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call cache_timing_access (...)

Yes

Virtual?
Is the address

No Yes

No

Yes

Yes
Is it a 

MSHR hit?

Yes

Return CACHE_MISS
Allocate an MSHR entry

No

Update MSHR entry
Find latency to next memory level

Does MSHR have
a free target ?

Return cache hit and hit latency

Access  Level−1 cache

Is Cache VIVT ?
No

Access TLB

Is access a hit ?

No

Return TARGET_FULL

No

Yes
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Is a free
MSHR available

Return MSHR_FULL

call cache_translate_address(...)

¥ªAT10/6578 Ä ����� �:�g�¦�p¥U�|���|�0�:�ª�¡�0¯��x�0�����¸�V�¦¥:�x�¡���l�d�|�l¥U�³¥U�x���p�<��­@���|¢£�±�� $¤£�|�l���V¥��¦�l� �|�¡¢£�¡�0¯ ¥��<�7�<�x�g­@²0�l�7�|�¡���2«

�



578:\7/65<B2Q£?D�$?9>@/68kA@B2bXA@_:?$\7A@B61�\7R2?$\�\7R28 H�KnNPt \7?$57198:\7Q�?$578kmµ/2>@>�?9B2b*\7R684?9_:_`8UQ7QaQVR6.0/2>@b hi8
578`z \]5VAT8Ub ?$\a?
>@?$\]8:5�\7AGZ
89I
wxmp\7R28:578³A@QsB2.�.0/6\7Q]\7?9B2b2AGB61�ZkA@Q7Qi\].^\7R68³Q7?9Z
8r_:?9_VR68�>@A@B68���?9B�H*K¸N�t ZkAGQ7Q��7v�?^B68:� H*K¸NPtJ8UBl\]5VejAGQ ?9>@>T.$z

_:?$\]8Ub
?9B2ba\7R68�_:?9_VR68�[X?9_VS98:\¹A@QgQ]\].9578Ub�?9Q�?^\7?$57198:\¹AGB�\7R2?$\�8UBp\]57e9Iª= B68:�"_:?9_VR68 ?9_:_`8UQ7Q [o?9_7S98:\¹A@Qu\7R68UB,_`578`z
?$\]8Ub4\].,?9_:_`8UQ7Qr\7R68�B68`�¸\�>T8:�98U>2.9msZk8UZ
.957e9I¹c�R68^��?9>@AGb mµB ?9B2b 578U>T8U?9Q]8 mÃB A@Bk\7R68PB68:� _:?9_<R68 ?9_:_`8UQ7Q [X?9_VS98:\
?$578�Q]8:\�\].(�$?9>@A@b ZkQ7R65w����?9B2b Q7_VR28Ub2/2>T8 578UQ][i.0B2Q]8 R2?9B2b2>T8:5w���³578UQ][i8U_`\7AT�98U>Te9Ijc�R68ahX/2Q^\].(\7R28,B68`�n\P>@8:�98U>u.9m
_:?9_VR28���Z
8UZ
.957eDA@Q�_<R68U_7S98Ub \].kb68:\]8:5VZkA@B28�\7R28�b68U>@?UenQ�b2/68j\].k>@?$\]8UBX_`e4?9B2bD_`.0Bp\]8UBl\7A@.0B Ir=�B�8:�98UBl\PA@Q�\7R68UB
Q7_<R68Ub2/2>T8Ub4.0B(\7R68j10>T.9hX?9>M8:�98UBp\��p/68U/28P\].
?9_:_`8UQ7Q�\7R28�B68`�n\�>T8:�98U>M.9md_:?9_VR28�/2Q7A@B61a\7R68£_:?9_VR68 \7A@Z A@B61 ?9_:_`8UQVQ
mµ/2B2_`\7AT.0B I
= ZkA@Q7Q78Ub,?9_:_`8UQVQ¹\]5V?��98U>@Q³b6.��^B�\7R68�Z
8UZk.957eaR2A@8:5V?$5V_VRpe,�¸A@?jQ7/X_:_`8UQ7Q7AT�98�_:?9>@>GQ�\].�_:?9_VR68 \7A@Z A@B61 ?9_:_`8UQ7Qq���

?9B2b�A@Q�8:�98UBp\7/2?9>@>Te�578UQ].0>@�98Ub ?$\PQ7.0Z
8'>T8:�98U>uA@BD\7R68,R2AT8:5V?$5V_<Rle ��A�IO89ITvMR2AT\7Q�A@B _:?9_VR68,.95PZ
8UZk.957es�7Ii#jBX_`8�\7R68
?9_:_`8UQ7Q�A@Qr578UQ].0>@�98Ub4\7R28P�$?9>@A@b mÃB4m¾5V.0Z�\7R68j_:?9_VR28j_:?9_<R68 ?9_:_`8UQ7Q [X?9_VS98:\�A@Q³AGBl�9.9S98Ub�\].�_VR68U_VS4ATm \7R28�A@BXQ]\]5V/2_±z
\7AT.0B(\7R2?$\�A@B2AT\7AG?$\]8Ub \7R2AGQrZ
8UZk.957ek.9[i8:5V?$\7AT.0B�A@Q�Q]\7A@>@>X��?9>GA@b Igw|ms\7R28�A@BXQ]\]5V/2_`\7AT.0B4A@Q�Q]\7A@>@>X��?9>GA@bk\7R68j578U>@8U?9Q]8 mµB
��Q7_<R68Ub2/2>T8 578UQ][i.0B2Q]8 R2?9B2b2>@8:5q�����iAGB'\7R68�_:?9_VR28 ?9_:_`8UQ7Q [X?9_7S98:\¹AGQg_:?9>G>T8Ub Iuc^R68�QV_VR68Ub2/X>T8 578UQ7[M.0BXQ]8 R2?9BXb2>T8:5q���
mµ/2B2_`\7AT.0BJ_:?9>@>@Qa\7R6845V8UQ][i.0B2Q]8 RX?9B2b2>T8:5q���PmÃ/2BX_`\7AT.0BJ?9BXb [X?9QVQ]8UQaA@\,?�[i.0A@Bl\]8:5a\].�\7R684_:?9_<R68 ?9_:_`8UQ7Q [X?9_VS98:\
\7R2?$\ª��?9Q³/2Q78Ub�\].�?9_:_`8UQ7Q¹\7R68�[X578:�¸A@.0/2Q�_:?9_VR68�A@B,\7R68�R2AT8:5V?$5<_VRpeg��A�IO89ITvl\7R68�>@?9Q]\¹>T8:�98U>6AGB�\7R68�_:?9_VR68PR2AT8:5V?$5V_<Rle
\7R2?$\^QV/��M8:5V8Ub ?kZkA@QVQ��7I¹c�R68£578UQ7[M.0BXQ]8 R2?9BXb2>T8:5q���¹mµ/2B2_`\7AT.0BDQ78U>T8U_`\7Q^?k>GA@B68jm¾5V.0Z \7R68'_:?9_<R68'\].k8:�nA@_`\�ho?9Q]8Ub
.0B*\7R68k_:?9_<R68 ��Qa578:[X>@?9_`8UZ
8UBp\�[i.0>@A@_`e9I,wxmr\7R68kQ78U>T8U_`\]8Ub >@AGB68,AGQj��?9>@AGb*?9B2b*b2AT57\|e \7R68UB AT\�A@Qj��5VA@\]\]8UB�\]. \7R68
>T.��r8:5
>T8:�98U>�A@B�\7R28(R2A@8:5V?$5V_VRpe�?9B2b \7R684\7?$1�.9m�\7R68�_`.957578UQ7[M.0BXb2A@B61 _:?9_<R68D>@A@B68 AGQaQ]8:\a\].�\7R684B68:�+�$?9>@/689I
c�R68jH*K¸NPt�Qr?$5V8�\7R28UB4Q]8U?$5<_VR68Ub�\].-�oB2b \7R68j8UBl\]5Ve _`.957578UQ][i.0B2bXA@B61�\].�\7R68�578:\7/65VBXA@B61'_:?9_<R68�ZkA@Q7Qr?9B2b(\7R68
578U>T8U?9Q78�mÃ/XB2_`\7AT.0B2Q�.9m�?9>@>i\7R68�\7?$5V198:\7QPA@B�\7R28�H�K¸N�t ?$578�_:?9>@>T8Ub I

�
	 N
	ON ����� *U�������B*#� �F� ��� %���� �
«jAT57\7/2?9> ?9b2b2578UQ7Q]8UQ�?$5V8£\]5V?9B2Q7>@?$\]8Ub \].k[XRpe¸Q7AG_:?9> ?9b2b6578UQ7Q78UQ�hpe�?9_:_`8UQ7Q7AGB61k\7R68�c�fg3�I³c�R68�_:?9_<R68 \]5V?9B2Q7>@?$\]8
?9b2b65V8UQ7Q�����?9BXb�\7R68(_:?9_VR68 \7A@Z A@B61 ?9_:_`8UQ7Qq���jmµ/2B2_`\7A@.0B2Q'?$578(/2Q]8Ub \]. Q7AGZa/2>G?$\]8 c�fu3�?9_:_`8UQ7Q]8UQ:I�=PQ,Q7R6.��^B
A@B[¥ªAT10/6578 Ä v��^R68UB ? B6.0BnzO«�w�«�c _:?9_VR28 A@Q�?9_:_`8UQ7Q]8Ub �PAT\7R ? �nAT57\7/X?9>,?9bXb6578UQ7Q \7R68UB \7R68�?9b2b2578UQ7Q�A@Q
[X?9Q7Q78Ub \]."\7R68�_:?9_VR68 \]5V?9BXQ7>@?$\]8 ?9b2b6578UQ7Q4mµ/2B2_`\7AT.0B m¾.95�?9b2b65V8UQ7Q \]5<?9B2Q7>@?$\7AT.0BsI c�R2AGQkmµ/2B2_`\7AT.0B _`578U?$\]8UQ ?
_:?9_VR28 ?9_:_`8UQVQ [X?9_7S98:\^?9BXb(?9_:_`8UQVQ]8UQ�\7R68£c�fg3 h¸e A@Bp�9.9S¸AGB61a\7R28j_:?9_<R68 \7A@ZkA@B21 ?9_:_`8UQ7Q�mµ/2B2_`\7AT.0BsI�c�fu3�Q�?$578
.95710?9B2A©$:8Ub(>GATS98i«�wv«jc _:?9_VR68UQ�?9BXb(?9_:_`8UQVQ]8UQ�\].�\7R68�c�fu3 RX?$[2[i8UB ?9Q�b68UQ7_`5<AThi8Ub A@Bg�¸I {¸I Ä I #jB(?ac�fu3 Z A@Q7Q
\7R68�\]5<?9B2Q7>@?$\7AT.0BDAGQ�m¾.0/2BXb�hpeD?9_:_`8UQ7Q7AGB61k\7R68�>T.��r8:5�>T8:�98U>@Q�.9mg\7R68'RXAT8:5V?$5V_<Rle9I

�
	 N
	 � � ��� ����� ��� %+� %���� �
	���%U�&�
c�R2AGQPQ7/2hXQ]8U_`\7AT.0B�>@A@Q7\7Q^\7R68
B68:� �M>T8UQ^\7RX?$\�R2?U�98
hi8:8UB�?9b2b68Ub \]. Q7/6[X[M.95V\^\7R68
Z
8UZ
.95Ve�R2AT8:5<?$5V_VRpe 8`�n\]8UBnz
Q7AT.0BXQ:Irc�R28�_:?9_VR689I�_¡�o>T8�mÃ57.0Z \7R28�.95VAT10A@BX?9>uKnA@Z
[o>T8UQ7_:?9>@?$5 �£«ª8:5VQ7A@.0B¨�¸I��9?���R2?9Q�hi8:8UB Q][o>@AT\�A@Bp\].k\7R6578:8¡�o>T8UQ:I
Y ?9_<R68 \7A@ZkA@B616I�_�_`.0Bp\7?9A@B2Q'\7R68k_`.¸b28k\]. Q7/6[X[M.95V\�\7R28kZ
8UZ
.957e�R2AT8:5V?$5<_VRpe�8`�n\]8UB2Q7AT.0BXQ:vu_:?9_<R68 mÃ/2BX_$I�_
_`.0Bnz
\7?9A@B2Q£_`.nb68�\]. Q7/6[X[M.95V\Pmµ/2B2_`\7AT.0BX?9>u8`�n8U_:/6\7AT.0B ��QVA@Z�z mµ?9Q]\��^?9B2b�A@Q£>@?$57198U>@e /2B2_<R2?9B6198Ub�mÃ57.0Z KnA@Z
[o>T8UQ7_:?9>@?$5
�¸I��9?nvi?9B2b _:?9_VR28 _`.0ZkZ
.0B I�_�_`.0Bp\7?9A@B2Q�_`.nb68�\7R2?$\^?$5V8a/2Q]8Ub hpe�hi.9\7R Q7A@Z
z .0/6\].95Vb68:5^?9BXbD.9\7R68:5PQVA@Za/X>@?$\].95VQ
A@B�\7R68aQ7/2AT\]8��µ89IO16ITvi_`.¸b68£mÃ.95^_:?9_<R68'8:�nA@_`\7AT.0BD[i.0>@AG_:AT8UQ��7I

�����
��k >g���?�
� p t����Zu�r���� |:�Zu�r��¬���?��rs�
k_mlkwpor)&lkn�{|�|:�nz��HkF>¨knmokwpor)&_�_��z:k���k >
k_mlkwpor)&_�s~�|?~wz'(��Hkªk_mlkwpsr��Op t����Zu�r���� |:�Zu�r���knmokqpsr*mlk�k_ro���
|J��pl���Op t����Zu�r���� |:�Zu�r��A5:9<;�=��
�o�{����k > �l����� p t����Zu�r���� |:�Zu�r���������mlk�k_ro���

��.9\]8*\7R2?$\�\7R68 mÃ/2BX_`\7AT.0B2Q(A@B _:?9_<R68 mµ/2B2_$I�_ ?$578*/2Q]8Ub hpe \7R68 QVA@Z�z mµ?9Q]\(?9BXb QVA@Z�z�_:?9_VR28�QVA@Za/X>@?$\].95VQ:I
N�.���8:�98:5Uv�.0B2>TeJQVA@Z�z .0/6\].95Vb28:5kA@Q�Q7/6[2[i.957\]8Ub"A@B \7R2A@Q�5V8U>T8U?9Q]89Iª#�\7R68:5kQ7AGZa/2>G?$\].95VQ,�^A@>@>rhi8�QV/6[2[i.957\]8Ub"A@B

�



mµ/6\7/6578j578U>T8U?9Q78UQ:I

� � 0�B B 3���E

w¦B \7R2A@Q^578:[i.957\���8ab68UQV_`5VAThi8'Z
8UZ
.95Ve�RXAT8:5V?$5V_<RleD8`�n\]8UB2Q7AT.0BXQ�\].(\7R68�KnAGZ
[X>T8UQ7_:?9>G?$5�\].p.0>gQ]8:\��µ�98:5VQ7AT.0B �¸I����7I
c�R68UQ78k8`�¸\]8UBXQ7AT.0B2Qa8UB2?$hX>T84Z
.¸b28U>@A@B61 _:?9_<R68(RXAT8:5V?$5V_<R2AT8UQ£.9m�?$57hoAT\]5V?$57e*b68:[2\7RXQ�?9B2bJ\7R68:e�?9>@Q]. Zk.¸b68U>³\7R68
hX/2Q78UQ4\7RX?$\ _`.0B2B68U_`\D\7R68*b2A��i8:578UBp\(>@8:�98U>@Q:I c^R68 _:?9_<R68UQ _:?9B hi8�_`.0B��X10/65V8Ub \]."/XQ]8�8UAT\7R68:5D�nAT57\7/2?9>P.95
[XRpe¸QVA@_:?9>�?9b2b6578UQVQ]8UQ:I��*8 Z
.nb68U>��nAT57\7/2?9>�\].�[oRlenQ7A@_:?9>�?9b2b65V8UQ7Q
\]5V?9B2QV>@?$\7AT.0B"h¸e Q7AGZa/2>G?$\7A@B61�?*R2?$5Vb6��?$578
c�fg3PI�K¸8U_`\7AT.0B {�[X57.��nA@b68UQ£? b28:\7?9A@>T8Ub*8`�n[X>@?9B2?$\7A@.0B*.9m�R2.���\7R28 b2A��i8:578UBp\�Z
8UZ
.957e�_`.0Z
[i.0B68UBp\7Q'_:?9B�hi8
_`.0B��X10/2578Ub I
c�R28�Z
8UZk.957e�8`�n\]8UB2Q7AT.0B2Q�Q7/2[2[i.957\s.0B2>Te'\7R68�QVA@Z�z .0/6\].95Vb28:5�QVA@Za/X>@?$\].95u8`�n8U_:/6\7A@B21�!rw]Kn= hXA@B2?$5VA@8UQ:Id=�>@Q].6v

A@B
\7R28^_:/657578UBp\¹�98:5VQVAT.0B AT\rA@Q¹B6.9\r[M.0QVQ7AThX>T8�\].aQ7[M8U_:A@m¾e�Q][X>@A@\¹c�fu3�QªmÃ.95r_:?9_<R68UQ�?$\r>T8:�98U>M{�?9B2bk>@.���8:5UI¹=P>G>6\7R68
_:?9_VR28UQ�\7R2?$\g?$5V8r?$\�>T8:�98U>¸{^.95�>T.���8:5g/XQ]8³\7R68�-£c�fu3ª��ATm2Q][i8U_:A��X8Ub��o\].P[i8:57mÃ.95VZ ?9b2b2578UQ7Qu\]5V?9B2Q7>@?$\7A@.0B IJ¥X/2\7/6578
�98:5VQ7A@.0B2Q'�PA@>@>ª?9b2b ?9b2b2AT\7A@.0B2?9>¹Q7/6[X[M.95V\�m¾.95,.9\7R68:5�w7Kn=PQa?9B2bJ[257.��nA@b68 19578U?$\]8:5��X8`�6AThXA@>@A@\�e�AGB _`.0B��X10/25VA@B61
c�fg3�QUI

� �����C�?�C+�I
��8

� Ä
��� I0-�I��jA@BXb68U>T89v2�]3�/��i8:5³hX>T.n_7S�[25V8:m¾8:\7_<R2A@B61�Z
8:\7R2.¸b v� 
	���
��  .������ �	�4. � ���%�)�  �� �)�����Gv0�9.0>�I¸{��nvp[2[dI��9y<���
�9y �pv � /2>Te Ä y � �pI

	


