����� �"!$#�%�%"&('�)+*"�,&-!.��&(���
i /0 g�[~stwukuW
s�gjkuWY[-}Tn���sm�Y��[�gxnY��gx[h�lt¿�hjsUg�³Tg

Ti
nYp<}T[�w Å n�smpUhjnYZ sm����lTk�sthxq�lmp {ψk}τk∈Ti

q�p
R1

)B�f
O·�¨�� �%¨�¬H�
Ti
�r¨�¨ªu«Y¬u���� ���H��¬f��� R¯��Þ·t¯����F>

i
� � Ð�2 3

#4&65-7��98�:;�986��7"��)+*�#6����&-#"5�#�%�%"&('.)�8(<�86)�� /= � Ð � ��� �
(P ,ΨP)

�>
Ð &Þ� Ð? ��[h

Ti
s�gjkuWY[-}YnY��sm�Y��[�gxnY��gx[h6sth6|Ywxq�lmwjq�hie

i
¡�q¤hjW Å n<stpChxnYZ st����lTk-s�hxq�lmp {ψk}τk∈Ti

��A@
#�%�%"&('.)+*"��&-!.�,&(���B:C*�!"5�&�D(� #6)9E F.7�#6)"�.76< /���
)F�

#Ti = 1
� � Ð#��G�

P = P ∪ {(τk, i, sched � fifo)}τk∈Ti

��A� Ð &A� Ð�H0
P = P ∪ {(τk, i, sched � rr)}τk∈Ti

��G1
ΨP = ΨP ∪ {ψk}τk∈Ti

��A2
Ð#� Õ� =
�98(<�!.I"8

Ti

3
�9!(<

R /�A>
R = R\Ti

��A?
Ð#� Õ�G@
)B�

R = ∅
� � Ð#� � Ð � ��� �

(P ,ΨP)
��J�

Ð#� Õ���
��& � Ô � ) � �
	 �XP+;=���¨c��¬?>�@BAIA @FE�� � ∗ st���mlUwxq�hxWYZ¹¡�q¤hjW
husmgx³C£±gx|<[~kq�¦<k Å n<stpChxnYZ��
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i
� Ê h6[~smkuW�gihj[�|4§Rs�h6��[-smg�h�lmpY[�husmgx³,qrg6smgjg�q��mp�[-}�so|�wxq�lmwjq¤hie
stp�}�s2|<lU��qrke ° ��q�p�[-g��U�Çhjl��>�]q�p�sm���Ulmwjq¤hjWYZ �t´� �)lthx[�hjW�s�h~§
¡�WY[-p�z6zEq�g/n�gx[-}�sth/��[-sUgih�lUp�k[U§Y��[~gxg¢hjW�stp

n
|Ywxq�lmwjq�hie3��[- m[��rg�stwj[`pY[�[~}T[-} ° [~stwj��e�[�Tq¤h6lUp
��q�pY[]�T�`q�p�sm���Ulmwjq¤hjWYZ¹�m´�

�ÃÔ4Ô N )F� � �PÔ �2� � Ð � Ð � Ô�� �~�.� Ð Õ
��&A�T� & Ð �~�Y� N4�
Ti
� V/W�[�wj[Çstwj[

2#R |RlUgjgxq��Y��[)gxnY��gx[hug Ti lt¿ R hxW<s�h¢k-stp3�R[ÇsUgxgxq��UpY[-}|Ywjq�lmwjq¤hie,��[� U[��
i
° ��q�pY[54m´�¢cfq�p�k�[�hxWY[ Å n<stpChxnYZ k�smp
hust³U[ ‖ψ‖ = ψmax − ψmin + 1

}Tq O[�wj[�pCh6 �st��nY[-g-§YhjWY[�wj[�stwj[
‖ψ‖#Ti

}Tq O[�wj[�pCh Å n�smpChxnYZ sUgxgxq��UpYZ�[�pChjg]¿Ælmw2[-sUkuW gxnY��gx[h Ti � V/W�[
��sUg�qrk,[��TW�stn�g�hxq� m[�hxwj[�[�£±gx[-smwjkuW¾n�gx[-}»hxl©g�[�h2|Ywjq�lmwjq¤hjq�[~g]qrghjWY[]gjstZ�[�smg�q�p�hxW�[5;=��>¨���¬H>�@BAIAD@FE(�G��st���mlmwjq�hxWYZ�§Ygx[�[�gx[-k%hjq�lUpG�T�¢{¥p
hjWY[�¿ÆlU����l�¡�q�p���§Y¡¢[�k�sm��� O¯��Þ·�¯�����>�@±¨�¬��t¯xªu«#@ �P¯x¬u¬�hjWY[
gx[-smwjkuW�hxwj[�[�Z�lf}Y[���q�pY�2hjWY[�|Ywxq�lmwjq�hie,kuWYlmqrk[~g�� /6[-wx[U§f¡Ã[�[�T|Y�rstq�p�WYl�¡!¡¢[`n<g�[�s�g�q�Z�q��rstw�gx[-smwjkuW�hxl3kuWYlflUgx[)hjWY[ Å n�stpChxn�Z
sUgxgxq��UpYZ�[�pChÄ¿ÆlmwÃ[-sUkuW2|RlUgjgxq��Y��[)gx[h

Ti
� Ê Z�[hjWYlT}�hxW�sthÃgx|<[-[-}Yg�£Pn�|�hxWY[`g�[~stwukuWo�fe2|Ywxn�pYq�p��]s>¡¢s>eog�nY�Y£Ahjwx[-[-g�hjW�s�h/k�stp�pYlth

k�lmpChjsmq�p�s�g�lU��nThjq�lUp
qrg�|Ywjl� fq�}Y[-},q�p $3"<� �f�
cfq�Z�q��rstwj��eÇhjl ;=���¨���¬?>�@BACAD@FE(�G�¢§-hxWY[/g�[~stwukuW�¿Ælmw�hxWY[/gjkuWY[-}Tn���sm�Y��[¢g�n���g�[�h

Ti
qrg�|R[�wx¿ÆlmwjZ�[-}��fe�[��f|���lUwxq�pY��hjWY[Ã|�wxq�lmwjq¤hieC£

gx[-smwjkuWT£Phxwj[�[Ãsmk�k�lmwu}Tq�pY�6hjl`sÇ}T[�|ThjWT£P¦�wjg�hKgihjwjsthx[-�mem�QO²WY[�p�s6��[-st¿<qrg�wj[-sUkuWY[-}4§-hjWY[/gxkuWY[~}TnY�rst�Yq���q¤hie�lm¿
Ti
q�g�smgjgx[-gjg�[~}É�#{±¿

Ti
qrg

¿Æ[~smgxq��Y��[m§>hjWY[/st���mlmwjq�hxWYZEwx[�hxnYwjp�g-§>lthxW�[�wj¡�q�gx[m§>q�h���sUku³Chxwusmku³TgOhxq����UhjWY[Ã¦�wjg�h� U[�wxhx[���gxn�kuW�hjW�s�h�pYlthÄst���Cq¤hug�kuW�q��r}� m[-w�hjq�k�[-g#W�s> m[
�R[�[-p
[��f|���lUwx[~}É��V�l�smgjg�[~gxgKhxWY[�gxkuW�[-}TnY�rst��q���q¤hie3lm¿

Ti
§fsm���O|RlUgjg�q��Y��[ Å n�smpUhjnYZ smgjgxq��UpYZ�[�pChjg¢stwj[Çgxn�k�k�[-gjg�q� m[-��e�klUp�gxq�}T[-wx[~}É�

{¥p�hjWY[�gjstZ�[3Z3stpYpY[-w]smg�¿Ælmw�hjWY[,|Ywjq�lUwxq�hieÁsm����lTk�sthxq�lmp4§�s�hxwj[�[�£¥k�st����[-}��?����
������5@±¨�¬c��¯jªj«�@ �A¯x¬u¬�£6wj[ ��[~k%hjg�hxWY[�kuW�lmqrk[-g�¿Ælmw
Å n�smpUhjnYZ  �st��nY[-g-� Ê }T[�|YhxWT£P¦�wugih/gihjwjsthx[��Ue]qrgKn�gx[-}�smgK¡¢[����Yhjl][��f|���lUwx[/hjWYq�g¢gx[-stwukuW3g�|<smk[U��{¥p,hxWYqrgÃk-smgx[m§Cs�pYlT}T[)W<smg ‖ψ‖kuWYq��r}Twx[-p�¡�WY[�wj[�[-smkuW�kuWYq���}
Z�lT}T[��rg6s�}Tq R[-wx[-pUh Å n�smpChxnYZ  �sm��nY[U�G/6[-wx[U§Y¡Ã[��rst�R[��ÉhjWY[�[-}Y�m[��<[�hi¡Ã[-[�p� m[-w�hjq�k�[-g/lt¿Ä}T[-|ThxW
k
smp�}

k + 1
¡�q¤hjW�hxWY[ Å n�stpChxn�Z  �st��nY[�lm¿�hxWY[ (k + 1)th

hjsmgx³�lm¿
Ti
�6V/Wfn�g-§<s, m[�wxhx[��
lm¿Ä}Y[�|ThjW

k
Z�lT}T[��rg�hjWY[]kuWYlUq�k�[-g

|R[�wx¿ÆlmwjZ�[-}�¿Ælmw/hxW�[
k
¦<wjg�h/hjsmgx³Tg/lt¿

Ti
�

�$� � &�' ���>?%�60 #�� � ��A@< # ���> '!� ��� �!A �".

K )"'UÐ!Ô�� ��� Ð � Ð �T���.�Ü� . �Y� Ð�� Ê gxgxq��mpYq�pY�
n
hjsmgx³Tgohxl�}Tq O[�wj[�pCh�pYlmpY£P[-Z2|Yhie©�rs>em[-wjg]q�g2��q�³U[�gxnY�O}Tq� Cqr}Tq�pY��sÁgx[h�lt¿

n[-��[-Z2[-pChjg/q�pUhjl�pYlmpT£±[�Z�|Thie
g�nY�<g�[�hjg-� � [h
k
�<[�hjWY[�pfnYZ]�R[�w�lm¿��rs>em[-wjg-��V/WY[�pfnYZo�<[-w�lt¿�|RlUgjgxq��Y��[�smgjg�q��mp�Z2[-pChjg¢q�g/[ Å n�st�P§

�fe
}Y[¦�pYq�hxq�lmp#§Thxl2hxW�[�hxWY[]cChjq�wj��q�pY��pfnYZo�<[-w6lt¿�hxWY[�gx[-k�lmp�}
³fq�p�} ° g�[-[0���?!±§T|�sm�m[ � ��"C´�P

1

k!

k∑

i=0

(−1)(k−i)

(
k

i

)
in
§

¡�WY[-wx[  k

i

! q�g6hxWY[���q�pYlUZ�q�sm�#klf[ �,k�q�[-pUh~§�qP� [U��§�hxWY[]pCn�Z]�R[�w6lm¿�¡/s>eTg/lt¿Ä|Yqrku³fq�pY�,smp�nYpYlmwu}T[-wx[~}�gxnY��gx[h6lm¿
i
[���[�Z�[-pUhug

q�p�s2gx[h6lm¿
k
[���[�Z�[-pUhug��

V/WY[�klUZ�|Y��[��Tq¤hie3}T[-|<[-p�}Yg/lmp,hxWY[�pfnYZ]�R[�w¢lt¿#hjsmgx³TgÃgjkuWY[~}TnY��[-},n�p�}T[�w�z6z:g�q�p�k�[)hjWY[�q�w Å n<stpChxnYZÜ �sm��nY[~gÈW<s> m[6hjlo�R[
kuWYlCg�[-p4�(O²WY[�p�hxWY[-wx[`stwj[

k
��s>eU[�wug�§Cs�hÃ��[-sUgih

n− k+ 1
hjsmgx³TgÃsmwx[Çq�p�stp�z)z!�rs>em[�w ° qP� [U��§

n− k+ 1
husmgx³fgÈq�p�sogxq�pY�m��[Çz6z

�rs>em[-wKstp�}2lmp�[/hjsmgx³]q�p3[-sUkuW�lt¿RhxWY[6wj[�Z3smq�pYq�pY�
k−1
¸ vKv»�rs>em[-wjgu´#smp�}�nY|2hxl

max(n, 2(n−k))
° qP� [m��§mhusmgx³fgÄsmwx[ 6�[� U[�pY��ej7

}Tqrg�hxwjq��YnYhx[-}¼stZ�lmpY�
z6z ��s>eU[�wugj´�6cfq�p<k[�hjWY[ Å n�smpChxnYZ k�smp�hjst³U[ ‖ψ‖ = ψmax − ψmin + 1
}Tq R[-wx[-pUhÇ >sm��n�[-g-§�hjWY[�wj[]stwj[

�R[hi¡¢[�[-p
‖ψ‖ n−k+1 smp�} ‖ψ‖max(n,2(n−k)) }Tq R[-wx[-pUh Å n�smpChxnYZ¹sUgxgxq��mpYZ�[�pChug¢¿Ælmw6s�klUpT¦��mn�wjsthxq�lmp�lm¿ k �rs>em[�wug-�{¥p»sU}Y}Tq�hxq�lmp4§

n
husmgx³Tg�k�smp©�R[�gxnY�O}Tq� fqr}T[-}�q�pChxl

k = 1, 2, ..., n
Z3smpCeÁ��s>eU[�wug�stp�}ÁhjWY[�wj[�stwj[

k!
}Tq O[�wj[�pCh]|RlUgjg�q��Y��[

|Ywjq�lmwjq¤hie©lmwu}T[�wjq�pY�UgostZ�lmpY�GhxWY[
k
|Ywjq�lUwxq�hie©��s>eU[�wug��©V/WCn<g�§Ks¼��l�¡¢[�w��RlmnYp<}¾¿ÆlmwohxW�[�gx[-smwjkuW»gx|�smk�[,lt¿)hxWY[
|YwxlU�Y��[�Z lt¿

sUgxgxq��UpYq�pY�o|�wxq�lmwjq¤hieU§T|<lU��qrke
stp�} Å n�stpChxn�Z ¿Ælmw6s�gx[h6lm¿ n hjsmgx³Tg¢q�g

n∑

k=1

k∑

i=0

(−1)(k−i) ·

(
k

i

)
· in · ‖ψ‖n−k+1 �

{¥p�s�g�q�Z�q��rstw�¡/s>em§f¡¢[�}T[�wjq� m[�stp�nY|Y|R[�w��RlmnYp<}
�fe,wj[�|���sUkq�pY�
‖ψ‖n−k+1 ¡�q¤hjW ‖ψ‖max(n,2(n−k)) �

¸ lmw�q�p�g�hjstp<k[m§�smg]k�stp¾�R[�gx[�[-p©lUp�¦��mn�wx[ � §�hjWY[�gxq�Â-[3lt¿/hxWY[
g�[~stwukuW�gx|�sUk[,klUZ�|Ywxqrgx[-g�st�RlmnYh
2 · 1011 gjkuWY[-}YnY��q�pY�

k�lmpT¦��UnYwus�hxq�lmp<gÄ¿Ælmw/s]gx[h/lt¿
10
hjsUg�³Tg-��V/W�[`gx[-smwjkuW,gx|�smk�[)�Uwxl�¡6gÄZ�lUwx[)hxW�smp�[�T|RlmpY[-pChxqrst����eU§mhjWCn<g¢smp,[�TW�smn�g�hxq� m[Çgx[-smwjkuW

qrg�pYlmh/|RlUgjgxq��Y��[�q�p
|Ywusmkhxqrk[�q�p�s2¡�qr}T[�wustpY�U[Çlm¿�wj[-sm�¤£Phxq�Z�[Ç|Ywjlm����[-Z�g-�
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 1

 1e+10

 1e+20

 1e+30

 1e+40

 1e+50

 1e+60

 1e+70

 1e+80

 1e+90

 5  10  15  20  25  30  35  40  45  50

Number of tasks (n)

Size of the problem - task specific quanta (lower bound)
Audsley-RR-FPP* - task specific quanta (worst-case)
Audsley-RR-FPP - system-wide quantum (worst-case)

¸ q��mnYwj[ � P¢\ÃlUZ�|Y��[��Tq¤hie
lt¿�hxWY[�|�wxlU�Y��[-Z ¿ÆlUw)s�pfnYZ]�R[�w6lm¿�hjsmgx³Tg/ �stwjeCq�pY�2¿ÆwjlmZ
5
hxl

50
° ��lm�<�Ãgjk�sm��[�¿ÆlUw6eC£±st�fqrgu´%�K{¥p�hjWY[

k-smgx[`lm¿�husmgx³C£±gx|<[~kq�¦<k Å n<stpChjs�§fhxWY[ Å n�smpUhjnYZ  �st��nY[�wustpY�U[-g/k�smp
�R[�kuWYlCg�[-p�q�p
hjWY[�q�pUhj[�wj �st� [1, 5]
�

(*)�+-,/.�0214365757368:9;9
∗ � ^Çn�w�sm���Ulmwjq¤hjWYZ ��lClU³TgÇsth�[~smkuWG|�wxq�lmwjq¤hie���[� U[�� i ¿Ælmw�s�g�n���g�[�h Ti q�p R ¡�WYqrkuW¼qrg�gxkuW�[-}TnY�rst����[sth`|Ywjq�lmwjq¤hie

i
° ��q�pY[

5
´%�ocTq�p�k�[2sth`��[-sUgih�lmp�[]husmgx³�q�g�smgjgxq��UpY[-}�hjl
[~smkuWG|�wxq�lmwjq¤hie���[� U[��P§OhxWY[2pfnYZ]�R[�w�lt¿ÃhjsUg�³TgÇ�<[-��lUpY�mq�pY�

hjl
R
¡�W�[�p¼}T[~st��q�p���¡�q�hxW¼|�wxq�lmwjq¤hie���[� m[-�

i
qrg)��l�¡¢[�w6hjW�stpÁlmwÇ[ Å n�st��hxl i �`{¥pÁsm}Y}Tq�hxq�lmp#§R¡¢[]³fpYl�¡ hjW�s�h`hxW�[�wj[ostwj[ ‖ψ‖k}Tq O[�wj[�pCh Å n<stpChxnYZ sUgxgxq��mpYZ�[�pChug6¿ÆlUw�s�gxnY��gx[h�lt¿ k hjsUg�³Tg-��V/WCn<g�§4sth�[~smkuWG|Ywjq�lmwjq¤hie���[� m[-� i §OhjWY[3st���mlUwxq�hxWYZ [��TsmZ�q�pY[~g

∑i
j=1

(
i

j

)
· ‖ψ‖j = (‖ψ‖ + 1)i − 1

sUgxgxq��mpYZ�[�pChug)q�p¼hjWY[2¡ÃlUwjg�h�£¥k�sUg�[U��V/Wfn�g-§O¿Ælmw�|Ywjq�lmwjq¤hie���[� m[-�#¿ÆwjlmZ
1
hxl
n
§OhxW�[

sm���Ulmwjq¤hjWYZ¹klUp�gxq�}T[-wjg¢q�p�hxWY[�¡¢lmwugihx£±k-smgx[Çs2pfnYZ]�R[�w�lm¿�sUgxgxq��mpYZ�[�pChugÃ�Uq� U[�p��fe�P
n∑

i=1

(‖ψ‖ + 1)i − 1 =
1 − (‖ψ‖ + 1)n+1

1 − (‖ψ‖ + 1)
− (n+ 1)

V/WYqrg2klmZ�|Y��[�Tq�hie¼¿ÆlUwos¼ >smwxefq�pY��pfnYZ]�R[�w2lt¿�husmgx³Tg�qrg]gxWYl�¡�p¾lmp¾¦<�mnYwj[ � §�¿ÆlUw]q�p�gihustp�k�[m§�¿ÆlUwosGgx[h2lt¿
10
husmgx³Tg�¡�q�hxW

ψmin = 1
stp�}

ψmax = 5
q�h)q�gÇst|Y|�wxl>�Tq�Z�sthx[-��e
[ Å n�st�4hxl 72 · 106 � ¸ q��mn�wx[ � gxWYl�¡6g6sm��gxl�hxW�[ogxq�Â-[�lt¿�hxW�[]g�[~stwukuW�g�|�sUk[

smp�}É§T¿ÆlUw)klUZ2|<stwjq�gxlmp4§ChjWY[�¡ÃlUwjg�h�£¥k�sUg�[`klUZ2|���[��fq�hie�lm¿ ;=���¨c��¬?>�@BAIA @FE�� �¢§ � �Î¬ ��§�hjWY[�k�sUg�[�¡�WY[-wx[`hxW�[ Å n<stpChxnYZ g�q�Â�[�qrg6s
gxeTgihj[�Z2£P¡�qr}T[�klUp�gihustpCh-� Ê ��hxW�lmnY�UW�¡¢[ÇsmkuW�q�[- m[Çs]�mwj[-sth¢klUZ�|Y��[��Tq¤hie�wj[-}Tn�khxq�lmp
¡�q¤hjW�wj[��Usmwj}�gÄhxl2stp
[�TW�stn<gihjq� U[Çgx[-stwukuW4§
hjWY[�klUZ2|���[��fq�hie,wj[�Z3stq�p�g/[��f|Rlmp�[�pChxqrst�Éq�p�hxWY[�pfnYZo�<[-w�lt¿#husmgx³Tg�§YsUg/|Ywx[- fq�lUn�g���e3pYlmhxqrk[-}�q�p�g�[~k%hxq�lmp��T�

� Ô 	 . & Ð� ) � Ñ � Ð Õ����t� )ÞÔ�� � V/WY[�q�}T[~s�q�g�hxWY[�gjstZ�[,sUg`¿Ælmw0;=���¨c��¬?>�@BAIA @FE�� �¢� O©[,¡¢smpCh`hjlGwj[-}Tn�k�[2hxWY[,pfnYZo�<[-w�lt¿
gx[hug/hxW�sthÇstwj[�hxl3�R[]k�lmp�gxq�}Y[�wj[-}É�KvÈwxlU|<[-w�hie����mq� m[�p�q�p�hxWYqrg�|�smwjsm�mwust|YW�g�WYl�¡6g�hxW�sth6q¤h)qrg�|RlUgjg�q��Y��[�hxl,qr}T[-pUhjq¤¿Æe�|Ywjq�lUwxq�hie
smp�}�|Rlm��q�k�e�sUgxgxq��mpYZ�[�pChug/hxW�sth�smwx[�p�lth`gjkuWY[~}TnY�rst�Y��[]¡�W�sthx[- m[�w6hxWY[ Å n�stpChxn�Z sm����lTk�s�hjq�lUp4�)V/W�smpY³Tg�hjl�|Ywjlm|R[�wxhie��,stp�}
|Ywjlm|R[�wxhie ��§/lmpY[¼k-stp qr}T[�pChxq�¿Æe²stp�} |�wxnYp�[Gs>¡¢s>e»��wjsmp�kuWY[-g,lt¿�hxWY[¼|Ywxq�lmwjq�hieU£¥gx[-stwukuWT£Phxwj[�[
¡�WYq�kuW²p�[-k[~gxgjstwjq���e»��[-sU} hxl
gxnY��gx[hug

Ti
hxW<s�h3stwj[,pYlth3gjkuWY[-}Tn���sm�Y��[�¡�W�s�hj[� m[-w]hjWY[ Å n�smpChxnYZ sUgxgxq��UpYZ�[�pChjg-� ¸ nYwxhxWY[-wxZ�lmwj[m§�¡�q�hxW |YwxlU|<[-w�hie��Y§ÈlmpY[

k-stp�wx[~}Tn�k�[�q�pGs�gxq�Z�q���smw6Z3stpYpY[-w�hxW�[�pCn�Z]�R[�w6lm¿ Å n�smpChxnYZ smgjg�q��mpYZ�[-pUhug¢hxl,k�lmp�gxq�}Y[�w/¿ÆlmwÇs�|�stwxhxqrknY�rstw6gxnY��gx[h Ti q�pGsÅ n�smpUhjnYZ2£±gx[-smwjkuWY£Ahjwx[-[m�
O²q�hxW
hxWY[���sUg�qrk)sm���Ulmwjq¤hjWYZ [�T|Y�rstq�p�g¢q�pL$3"<���t§f¿Æ[~smgxq���q���q¤hie3lm¿�so|Ywxq�lmwjq�hie�sm����lTk�sthxq�lmp,qrg/smgjg�[~gxgx[-},sthÃhjWY[`��[~s�¿Þg¢¡�WY[�p�st���

husmgx³fg/W<s> m[`�<[-[�p��mq� m[-p�s2|Ywjq�lUwxq�hie3�fe,hj[-g�hxq�pY�3st��� Å n<stpChxnYZ smgjg�q��mp�Z2[-pChjg-��V/WY[�qr}T[~soqrg�WY[-wx[`hjl2[- �st��n�s�hj[Ç¿Æ[~smgxq���q���q¤hie
s�h
q�pChx[�wjZ�[-}Tqrs�hj[� m[-w�hjq�k�[-g6sUg�¡¢[����A§R�fe�sUgxgxq��UpYq�pY�3s3|Ywjq�lUwxq�hie���l�¡Ã[-w/hxW�smp

i
hjl3hxW�[�hjsUg�³Tg/¿ÆlUw)¡�WYqrkuW�pYl,|�wxq�lmwjq¤hie
kuWYlmqrk[�W<smg

�R[�[-p2Z3sU}T[/em[h~��º)p�}T[-wÄhxW�sthÈklUpT¦��mn�wjsthxq�lmp4§>q�¿OsÇhjsUg�³
τi
¡�WYqrkuWoqrgKsUgxgxq��UpY[-}�hxWY[�|�wxq�lmwjq¤hie

i
q�g�pYlmhÈgxkuW�[-}TnY�rst����[¢¡�W�s�hj[� U[�w
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V/Wfn�g-§Rsth)[-sUkuW� m[�wxhx[��
lm¿�hjWY[]|�wxq�lmwjq¤hie�g�[~stwukuW�hjwx[-[m§Rs3|Ywjq�lUwxq�hie
sUgxgxq��UpYZ�[�pCh
P
q�g)pYlth)¿Æ[-smgxq��Y��[]¡�W�s�hj[� m[-w�hxW�[ Å n�stpChxn�Z

sUgxgxq��UpYZ�[�pCh-§Tq�¿Äs]husmgx³
τk
¡�WYqrkuW
W<smg�s�|Ywjq�lUwxq�hie

i
qrg/pYlth�¿Æ[~smgxq�����[�¡�q�hxW�hxWY[ Å n�smpChxnYZ st����lTk�sthxq�lmp
�mq� m[�p�q�p�|�wxlU|<[-w�hie,���

cfq�Z�q��rstwj��em§�¡Ã[,k-stp»knYh]�Ywustp�kuWY[~g�¡�WY[�p¾[��T|Y��lUwxq�pY��hxW�[ Å n�stpChjnYZ2£±gx[-smwjkuWT£Phxwj[�[2lt¿�sGgx[h Ti ��V/WY[,qr}T[-s�qrg]sm�Ustq�pÁhxl[- >sm��n<s�hx[)¿Æ[-sUg�q��Yq���q�hie2sthÃq�pChx[�wjZ�[-}Tqrs�hj[6 m[-w�hjq�k�[-g-��cTq�p�k�[Çsmp3q�pChx[-wxZ�[~}Tq�sthx[Ç m[�wxhx[��2Z�lT}T[-��gÃs�|�smw�hjq�sm� Å n�stpChjnYZ sUgxgxq��mpYZ�[�pCh
¿ÆlUw/s2gx[h

Ti
§T¡¢[`sUgxgxq��mp3hjWY[Ç��l�¡¢[-g�h Å n�stpChjnYZÜ �st��nY[)hjl�[-smkuW,hjsmgx³3q�p Ti ¡�WYqrkuW
W�sUgÈp�l Å n�smpUhjnYZ smgjgxq��UpY[-}3eU[h~��{¥p
hxW<s�hk-smgx[m§fq¤¿Äs]hjsmgx³

τk
¿Ælmw/¡�WYqrkuW�hjWY[ Å n�stpChxn�Z W�smg/sm��wj[-sU}Te��<[-[�p�g�[�h�sth/hxWYqrg/ m[-w�hj[�3q�g/p�lth6gxkuW�[-}TnY�rst����[U§UhjWY[�p
hxW�[�wj[`qrg¢pYl

pY[-[-},hxl�klmp<g�qr}T[�wÃhxW�[`kuWYq��r}Twx[-p,lt¿#hxWYqrg¢ m[�wxhx[��É��{¥p<}T[�[~}É§f�mq� m[�p�|YwxlU|<[-w�hie��t§ChjWY[�wx[~g�|Rlmp�gx[�hjq�Z�[�lt¿
τk
k�smp,lmp���e�q�p�kwj[-sUg�[

¡�WY[-p�hxWY[�kuWYq��r}Twx[-p
lm¿�hjWYqrg/ m[�wxhx[��
stwj[�klUp�g�qr}T[-wx[~}É�
V/WY[
¦�p�}Yq�pY�©lt¿)hxWYqrg2|�stwust�Uwjsm|YW»st����l�¡6gos¼ U[�wje¾g�q��mpYq�¦<k-stpCh2}T[~kwj[-sUg�[
q�p hxWY[�s> m[-wjsm�m[3pfnYZ]�R[�w�lm¿ÇklUpT¦��mn�wjsthxq�lmp�g

hj[-g�hx[-}Á�fe�hxW�[m;=���¨���¬?>�@BACAD@FE(�G� ∗ sm���Ulmwjq¤hjWYZ�� ¸ lUw�q�p�g�hjsmp�k[U§É¿Ælmw`husmgx³Gg�[�hjg�klUp�gihjq¤hjnThx[~}¼lm¿Ç�~�,husmgx³fg-§RhxWY[3sm���Ulmwjq¤hjWYZ
[��TsmZ�q�pY[~g�lmp¾s> U[�wust�m[olmpY��eÁsm�<lUnTh

4000
klmpY¦��mnYwus�hjq�lUp�g`�<[�¿Ælmwj[,klUZ2q�pY��nY|¾¡�q�hxW»s
¿Æ[~smgxq��Y��[�gxlm��nThxq�lmp©lmwoklmp<k��n�}Tq�pY�

hjW�s�h�hxW�[�husmgx³»g�[�h2qrg2nYpT¿Æ[-sUg�q��Y��[
¡�W�q���[
q�h�¡ÃlUnY��} wx[ Å nYq�wj[
sm�<lUnTh 7 · 107 hj[-g�hjg2lthjWY[�wj¡�qrg�[U� ^Çp¾hxWY[�k�lmpChxwustwje¼hjl¼hjWY[
gxeTgihj[�Z2£P¡�qr}T[ Å n�stpChjnYZ k-smgx[m§T¡¢[�smwx[�nYp<st�Y��[�WY[�wj[`hxl,klUZ�|�stwj[)hjWY[5;=��>¨���¬H>�@BAIAD@FE(�G� ∗ sm���Ulmwjq¤hjWYZÜ¡�q�hxW�stp�}�¡�q�hxWYlUnTh
hjWY[GklUZ2|���[��fq�hie»wj[-}Tn<k%hxq�lmp Z�[hjWYlT} g�q�p�k[�wjnYpYpYq�pY��hjWY[%;=��>¨���¬H>�@BAIAD@FE(�G� ∗ ¡�q�hxWYlUnTh�klUZ�|Y��[��Tq¤hie»wj[-}Yn�k%hjq�lUp qrg2hxlfl
k�lmZ�|YnThus�hxq�lmp<st����e,q�pChx[-p�g�q� m[`¿ÆlUw/hjsmgx³�gx[hug/lt¿Äk�stwu}Tq�p�st��q�hie3WYq��UWY[�w/hjW�stp
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V/WY[©[�T|RlmpY[-pChxqrst��klUZ2|���[��fq�hie lt¿f;=���¨���¬?>�@BACAD@FE(�G� stp<} ;=��>¨���¬H>�@BAIAD@FE(�G� ∗ qrg�}YnY[¼hjl hjWY[©pCn�Z]�R[�w�lt¿o}Yq O[�wj[�pCh
|RlUgjg�q��Y��[]gxnY��gx[hjg

Ti
hxW<s�h`k-stp��R[]smgjg�q��mp�[-}�s�h)[~smkuW�|Ywjq�lUwxq�hie,��[� U[��

i
§Rg�[-[f$j�Y�í�f� /6[-wx[U§�¡¢[�|Ywj[-gx[�pCh)stp�W�[�nYwjq�g�hxqrkt§<q�p�hjWY[

k-smgx[olm¿Ãs
gxeTgihj[�Z2£±¡�q�}T[ Å n�stpChxn�Z�§OhjW�s�h�k�lmp�gxq�}Y[�wugÇs���q�Z�q¤hj[-}ÁpCn�Z]�R[�w�lt¿ Ti sth`[~smkuWG|�wxq�lmwjq¤hie���[� U[�� i ��V/WY[oqr}T[~s�qrgÇhxl|Y�rsmk�[/hxWY[)Z2lCgih¢\ÃvÃº½}T[-Z�smp�}Tq�pY��hjsUg�³TgÄsUgKg�lflUp�sUgÄ|RlUgjg�q��Y��[m§Usmp�}ohxWfn�gÃs�hÄhxW�[6��l�¡¢[-g�hÄ|Ywjq�lUwxq�hie���[� m[-��g-��V/WYq�gÈst���mlmwjq�hxWYZ�§
k-st����[~}1K�·��m�@BACAD@FE(�G�+M�q�g�lm¿¢|Rlm��efpYlmZ�qrst�Kk�lmZ�|Y��[�Tq¤hieÁstp�}¼hxWfn�g��R[hxhx[-w]g�n�q¤hj[-}Á¿Ælmw��rstwj�m[-wÇhusmgx³¼gx[hjg-��V/WY[3sm���Ulmwjq¤hjWYZ
}T[~gxk�wxq��R[-}��R[���l�¡Ëwxn�p�g)q�p

O(n3)
stp�}�hjWfn�g`q�gÇ¡Ã[-����gxnYq¤hj[-}�n�|�hxl

100
husmgx³fg-�=/)l�¡Ã[- m[-w-§<n�g�q�pY�3hjWY[�gxsmZ2[ogxkuWY[-Z�[m§Oq¤h`q�g

|RlUgjg�q��Y��[�hxl2¿ÆnYwxhxWY[-w�wx[~}Tn�k�[ÇhjWY[�gx[-stwukuW
gx|�sUk[`hxl3W�smp�}T��[���smwx�U[�w¢hjsUg�³�gx[hug��

����� �
	��B�B�������������	,�����H�������
Ê  m[-wxe¾gxq�Z�q���smw2sm���Ulmwjq¤hjWYZ hxlGhjWY[�lmpY[
q�pÀg�[~k%hjq�lUp �¼qrg2[�Z�|Y��l�em[~}©hxlÁ¦�p�} s©gjkuWY[-}Tn���sm�Y��[�klUpT¦��mn�wjsthxq�lmp4��V/WY[�lmpY��e
}Tq O[�wj[�p�k�[���q�[-g�q�p hjWY[Gg�[~stwukuW»lt¿�s�gxkuWY[~}TnY�rst�Y��[�g�nY�<g�[�h

Ti
sth3[-smkuW |Ywjq�lUwxq�hie¾��[- m[-�

i
° ��q�pY[

5
lt¿�st���mlmwjq�hxWYZ �>´%� V/WY[

WY[-nYwjq�g�hxqrk3hjwxq�[-g�hxl¼|���sUk[,hjWY[,husmgx³Tg�¡�q�hxW¾hjWY[
W�q��UWY[-g�h]nThjq���q�gjs�hjq�lUp»wus�hx[
s�h]hjWY[
k�lmp�gxqr}T[�wj[-}�|Ywjq�lmwjq¤hieÁ��[- m[��
i
�ÁcfW�smwxq�pY�

hjWY[�\ÃvÈº�nYp�}T[-wÇz6z�[�p�sm�Y��[~g��rstwj�m[�hjsUg�³Tg6hxl,�R[�¿Æ[~smgxq��Y��[�¡�WYq���[o�<[-q�p���gxkuW�[-}TnY��[-}�sth)��l�¡E|�wxq�lmwjq¤hie
��[- m[-��g-§<smp�}�hxWfn�g-§<q�h
wj[-}Tn<k[-g¢hjWY[�q�pUhj[�wx¿Æ[�wj[�p�k�[�k�stn<g�[~},hjlohjWY[�lthjWY[�w/husmgx³Tg��

� [h
L
�R[2hxWY[���q�g�h�lt¿Khusmgx³TgÇlm¿

R
° � �Î¬ ��hjsmgx³Tg)p�lth�em[�h�sUgxgxq��UpY[-}¼s�|Ywjq�lmwjq¤hieGsmp�}¼s
|<lU��qrkeY´Çlmwu}T[-wx[~}��feG}T[-k�wx[~smgxq�pY�

nThjq���qrgxsthxq�lmp�wjsthx[ °
Ck/Tk
´%� � [�h

Lk
�R[�hxWY[

kth
husmgx³,lt¿

L
§Q� �Î¬ ��§�hxWY[�husmgx³,lt¿

R
¡�q�hxW�hjWY[

kth
WYq��mWY[~gih�nThjq���qrgxsthxq�lmp�wjsthx[U�

�m� ° \Ãwj[-sthx[
L
§ � �Î¬ ��§<gxlmwxh/hxWY[�husmgx³TgÃlm¿

R
�fe�}T[~kwj[-smgxq�pY�onYhxq���qrgxsthxq�lmp�wus�hx[U� ´
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�T� ° � lClU³©¿Ælmw�s¼gjkuWY[-}Tn���sm�Y��[�g�[�h
Ti
�í´�vK�rsmk�[
q�p

Ti
hxW�[�husmgx³©¡�q�hxW hxWY[�WYq��mWY[~gih�nThjq���q�gjs�hjq�lUp»wus�hx[U§ � �Î¬ ��§

L1
�¾V/WY[�p

q¤hj[�wus�hjq� U[���e,sm}Y}
hxW�[�hjsmgx³,¡�q�hxW�hxW�[�pY[�fh�WYq��mWY[~gih6nThjq���qrgxsthxq�lmp�wjsthx[m§X� �Î¬ ��§
L2,L3
§
L4
§T[hukt�����

¸ lUw
j
¿ÆwxlUZ

1
hxl

#L
§

° sC´ ° vKnTh�hjWY[
j
¦�wug�h¢husmgx³Tg/lt¿

L
q�p

Ti
�í´

Ti = {L1, ...,Lj}
§

° �<´ ° V#[~gih/¿Æ[~smgxq��Yq���q¤hieU� ´
qA� °

Ti
¿Æ[-sUg�q��Y��[m§Twj[hjnYwxp#� ´2z�[�hxnYwjp�hjWY[�gx[h

Ti
¿Æ[-sUg�q��Y��[�s�h�|Ywjq�lUwxq�hie

i
�

q�qA� °
Ti
pYlmh¢¿Æ[~smgxq�����[U§YklmpChjq�pfnY[U� ´3^)hxW�[�wj¡�q�gx[�klmpChjq�pfnY[U�

�Y� ° z�[�hxnYwjp�¿Þstq���[~}É�í´ �)l2¿Æ[-smgxq��Y��[�gx[h
Ti
¡/smgÃ¿ÆlUnYp�}É§Ywj[hjnYwjp

∅
�

V/WYqrgÃWY[�nYwjqrgihjq�k6k-stp3�R[�¿ÆnYwxhxWY[-wÃq�Z�|Ywjl� m[-} P4¡�WY[�p,hxWY[`g�[�h
Ti
qrgKpYlmhÈ¿Æ[~smgxq��Y��[)sthÃgihj[�|�� ° �<´iq�q±§C¡Ã[6q�hx[-wjsthxq� m[-��eowx[-Z2l� U[/¿ÆwxlUZ

Ti
gxlmZ�[`hjsUg�³Tg¢hjW�s�h6stwj[�pYlth�¿Æ[~smgxq�����[U��V/W�[�gihj[�|�� ° �R´¥q�q4�<[~klUZ2[~gHP
�m� °

Ti
p�lth6¿Æ[~smgxq��Y��[m§�wx[-Z2l� U[Çn�pT¿Æ[-sUg�q��Y��[�hjsmgx³Tg��í´�^)hjWY[�wj¡�q�gx[�wx[-Z�l� m[�q¤hj[�wus�hjq� U[���e3¿ÆwxlUZ

Ti
hjWY[�nYpY¿Æ[-smgxq��Y��[�husmgx³Tg��GO©[

wx[-Z�l� m[Ç¦�wjg�h/hxWY[�husmgx³Tg/¡�q¤hjW
hjWY[��mwj[-sthx[~gih/nThxq���q�gjs�hjq�lUp
wus�hj[m�
Ê g���lmp��2sUg¢hxWY[-wx[�smwx[`nYpT¿Æ[~smgxq��Y��[�hjsUg�³Tg¢q�p

Ti
§

° sC´ ° z�[�Z�l� U[)hjWY[�nYpT¿Æ[~smgxq��Y��[�hjsUg�³�¡�q¤hjW
hjWY[�WYq��mWY[~gih�nThjq���qrgxsthxq�lmp�wjsthx[m�í´
° �<´ ° V#[~gih/¿Æ[~smgxq��Yq���q¤hieU� ´
qA� °

Ti
¿Æ[-sUg�q��Y��[m§Twj[hjnYwxp#� ´2z�[�hxnYwjp�hjWY[�gx[h

Ti
¿Æ[-sUg�q��Y��[�s�h�|Ywjq�lUwxq�hie

i
�

q�qA� °
Ti
pYlmh¢¿Æ[~smgxq�����[U§YklmpChjq�pfnY[U� ´3^)hxW�[�wj¡�q�gx[�klmpChjq�pfnY[U�

Ê g)q�h)¡�q������<[2g�[-[�p�q�p�hxWY[o[�T|R[�wjq�Z�[�pChug6lt¿Kgx[-khxq�lmpG�T§<hxWYqrgÇWY[�nYwjqrgihjq�k�qrg6[ �,kq�[�pChÇstp<}�g�n�k-k[~gxg�¿ÆnY����e
¦�p�}YgÇs�¿Æ[-sUg�q��Y��[]gx[h
Ti
q�p�Z�lUg�h�k-smgx[-g-�

��� � � '* . ���8���.9� 8 ' � � ?%��0$#�� �

Ê h�[-sUkuW!|Ywjq�lUwxq�hie ��[- m[-�
i
§)hxWY[¾st���mlUwxq�hxW�Z ��lflm³Tg�¿Ælmw�s gjkuWY[-}YnY��sm�Y��[©gxnY��gx[h�lt¿�husmgx³Tg

Ti
q�p½hjWY[©gx[h

Ri

° ��q�pY[
5
lt¿

sm���Ulmwjq¤hjWYZ¹�-´�
Ri
qrgÄhxW�[)g�[�hKlt¿OhjsUg�³

R
¡�q¤hjW3pYl]smgjgxq��UpYZ�[�pChÄ¡�WY[�p�hjWY[6|Ywjq�lUwxq�hie]��[� U[��

i
q�gÃklUp�g�qr}T[-wx[~}É��V/WY[ÇklmZ�|Y��[�Tq�hie

qrg/hxWfn�g/[ Å n�st�Ohjl�P
n∑

i=1

klUZ�| � Ri
§ ° �t´

¡�WY[-wx[�k�lmZ�| � Ri
qrg/hxWY[�¡¢lmwug�h�£¥k�smgx[)pfnYZo�<[-w�lt¿�g�[�hjg/hj[-g�hx[-}
¿ÆlUw6so�Uq� U[�p

Ri
�

cfq�p�k�[�s�h)��[-sUgih6lUpY[�hjsUg�³,qrg)sUgxgxq��mpY[~},hjl3[-smkuW�|Ywjq�lmwjq¤hie,��[� U[��P§ThxW�[�pfnYZ]�R[�w6lm¿�husmgx³Tg��<[-��lUpY�mq�pY�2hxl
Ri
q�g6��l�¡¢[�w/hjW�stp

lUwÇ[ Å n<st��hxl i §(� �Î¬ � M #Ri ≤ i
��cfq�p<k[o¿Ælmw�s,�Uq� U[�p¼gx[h

Ri
hxWY[�WY[-nYwxqrg�hxqrk�q�hx[�wus�hjq� U[���e�sm}Y}Yg)hxW�[]husmgx³fgÇ¡�q�hxWGhjWY[2WYq��UWY[-g�h

nThjq���qrgxsthxq�lmpGwus�hj[]q�p
Ri

° g�hx[�|©�m´%§RhjWY[�wj[osmwx[oq�pYq�hxqrst����e
#Ri
}Tq R[-wx[-pCh`gx[hjg)hx[~gihj[-}É�D/6l�¡¢[� U[�w~§�¡�WY[-p�hxW�[2k�lmp�gxq�}Y[�wj[-}�gx[h

Ti
qrgÇp�lth`¿Æ[-smgxq��Y��[U§OhxWY[�nYpY¿Æ[-smgxq��Y��[ohjsUg�³Tg`stwj[]wj[�Z�l� m[~}�lmpY[2�fe�lmpY[ ° g�hx[-|©� ° �<´iq�qÄq�Z�|Ywxl� U[-}�´� Ê h`¡¢lmwugih~§Ést����husmgx³TgÇsmwx[
pYlmh)¿Æ[~smgxq��Y��[]smp�}�hxWfn�g

#Ti
}Tq R[-wx[-pCh`gx[hjg

Ti
smwx[]k�lmp�gxqr}T[�wj[-}�[-sUkuW�hxq�Z�[�hxW�[]WY[-nYwxqrg�hxqrk�sm}Y}�g)s�husmgx³R�)cTl�§<hxWY[�pfnYZo�<[-w

lm¿�gx[hug
Ti
klUp�g�qr}T[-wx[~}3¿Ælmw6s2�Uq� U[�p�g�[�h

Ri
q�g P

klmZ�| � Ri =

#Ri∑

j=1

j =
#Ri · (#Ri + 1)

2
,

° � ´

hjWCn<g/¿ÆwxlUZ [ Å n�sthxq�lmp�g)�osmp�} � §ThxW�[�st���mlmwjq�hxWYZÜ��lflm³TgÃ¿Ælmw�P

n∑

i=1

i∑

j=1

j =

n∑

i=1

i · (i+ 1)

2
⇒ O(n3)
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Audsley-RR-FPP - system-wide quantum (worst-case)
Load-RR-FPP - system-wide quantum (worst-case)

¸ q��mnYwj[mS P �)nYZ]�R[�w�lm¿/k�lmpT¦<�mnYwus�hjq�lUp�gÇhx[-g�hx[~}©q�p©hxW�[3¡ÃlUwjg�h�£¥k�sUg�[2¡�q¤hjW ;=��>¨���¬H>�@BAIAD@FE(�G�Üsmp�}RK#·��m�@BAIAD@FE(�G� ¿Ælmw]s
pfnYZo�<[-w6lt¿�hjsmgx³Tg/ �stwjeCq�pY�o¿ÆwxlUZ 4ohxlm4m�o¡�W�[�p
hxWY[ Å n�smpUhjnYZ¹qrg�s�g�eTg�hx[-Zo£±¡�qr}T[� >sm��n�[ ° ��lm���Ägjk�sm��[`¿Ælmw�eC£¥s��Tqrgj´�

sUgxgxq��UpYZ�[�pChjg/q�p
hxWY[�¡¢lmwugihx£±k-smgx[m�
V/WY[3k�lmZ�|Y��[�Tq¤hieG¿Ælmw�s� �stwjeCq�pY��pfnYZ]�R[�w�lm¿Èhusmgx³fg�qrg�gxWYl�¡�pÁlUp¼¦<�mnYwj[<ST� ¸ lUw�q�p�g�hjsmp�k[U§4q�h�q�g�[ Å n<st��hxl 220

¿Ælmw�s
gx[h)lm¿

10
hjsUg�³Tg-� ¸ lmw6wj[¿Æ[-wx[-p�k[U§T¦��UnYwx[5S3g�W�l�¡6g/hxWY[oklmZ�|Y��[�Tq�hie
lm¿+;=��>¨���¬H>�@BAIAD@FE(�G�¢� Ê g6[��f|R[-khx[~}É§<lUpY[�lU��g�[-wx U[-g�s

�Uwx[~s�h6klUZ2|���[��fq�hie,wj[-}Tn<k%hxq�lmp�¡�q�hxW�wx[-�Usmwj}YgÈhxl ;=���¨���¬?>�@BACAD@FE(�G�:¿Ælmw/husmgx³�gx[hjg6lt¿�k-stwu}Tq�p�st��q¤hie3W�q��UWY[�w/hjW�stp
10
�

� � $ �Á�/����57���o�����¾����"#	��u��"

V/WYqrg�g�[~k%hjq�lUpG¦�wugih�q�pC U[-g�hxq��Usthx[-g)hxW�[2s> U[�wust�m[oklmZ�|Y��[�Tq�hie�lt¿KhjWY[�|YwxlU|<lCg�[~}Gst���mlUwxq�hxW�Z�g P=;=��>¨���¬H>�@BAIAD@FE(�G�/§ ;=���¨���¬?>�@
AIA @FE�� � ∗ stp�}2K#·��m�@BAIAD@FE(�G�Ëq�p�lmwu}T[-wÃhjl�[-g�hxq�Z�sthx[`hxW�[`�rstwj�m[~gih¢hjsUg�³
g�[�hjg¢hxW<s�h)k�smp��R[�W�stp<}T��[~}�q�p�|Ywusmk%hjq�k�[m�ÄV/WY[-p4§
hjWY[/[�fhx[-pUh�hxl`¡�WYqrkuW]n�gxq�pY�)�RlthjW2z6z stp�} ¸ vKvÁ[-p�st����[~g#n�g�hjlÇq�Z�|Ywxl� U[KhjWY[¢gjkuWY[~}TnY�rst�Yq���q�hie�qrg Å n�smpUhjq¤¦<[-}��fe�k�lmZ�|�stwjqrg�lUp
¡�q�hxW ¸ vÈv©sm��lUpY[m��/6[�wj[m§>¡¢[ Å n�smpChxq�¿ÆeÇhjWY[¢q�Z�|Ywjl� m[-Z2[-pCh#�YwjlmnY�UWUh�¡�WY[�pog�eTg�hx[�Z2£±¡�q�}Y[ Å n�stpChjnYZËlmw#hjsmgx³C£±gx|R[-kq�¦<k Å n<stpChjs
smwx[�[�p<st�Y��[-}
�fe
klUZ�|�stwjq�gxlmp�¡�q¤hjW ¸ vKv�� ¸ nYwxhxWY[-wxZ�lUwx[U§fhxWY[�[ �3k�q�[-p�ke�lt¿�hxWY[�WY[-nYwjq�g�hxqrkJK#·��m�@BAIAD@FE(�G� qrg6sUgxgx[-gjg�[~}É�

����� � 0 � �6 # � �!A � ��?�. � �"=
� �

{¥pohxWY[¢¿ÆlU����l�¡�q�p��Ç[��f|R[�wjq�Z2[-pChjg-§�¡Ã[¢lmpY��e]k�lmp�gxq�}Y[�w�hjsmgx³�gx[hjg�hjW�s�hKsmwx[ÃnYp�gjkuWY[-}Tn���sm�Y��[¢¡�q�hxW ¸ vÈv�sm��lUpY[m��cfq�p�k[/¡¢[¢kuWYlflCg�[
hjl�k�lmp�gxqr}T[�w�|R[�wjq�lT}Tqrkohjsmgx³Tg�¡�q¤hjW©}Y[-sm}Y��q�pY[-g�[ Å n�st��hjl�|R[�wjq�lf}�g ° Di = Ti

´%§#¡¢[�n�gx[ohjWY[3z6s�hj[3_�lmpYlmhxlUpYq�k °A¸ vÈvÄ£±z)_¼´
|Ywjq�lmwjq¤hie�smgjg�q��mp�Z2[-pCh-§�¡�W�q�kuWGqrg6lU|Thxq�Z3st��q�pGhxW�sth`klUpChx[�fh~�)V/WY[]�U��lU��st�#��lCsm}

U
° qA� [m��§ ∑n

i=1
Ci

Ti

´�W<smg�hjl��R[]pY[~k[~gxgjstwjq���e
�Uwx[~s�hx[-w�hjW�stp

n · (21/n − 1)
° ¿ÆwxlUZ � � !Î´]q�p lmwu}T[�w]hxl¼�R[
sm�Y��[,hxlÁ[�TWYq��Yq�hopYlUpT£A¿Æ[~smgxq�����[3husmgx³¾g�[�hjg-�¼{¥p¾hjWY[,¿ÆlU����l�¡�q�p���§

¡¢[2kuW�lClCg�[2s Å n�smpChxnYZ  �sm��nY[2lt¿ 1 ¿ÆlUwÇhjWY[3g�eTg�hx[-Zo£±¡�qr}T[ Å n�smpChxnYZ��2lmw~§É¡�WY[�p¼hjsmgx³C£±gx|R[-kq�¦<k Å n�stpChjs�q�g�k�lmp�gxq�}Y[�wj[-}É§4sÅ n�smpUhjnYZ  >sm��n�[�¡�WYq�kuWGk-stp��R[]kuWYlUgx[�p�q�p�hxWY[�q�pChx[-wx �st� [1, 5]
�ÃV/WY[]|�stwustZ�[hj[�wug/lt¿Ästp�[��f|R[�wjq�Z2[-pCh)stwj[�}T[¦�p�[-}��fe,hjWY[

hjnY|Y��[
(n,U)

¡�W�[�wj[
n
q�gKhxWY[`pfnYZ]�R[�wÃlt¿Éhusmgx³fgÃstp�}

U
q�gÈhxWY[Ç�m��lm��sm����lUsU}É��V/W�[)nThjq���q�Â~s�hjq�lUp,wjsthx[ ° Ci

Ti

´Älm¿4[-smkuW�husmgx³
τi
qrg

nYp�q¤¿ÆlUwxZ���e�}Tqrgihjwxq��YnThj[-}�q�p
hxW�[`q�pChx[-wx �st� [U
n · 0.85, Un · 1.15

] �KV/WY[�k�lmZ�|YnThus�hxq�lmp�hxq�Z�[
Ci
qrg/wustp�}TlUZ���e,kuWYlCg�[-p�¡�q�hxW�stp

nYp�q¤¿ÆlUwxZ �rs>¡²q�p�hjWY[Çq�pChx[-wx �st�
[1, 50]

stp�},hxWY[`|R[�wjq�lT}
Ti
qrg¢nY|Y|R[�w��RlmnYp�}Y[-},�fe

1000
��V/WY[`wx[~g�n��¤hugÃW<s> m[)�R[�[-p
lU�Thjsmq�p�[-}

¡�q�hxW
200
husmgx³�gx[hjg/wustp<}TlmZ���e3�m[�p�[�wus�hx[~}�¡�q�hxW�hjWY[�s�¿ÆlUwx[-Z2[-pChxq�lmpY[~},|�smwjsmZ2[�hx[-wjg-�

� 	 �~ãtìiàÞëíç�ì�îïAèOî>áuïOü~ìiïPæuëíþíìiü W>ìiàÞì�èPâ�d�d%ì�èÞïRïAáKâ>è<ïFW�æjïOá%î/æ�ýìiàPæcd%ì#ï�W~ì�èAç6æuþíþíì�àTïFW>ì#ñ-â�æuîïAâ>ç�ý%æuþíâ>ì%äïFW>ì�ì�æuèAëíì�à<ë ïRëíè�ïPá�ð>î>ü6æ�èPêVW~ì�ü~â>þ æcb>þíìã>àÞëíá%àAë ï ��æuî>ü3ãtá%þíëíê �2æuèPèAëpd%î>ç�ìiî�ï ��ÙÎîïPâ~ë ïPë ýìiþ �äRïFW>ëíèÈëíè btìiêxæuâ~èPì)â>èPâ�æuþíþ �oèPç6æuþíþíìiàÄñ�â�æuîï±æ]æuþíþíá3i¾ïAá�ü>ëíç�ëíî>ëíè�W�ïFW>ì)ëíî�ïAìià ��ìiàAìiî>êiì�ê�æuâ>èAì�ü<b �è±æuç�ì¥ÛÎã>àÞëíá%àÞë ï �)ïPæuè�k�è#ü>â>àÞëíî.d6æ+d%ë ýìiî`ïAëíç�ì�èAã�æuî �
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{¥p�hxWYqrg/|�stwust�Uwjsm|YW4§t¡¢[`[� �st��n�s�hj[6hjWY[ÇpfnYZo�<[-w/lt¿4hjwxqrst�rgÈp�[�[-}Y[-}3hjl2k�lmZ�[)n�|�¡�q�hxW�s]gxlm��nThxq�lmp4§ � �Î¬ �K|�wxl� fqr}Tq�p��]s�¿Æ[~smgxq��Y��[
sUgxgxq��UpYZ�[�pCholUw2k�lmp�k���n<}Tq�p��¼hjW�s�h2hxWY[
hjsUg�³¾gx[h�q�g2pYlmho¿Æ[~smgxq�����[U�»V�sUg�³¾gx[hjg�kuW�smwjsUk%hj[�wjq�Â-[-}©�fe�hxWY[
hxnY|���[

(10, U)
stwj[

wustp�}YlmZ���e��m[�p�[�wus�hx[~}�¡�q�hxWGs��U��lU��st�É��lUsU}
U
wustpY�Uq�p��o¿ÆwjlmZ

0.75
hjl

0.95
� ¸ lmw�[~smkuW���lUsm}
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§Ys2gxlm��nThxq�lmp

qrg6¿ÆlUnYp�}¼q�p¼sthÇ��[-sUgih
80%
lt¿Èk-smgx[-g-�)V/WY[]|R[�wuk[-pChjst�U[�lt¿Ègxn�k-k[-gjgx[-g6wj[�Z3smq�pYq�pY�,�Uwx[~s�hj[�w�hjW�stp

40%
nY|Ghjl
s3��lUsU}�[ Å n�sm�

hjl
83 � � ¸ q��mnYwj[]�U�ÇgxWYl�¡6gÈsm��gxl�hjW�s�h¢hxW�[ K�· �U�@BAIA @FE�� �:WY[�nYwjqrgihjq�k)q�g¢pYlmhÈ¿ÞstwÃ¿ÆwjlmZ hxW�[ÇlU|Thxq�Z3st�Og�lU��nThjq�lUp,|Ywjl� fq�}T[~}��fe;=���¨c��¬?>�@BAIA @FE�� �Ëstp<}
sm����l�¡6g/Z�lUg�h/lm¿Îhx[-p
hjl2¦�p�}�s�gxkuWY[~}TnY�rst�Y��[�klUpT¦��mn�wjsthxq�lmp�¡�W�[�p�lmpY[�[��fqrg�hjg-�

����� �9A�� =$�!A>8 � '�) � :$� ./#���� '�) � :$� � � .�� . � �".

ÌÄ�T|R[�wjq�Z�[-pUhug�p�lth
gxWYl�¡�p²WY[-wx[¼gxnY�U�m[-g�h3hxW<s�h,hjWY[¼pfnYZo�<[-w�lt¿�gjkuWY[-}YnY��sm�Y��[�hjsUg�³ g�[�hjg
g���q��UWChx��eÀ}T[~kwj[-sUg�[~g�¡�WY[�p²hjWY[
pfnYZo�<[-w`lm¿Èhusmgx³fgÇq�p�kwj[-sUg�[~g���V/WYqrg`wx[~g�n��¤h�q�g Å nYq�hx[3gxnYwx|�wxqrg�q�pY�,�R[-k-stn�gx[2q�pChxn�q¤hjq� U[���em§ÉhjWY[oW�q��UWY[�w`hxW�[2pfnYZo�<[-w�lt¿Khusmgx³fg-§
hjWY[)gxZ�sm����[�wKhxWY[-eostwj[6stp<}]hjWY[6WYq��mW�[�wÄqrgÄhxW�[6}T[��Uwx[-[�lt¿R¿Æwx[-[-}TlUZ�hxl�gx|Ywj[-sU}]hjWY[6¡¢lmwj³f��lCsm}�l� U[�wÄ}Tq R[-wx[-pChÈ|Ywjq�lUwxq�hie���[� m[-��g-�
V/WYqrg6k�lmnYpChx[-w�£±q�pUhjnYq�hxq� m[`wx[~g�nY��h�q�g6|YwxlU��st����e,}Tn�[�hxl�hxW�[�|<[~gxgxq�Z�qrg�Z¹lt¿�hxWY[�gjkuWY[-}YnY��sm�Yq���q�hie,stp�sm��eTgxq�g/n<g�[~}�q�p�hxWYqrg6g�hxn�}TeU�
{¥p�}Y[�[-}4§4lmnYw�[��f|R[�wjq�Z2[-pChjg�g�W�l�¡ËhxW�sth�lmpÁs> U[�wust�U[�hxWY[�wj[-gx|<lUp�gx[]hjq�Z�[��<lUnYp�}Ált¿/s�h���[~smg�h

90 � lt¿ÃhxWY[2hjsUg�³Tg`q�p©s�z6z�rs>em[-wKq�gÃklUZ2|�nThx[~}3¡�q¤hjW3hxW�[�¦�wugihKhj[�wjZ ⌈ si,j

ψi

⌉
· (ψi−ψi)+ s̃i(t)

lt¿É[ Å n�sthxq�lmp 4T��V/W�q�gÃ �st��nY[)}T[-|<[-p�}YgKlUp3hxW�[ Å n�stpChxn�Z
 �st��nY[~g�lt¿/hjWY[,lthjWY[�w�hjsmgx³Tg�q�p�hxWY[�z)zÜ��s>eU[�w�smp�}©pYlth]lUp�hxWY[
smk%hjn�st�È¡ÃlUwx³f��lUsm}Á�YwjlmnY�UWCh��Ce¼hxWY[�lthxW�[�w�husmgx³Tg�q�p�hjWY[
z6z���s>eU[�w~�6V/WY[2�<lUnYp�}�qrg6hjWfn�g)lm¿Îhx[-p¼|R[-gjg�q�Z�q�g�hxqrk]smp�}�q�hÇqrg)¡¢lmwugihÇ¡�WY[�p�hjWY[2pCn�Z]�R[�w`lt¿ÄhjsUg�³Tg)q�p�hjWY[�z6zË�rs>em[�wÇ�m[�hjg
WYq��mW#�oV�l�gxlmZ�[2[�fhx[-pUh~§4q�h�gx[�[-Z3g)hjW�s�h�hjWYq�g`|YW�[�pYlUZ2[-pYlmpÁ[� U[�p�g`lmnYh`hjWY[��<[-pY[¦�hjg�lt¿ÈhxWY[2hjsUg�³Tg`�R[�q�pY��gxZ3st����[-w�¡�WY[�p
hjWY[3pfnYZ]�R[�w�lm¿ÈhjsUg�³Tg`qrg�WYq��UW4�3V/WYqrg�Z�s>e�[��T|Y��smq�p©¡�Wfe�hxW�[2pfnYZo�<[-w�lt¿Ãhjsmgx³Tg�g���q��mWChx��eG}T[-k�wx[~smgx[-}GhxWY[�|R[�wuk[�pChust�m[2lt¿
gjkuWY[-}YnY��sm�Y��[Çhusmgx³�gx[hjg/q�p�lmnYw�[��T|<[-wxq�Z�[�pChjg-�
V/WY[
gxsmZ2[,hxwj[�p�}¾k-stp��<[
lm��gx[�wj m[~}¼¡�q�hxW8K#·��m�@BAIAD@FE(�G�¹WY[�n�wxqrgihjq�k P]¦<�mnYwj[��~��|Ywj[-gx[�pChug�hxWY[
|<[-wjk�[�pChjsm�m[3lm¿¢husmgx³

gx[hugKnYp�gjkuWY[~}TnY�rst�Y��[�¡�q¤hjW ¸ vKvÄ£¥z6_ ¿ÆlmwK¡�W�q�kuW K�· �U�@BAIA @FE�� �²WY[-nYwjq�g�hxqrk/¦�p�}�gKs�gjkuWY[-}Tn���sm�Y��[�k�lmpT¦��UnYwus�hxq�lmp#��V/WY[�husmgx³
gx[hugosmwx[,wustp<}TlmZ���eÁ�U[�pY[-wjsthx[-}¾sUk�k�lmwu}Tq�p���hxl

(n, 0.84)
¡�WY[�wj[3hjWY[
pfnYZo�<[-w]lm¿�hjsmgx³Tg

n
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¸ q��mnYwj[,�~� P/v�[-wjk�[�pChjsm�m[�lm¿�husmgx³�gx[hug)n�p�gxkuW�[-}TnY�rst����[�¡�q�hxW ¸ vÈvÄ£±z)_ ¿ÆlmwÇ¡�WYqrkuW�hxWY[oWY[�n�wxqrgihjq�k0K#·��m�@BAIAD@FE(�G��¦�p�}�gÇs
gjkuWY[-}YnY��sm�Y��[�k�lmpT¦<�mnYwus�hjq�lUpG¡�q¤hjW¼hjWY[,klUZ]�Yq�pY[~}Gn�gx[-}Ált¿/z6z ° g�eTg�hx[-Zo£±¡�qr}T[ Å n<stpChxnYZ,´`stp<} ¸ vKv��#V/WY[�\ÃvÈº ��lUsU}Gqrg[ Å n<st�Ohxl 0.84

smp�},hjWY[�pfnYZ]�R[�w)lt¿#husmgx³Tg/wjsmpY�m[~gÈ¿ÆwjlmZ
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hxl
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^ÇnYw�[�T|R[�wjq�Z�[�pChug#gxWYl�¡¼hjW�s�h�hxWY[¢klUZ]�Yq�pY[-}�n<g�[~}�lt¿Yz6z»smp�} ¸ vKvG¡�q�hxW]|YwxlTk�[-gjgi£¥g�|R[-k�q¤¦Rk Å n<stpChjs6sm����l�¡6gOhjlÇgjkuWY[-}Tn���[
s��rstwj�m[�pfnYZo�<[-w�lt¿/hjsUg�³©g�[�hjg�¡�W�q�kuW¾stwj[3pY[-q¤hjWY[�w2gxkuWY[~}TnY�rst�Y��[�¡�q¤hjW ¸ vKvËpYlUw�¡�q¤hjW»sGgxefg�hx[-Z2£P¡�qr}T[ Å n�stpChjnYZ���{±h]qrg
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kuWYlCg�[-p
lUp�s2husmgx³C£P|R[�wx£Ahusmgx³���smgxq�g-�Ä{±h6W�sUg/�<[-[�p�g�W�l�¡�p�hjW�s�h�hjWY[-gx[�st���mlUwxq�hxWYZ3g/stwj[�lm|Thjq�Z3sm�Éq�p�hxW�[�g�[-p�g�[`hjW�s�h6q�¿�hjWY[�wj[
qrgÇsthÇ��[-sUgih)lUpY[ogjkuWY[~}TnY��[m§<hxW�sth`k�smp��<[oq�}Y[�pChxq�¦�[-}¼smg)¿Æ[-smgxq��Y��[]�Ce�hjWY[ogjkuWY[-}YnY��sm�Yq���q�hie�hj[-g�h-§És�¿Æ[~smgxq��Y��[]gxlm��nThxq�lmp¼¡�q������R[
wj[hjnYwxp�[-}
�Ce�hxWY[�sm���Ulmwjq¤hjWYZ3g��
{¥p
hx[-wxZ3g/lt¿�¡ÃlUwjg�h�£¥k�sUg�[ÇklmZ�|Y��[�Tq�hiem§fhjWY[�st���mlmwjq�hxWYZ3gÃ�mwj[-s�hj��e3q�Z�|Ywjl� m[)n�|<lUp�so�YwjnThx[`¿ÆlUwjk�[`sm|Y|YwjlUsmkuW��YnTh)stwj[�gihjq����
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hxW�sth3q�g3sm�Y��[�hjl©W<stp�}T��[�[ �,kq�[�pChj��e»�rstwj�m[-w2gxeTgihj[�Z3g-� Ê ¿ÆnThjnYwx[�¡¢lmwj³�q�g2hjlÁhust³U[
q�pChxl
sUk�klUnYpChÃklUpChx[�fh/g�¡�q�hjkuWY[~gÃsmp�}3klUZ�[)nY|,¡�q�hxW�s�¡/s>e]lm¿#smgjg�q��mpYq�pY� Å n�smpChxnYZ  �st��nY[-gÃq�p�g�n<kuW�s�¡/s>e2sUgKZ�q�p�q�Z�q�Â�q�pY�]hjWY[
k�lmpChx[��Chx£±gx¡�q�hjkuW�l� m[�wjWY[~sm}É�
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[-p�st�Y��[-g¢hjl,g�q��mp�q¤¦<k-stpChx��e,q�Z�|Ywxl� U[`gjkuWY[~}TnY�rst�Yq���q�hie,�fe�k�lmZ�|�stwjqrg�lUp�¡�q�hxW ¸ vKv!st��lmp�[`smp�}�¡�q¤hjW�gxeTgihj[�Z2£±¡�q�}T[ Å n�smpUhjnYZ��
V/WYqrg�qrgÇ|<stwxhxqrknY�rstwj��e�q�pChx[�wj[-g�hxq�pY��q�pÁhxW�[�k�lmpChx[��fh`lm¿Ã[�Zo�<[~}Y}T[~}ÁgxeTgihj[�Z3g`¡�WY[�wj[]hjWY[3klCgih�|Ywj[-gjg�nYwj[]qrg`WYq��mW4§#smp�}�hjWfn�g
��[-sU}
n<g¢hxl3[�T|Y��lmq�h/hxWY[�k�lmZ�|YnThus�hjq�lUp�st�Éwj[-gxlmnYwuk[~gÃsth/hxWY[-q�w�¿Æn�����[-g�h-�
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|�smwjsm�mwust|YW
q�gÇ}T[� Ulthj[-}
hxl3hjWY[]g�hxn�}Ye�lt¿�hjWY[�[�T[~knThjq�lUp�[-p�}

ei,j
lm¿
τi,j
klUZ�|YnThx[~}�¡�q¤hjW1� S�!�nYp�}Y[�w�hi¡¢l,klUpT¦��mn�wjsthxq�lmp�g

(P ,ΨP)
smp�}

(P ,Ψ
′

P)
hjW�s�h6lUpY��e
}Tq O[�w)�Ce,hxWY[-q�w Å n�smpChxnYZ¹sUgxgxq��mpYZ�[�pCh~��V/W�q�g�wj[-gxnY��h�q�g/n�gx[-}�q�p�g�nY�<g�[ Å n�[�pCh�|Ywxlflm¿Þg��
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n�p�}T[�w2hjWY[�gjstZ�[
|Ywxq�lmwjq�hie�smp�}»|Rlm��qrke¾smgjg�q��mp�Z2[-pCh

P
¡�q�hxW hi¡Ãl

}Tq O[�wj[�pCh Å n�stpChxn�Z st����lfk-s�hjq�lUp�g�� � [h ei,j stp�} e′i,j �R[3wx[~g�|R[-khxq� m[���e�hjWY[3[�T[-k�nThxq�lmp�[-p�}¼�Rlmn�p�}©lt¿ τi nYp�}Y[�w (P ,ΨP)smp�}�nYp�}T[-w
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′
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ei,j
qrg�klUZ�|YnThx[~}�¡�q¤hjW�[ Å n�s�hjq�lUp "�lt¿ $u�Y� "�P

ei,j =
Z2q�p

{t > 0 | Ψi(t) + si,j = t}
§

¡�WY[-wx[ ° [ Å n�s�hjq�lUp 4]lm¿ $%�T� "U´

Ψ
ΨP

i (t) = �����
„‰

si,j

ψ
ΨP
i

ı
· (ψ

ΨP

i − ψ
ΨP

i
) + esi(t), s

∗
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« �

¡�WY[-wx[
ψ

ΨP

i − ψΨP

i

qrg)hjWY[�g�nYZblt¿KhjWY[ Å n�smpChjs
lt¿Ãsm����lthjWY[�w`hjsUg�³TgÇlt¿KhjWY[3z6z��rs>em[-w-��cfq�p�k�[ si,j § s̃i(t) stp<} s∗i (x) stwj[q�p�}T[-|<[-p�}T[�pCh/lt¿OhxW�[ Å n�stpChjnYZÜsmgjg�q��mpYZ�[-pUh ° g�[-[ $u�Y� "C´%§fq¤h¢q�gÈ[�pYlUnY�mW�hjlok�lmZ�|�stwj[/hxW�[6¦�wugihÈhx[�wjZ lt¿OhxW�[ min()
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⌈
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⌉
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⌈
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′

i,j
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s∗i (x)
qrg/hxWY[�Z�q�pYq�ZonYZ�§Y¡¢[`W<s> m[

ei,j = e
′

i,j

�
¸ wxlUZ hxWYqrg`¦�p�}Tq�pY��¡¢[�k-stp©}T[-}Tn<k[2hxW�sth�¿Ælmw�stpfe�lthjWY[�w�sUgxgxq��UpYZ�[�pCh

Ψ
′

P

§4q�¿ÈhxW�[ohi¡¢l
¿Ælm����l�¡�q�pY��wx[ Å n�q�wj[�Z�[�pChugÇsmwx[
Z�[h�P
� Ð�� � ) � Ð 	 Ð� � �R� hjWY[ Å n�stpChxn�Z ψΨ
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