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1. Introduction

\"]_^a`cbQd�egf)bXhQikjlh!m_hQnQ^1jo^1mXpNp�hRq	esrSt@bRd�evuYhRw+e�h!nQ^yxQz
bQdvt{uNx%|~})x��ob!�op�]-^��<���9h�p�hX�9d���i��-d�b!��^%w�pP} �%��r�h!f�q	b
egm-b�`5m�zRhQm_i�d�^���^7d�d�^1iap�ba�)m�p�]-^:��bRf)f�b�`5�)m_n2p�^��gp%zXhRq<�<�2��|
��qZj�hQm_i-h!p�^1iop�b�iO^���m-^Nh!m�ia��j��-f�^7j�^7mXp�h�q��-�)p�h!�_f)^NhQd�w+]_�F�
p�^%w�p��_d�^o��bQd�iO��q	p�d��)�-�-p�^1i�q�w+]-^1iO�_f)��m-n�h!m_i@d�^1q�bQ�-d+w�^aj�hQmO�
h!nR^7j�^7mXpl�)m�p�]-^��9d���i�^7mg�g�)d�bQm_jo^1mXp1�{�3�-d���m-n�p�]_^k�_d�q	p
� ^%h!dZh!m�ioh9]_hQfF�6bQ��p�]-^5�-d�b!��^1w�pNr��Q�Q�-x7�$�Q�Q�X�Q|�z�h!m�iV��bRf)f�b�`"�
�)m_n�h�p�^%w+]-m-bQf�bQn � ^7��h!f��_h�p��)bRmP�-d�bOw�^%q�q1z<�<�2��t{uNx�iO^7�
�_m-^%i6zQ��j��-f)^1j�^7mXp�^%iohQm_i�iO^7�_f)b � ^1ioh9q�^�pZbQ�Tq�^7d��g��w7^1q�p�]�h�p
�)mXp�^7nQd+h�p�^�^��O��q�p��)m-n�w�bRjo�*bQm_^7mXp�q1z_j�bRq	p�f � ��d�bRj p�]-^�¡�bRmO�
iObQd9} ¢!�*hQm_iy�9f�bQ�-�_q9} £��*�_d�bQ��^1w�p+q7�(\"]-��q<`"hQq<iO^1q�w�d��)�*^1i �)m
j�bQd�^9iO^7p�hQ�)f6h�p3¡c¤3�<u¥�!�Q�_xV} ¦��;�B§$mkhamX�-p�q�]-^7f�f�zgp�]-^�w�bRd�^
��bQ�sq��-�-j���q�q��)bRm¨w�bQj��*bQm-^1mXp�b!�3¡�bQm_i-bQd��©r	} ª���|�zBp+h!f�eX��m-n
p�blw�bRj��-�Op���m-nld�^1q�bQ�-d+w�^%q3rSegm-b�`5mH��m��3h!p�hX�9d���iHhRqN¡�bQjo�
�-�Op��)m-no�Zf�^7j�^7mXp+q7zRbQd"¡c��q�|Y�X��h2p�]-^9�9f�bQ�-��q��2«:¬3®�-d�b!�
p�bOw�bRf�zO��q"���-m�i-h!j�^7mXp+h!f�f � w7bQj��-f�^7j�^7mXp�^1i�� �*¯

° ¬±��bQ��d�^1²X�-��d�^1jo^1mXp3jlh�p+w+]-jlh!eg�)m_ny^7m_nQ��m-^�r�w7hQf)f�^1i
p�]-^´³3µ�¶7·�¸O¹�º�µ¼»5¹�·%½Qµ7¹�z~bQd±«N¾"|�zyjlh�p+w+]-��m-n���bQ�
d�^1²X�-^%q�p+qlp�b¿w�bRj��-�Op���m-n�d�^%q	bR�-d+w�^�q	p�h!p��_q�w�bRjo��m-n
��d�bQjÀp�]-^"§$mO��bRd�jlh�p��)bRm�Á � q	p�^1j´hQm_iVd�^1q�bQf��g�)m_n9i-h!p�h
d�^1²X�-��d�^7j�^7mXp�qYhQnRhQ�)m_q	pYp�]_^:d�^1�-f���w1h�p�^%ia�_f)^Nj�hQm_h!nR^��
j�^1mRp:q�^7d��g��w7^1q"�-d�b��g��iO^%i � � ���9�Ât{u��-�

° ¬Ã��bR�sÄ�bRnQnQ��m-nkh!m_i~¾cbgbQeX�;eQ^7^1�-��m-n�q	^1d��g��w�^�rSÄ�¾"|�z
`5]_^7d�^3hN��bQ�Hq	p�h!p�^3j�hRw+]-��m-^3��qceQ^1�Op"w7�-d�d�^1mRpc�_hQq�^1i
bRml^7�R^7mXp�qYnR^7m-^1d�h!p�^%iliO�-d��)m-n�p�]-^<��bQ�lf��F��^7p���jo^RzOh!m_i

p�]-^9��bR�@q	p�h�p��_q9��q9jlhQi-^oh���h!��f�h!�-f�^�p�byp�]-^lq	�-�_jo�)p	�
p���m-nP��q	^1d1�À\"]-^@ÄL¾Å^7�R^7mXp�q hQd�^�nQ^7m_^7d+h�p�^%i�`5�Fp�]
q	bRj�^9d�^1i-�-m_i-hQm_w � p�b w�b��R^7dc��hQd���bQ��q5w7hQq�^1qcbQ�Bf�bRq�q7�

° ¬Æq�p+h!�-f�^@��q	^1dv¬NuZ§@rSw�bRj�j�hQm_i¼f)��m-^Qz�¡5Ç�ÇÆhQm_i
ÈR¬�É(¬3|���bQd:hRw7w7^1q�qcp�bop�]-^�q � q�p�^7jk�

ÈRbQ� i-^1q�w�d��)�Op��)bRm_qZhQd�^:^7�O�-d�^%q�q�^1iap�]-d�bR�-nQ]_bQ�OpZp�]-^3q � q�p�^7j
��q	��m-nkp�]_^k¡�bQm�iObQdo¡�f�hQq�q��F�_^%i~¬Ni¨f�h!m-nR�_h!nR^Qz�`5]-^7d�^ h!�O�
�_d�bR�-d���h�p�^Vw�bRmg�Q^7mXp��)bRm_q:`c^7d�^V^%q�p+h!�-f���q�]-^%i�p�b�^��O�-d�^1q�q3d�^7�
²X�-��d�^7j�^7mXp5h!m_iHd�hQm-eg�)m_now7bQm_iO�)p���bQm�q"bQmv¡�bQj��-�Op��)m-nlhQm_i
Ágp�bQd+h!nR^��Zf�^7j�^1mRpk��mO��b_z2h!m_i{p�b�^��O�-d�^1q�qHi_h�p�h¿d�^1²X�-��d�^7�
j�^1mRp+q7�(�bRd�^Ni-^�p�hQ�)f�qZbRmlp�]_^3q	p�d��_w�p��-d�^3h!m_i�^1�QbQf��Op��)bRmlb!�
p�]-^1q�^�q	^1d��g��w�^1q2hQm_i�p�]-^�m-^1w7^1q�q�hQd � ��mRp�^7nRd�h!p���bQm@q�w7h!Ê*bRf�iO�
��m-n�w7h!m¿��^H��bQ�_m_is��mP��h!d���bQ�_qo�<�2���-�-�_f)��wHi-^7f��)�R^7d+h!�-f�^
i-bgw7�-j�^7mXp�q1�
\"]-��q��_hQ��^1d���bOw���q	^%q�bQm�]_b�`@p�]-^<^7�O��^1d���^7m_w7^Zb!�gp�]-^Z�_d+q	p

� ^1hQdobQ�9bR��^1d�h!p���bQm¿b!�9p�]-^�t{uNxkq�^7d��g��w7^1q�bRmPp�]-^��<�2�
p�^1q	p��*^1i�`"hQqN�)mXp�^7d��-d�^7p�^%i6z*i-�)nR^1q	p�^1i�z*hQm_i�]-b�`Ëhl��^1`ÀiO^��
q���nQm@Ì*¹�Í[ÎTº�Í ÌTÏ)µ�¶�`c^7d�^lf)^%h!d�m-^1i¥rS��bXq�q��)�_f � p�]-^ ]�h!d+i@`"h � |
��d�bQjÐp�]_^oiO^%q	��nQmvhQm_i���j��-f)^1j�^7mXp�h!p���bQm�q�]-bQd�p�w7bQj���m-nRqNb!�
p�]-^2�_d+q�p5d�^7f�^1hRq	^9b!�(t{u:x�q�b!�[p�`"h!d�^Q�
\"]-^%q	^��-d���m_w����-f�^1q:`c^7d�^�h!�_�-f)��^1i�p�byiO^%q	��nQmvhQm_ik�)j��-f�^��

j�^1mRp"p�]-^�q	^%w�bQm�i jlh���bRdcd�^7f�^1hRq	^9b!�Bt{u:x2q	bQ�[p�`chQd�^RzQp�]_h�p
��q5iO^%q�w7d�����^%iy��m�h!m-bQp�]-^1d3¡c¤N��u¥�Q�Q�R¢V�_hQ��^1d�r	}�Ñ%��|��
\�bÒ�)f�f��_q�p�d�h!p�^Âp�]-^´f)bRnQ��w7h!f@�_h�p�]®p�]�h�p¼f�^1hRi-qÓp�bÐh!p

f�^1hRq�p�q�bQj�^sbQ�lp�]-^%q	^P�-d���m_w7�)�-f�^1q1z�`c^Pq	p�h!d�p�� � ^��O�-f�bQd��
��m-n�p�]-^kh���h!��f�hQ�-f)^ p�^1w+]_m-��²X�-^%q�p�b�j�bOiO^7fcp�]-^H�*^7]�h��X��bQ�_d
hQm_i�p�]_d�bR�-nQ]-�_�OpVb!�5p�]-^y��mXp�^1nQd+h�p�^%i�`�bRd�egf�bRhQi@jlh!m_hQnQ^7�
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j�^7mXp@q � q	p�^1jkz�h!m_iÃ��iO^7mXp��)� � p�`cb¥�ShQw�p�bRd�q�p�]_h�p@q���nQm-�)�-�
w7hQmRp�f � w�bQj��-f���w7h�p�^9p�]-^�q � q�p�^7j hQm_h!f � q	��q7�

2. The Workload Management System as
a network of queues
\"]_^À`�bRd�egf�bRhRi jlh!m�h!nQ^1j�^7mXp±q � q	p�^1j �-d�b��g��i-^1iÅ� �

�<�2�3��t{uNx2��q5iO^%q	��nQm_^1iyp�b�d�^1f � hQq"jV��w+]�hRq��*bRq�q��)�-f�^2bQm
^��O��q�p��)m-n�p�^%w+]-m-bQf�bQn � �~tÓ]-��f)^Hp�]_��q�]_hRq�p�]-^�bQ�g�g�)bR�_qahRig�
��h!mXp�hQnQ^1q<b!�Lf���jo�)p���m-no^�ÊTbQd�pciO�_�-f)��w7h!p���bQm�h!m_i��ShRw���f)�)p�h!p���m-n
p�]-^3w�bQj��_h!p����-��f)�)p � hQjobRm-n�iO�)Ê*^1d�^1mXp<�-d�b!��^1w�p�q1z!�)pch!f�q�b2q���n!�
m-�)��w7hQmRp�f � w�bQj��-f���w7h�p�^1q�p�d�bQ�_�-f)^%q	]_bXbQp���m-n�hQw�d�bRq�q�p�]-^2��h!d��
�)bR�_qZf�h � ^1d�qZb!�Lq�b!�[p�`"h!d�^:q	�-�_�-f)��^1i � � iO�)ÊT^7d�^7mXp��-d�b��g��i-^7d+q7z
h!m_i±�)mÃnQ^1m-^7d+h!f3p�]_^@�-m�iO^7d+q�p+h!m_i-�)m-n�b!�Vp�]-^~��mRp�^7nRd�h!p�^1i
q � q	p�^1j��l¬Nf�q�b_z�`5]_^7d�^om_^7nQbQp���h�p��)bRm_q9`5�Fp�]�^7�gp�^7d�m_hQfZq	bQ�[p	�
`chQd�^Y�_d�b��g��iO^7d+q�w�bR�-f�iOm>= pBd�^1hRw+]2hQmVh!nRd�^1^7j�^7mXp�`5�)p�]-��m�p�]-^
�<�2�Âi-^1hQi-f)��m-^1q1z_q�bQj�^2b!�Bp�]-^V�)mXp�^1d	�ShRw�^%q5h!m_ikw�bRj�jV�-m-�)�
w7h!p���bQm¨�_h!p�]_qV�)m¨p�]-^Hq � q�p�^7j ]_hQi�p�bv�*^HhQi_h!�Op�^1i�p�b��-p
p�]-^�^7�O��q	p���m-n�^��gp�^1d�m�h!f�q�b!�[p�`"h!d�^3��m_w7hQd�m�h�p���bQm�q7�
\�bynR^�p2h �_q�^����-f(]-��nQ]-��f�^7�R^7fB�-��w�p��-d�^VbQ�Yp�]-^o��mRp�^7nRd�h!p�^1i

t@bRd�egf�bRhRi�vh!m�h!nQ^1j�^7mXpBq � q�p�^7jkz!�*^ � bRm_iVhQf)fXp�]-^1q�^��_d�hRw��
p���w7hQfgw7bQm_q	p�d+h!��mXp�q1z�`�^"w7hQmVj�bOiO^7fO�)pZhQqBh3²X�-^1�-�)m_n9q � q�p�^7jkz
`5]-^7d�^"��bQ��d�^1²X�-^%q�p+q5p�d�h��R^7d+q	^2hlm-^7p�`�bRd�e bQ�Z²R�_^7�-^%q7z*h!m_i
p�]-^@?�q	^1d��g��w�^kq�p+h�p��)bRm_q6A~w7bQm-m-^%w�p�^1iPp�b~^1hRw+]�²X�-^1�-^�d�^1�O�
d�^%q	^1mXp�bQm-^lbQ�cp�]-^ ��h!d���bQ�_q2�-d�bOw�^%q�q��)m_nvq�p�^7�_q���m~p�]_^���bQ�
f)�)��^��$w � w7f)^R�(¬±��^7`¼b!�6p�]-^1q�^9q	p�^1�_q"h!d�^N^7�g^1j��-f)�)�_^%i ��mCBB��n!�
�-d�^oxR�
��q�p+h!�-f���q	]-��m-n�p�]_^Pq�w1h!f�^~�ShQw�p�bQd+qk��bRdv^1hRw+]Ãq�^7d��g��w7^¨�)m

p�]-^�t{u:x�q � q	p�^1j rS^Q� n_� ¯ ]-b�`®jlh!m � �_q�^7d+qyw7hQm±h�q	��mO�
nQf�^�jlh�p�w+]_j�hQeg�)m-n,D���bR��q��-�-j���q�q��)bRmÓq�p+h�p���bQm{q�^7d��Q^Rz�]_b�`
jlh!m � d�^1²X�-^%q�p+qy�*^7d��-m-�)pyp��)j�^~w7hQm±h~p�bR�O�;f)^1�Q^7f9hQw1w�^1q�q
��bR�)mXpBp�b3p�]-^c��mO��bQd�jlh�p���bQmoq � q	p�^1jÀq	^1d��R^Qz�`5]_h�p(��q�p�]-^5q	�_q	�
p�hQ�)m-^%iH��bQ�@p�]-d�bQ�-nR]-�-�Op�p�]_h�p�w1h!m~��^ hRw+]-��^7�Q^%i�p�]-d�bR�-nQ]
p�]-^y`�bRd�egf�bRhQi�jlh!m_hQnQ^7j�^1mRpVw+]�h!��m�z�^7p�wQ� |{��qVbQm-^lbQ�cp�]-^
���-m_i-hQj�^7mXp�hQfR�-d�^7j���q	^%q6��bRdLp�]-^�w7bQd�d�^%w�p�iO^%q	��nQmVb!�Op�]_^�q � q	�
p�^1j��FE3m_^ w�bQ�_f�i~^7�g�*^1w�pVp�bvbQ�Op+h!��m�p�]-��qVegm-b�`5f�^1i-nQ^�^7�)�
p�]-^1dL� � h!�-�-f � �)m_n:²R�_^7�-��m-n5p�]-^7bRd � p�b5p�]-��q�m-^7p�`�bRd�e3jobOiO^1f
r[p�]-��qNd�^%²X�-�)d�^1qcbR�Op�hQ�)m-��m-n ha��bQd�jlh!f6d�^7�-d�^1q�^7mXp+h�p���bQm�b!�(h!f�f

p�]-^lw�bRjo�*bQm_^7mXp�q1z6p�]_^7��d�q	^1d��g��w�^ap���jo^l�_d�bQ�_f)^%q2h!m_i�p�]-^1�)d
��mXp�^1d�w7bQm-m-^%w�p��)bRm_q�|abRdl� � jo^%hQq��-d��)m-n�p�]-^�q�^7d��X��w�^�p��)j�^1q
hQm_i¼� � ��i-^7mXp��)� � �)m-nÓ`5]_^7d�^�f�bQm_n¥²X�-^1�-^1q�h!d�^�f���eQ^7f � p�b
�_�-�)f�i¥�-�¥`5]-^1m{hG?	d�^1h!f���q�p���w�A�d�^1²X�-^%q�p f�bRhRi¿��ql��m���^1w�p�^%i
��mÓp�]-^�q � q�p�^7jk�´\"]_��q���mO��bQd�jlh�p���bQm{w7bQ�-f�iÓ��m±�-d���m_w����-f�^
hQf�q�b��*^3��q	^%i�p�bo��i-^7mXp��)� � p�]-^2h!d�^1hRqZbQ�6p�]-^2q � q	p�^1j `5]_^7d�^
��j��-d�b��Q^7j�^1mRp5��q:m-^1^1iO^%i¨rSq�bQj�^�p��)j�^%q:w�bRf)f�^1w�p����Q^7f � w1h!f�f)^%i
H ·0IJI�Ï)µ7Î*µ+º�½�¶	|��
�Y�O�*^7d��)^1m_w�^ `5�)p�] p�]-^Ðt{u:x q�b!�[p�`"h!d�^ ��mRp�^7nRd�h!p���bQm
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