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Kernel
Mode

User
Mode

reset
(another   use of 

interrupt mechanism)

external device interrupt
fault/exception

software interrupt (system call) (see later)
(all use interrupt mechanism)

set user mode 
(a privileged instruction)

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s ���



�Q��%�����"M�$����� ·! !�#" ÙÈ���Ø%����
) X49N/2B[-c-0/&U4\IRWH�Ê�<J*^]S_¨9N+?BC-0/D5?7>-�9 16+?B�j8/r9 =$9N@ <>O$<.3#�!<$� O#�ÂIÁ ��³�½AÞ
4 H�j�jS@ 9 7.H.-�9 16+ABI7AH$+�$ -ZRWH?BLÊ f -05�/D+�1SôcgT9N+.-[<�/D/D5;jL-CB.�
4 H�j�jS@ 9 7.H.-�9 16+ABI7AH$+�$ -
7L16+.-0/216@�* ]S_`3$<>=S9 7.<>BA�
) %(5A-L\
8 �Tj$j$@ 9 7AH.-�9 16+Q7.H$+V/E<0bW/r9 -[<�9^+A-[<8/D/h5�j.-c=8<.70-C1�/2B.�
8 �416RW<W3$<>=$9 7.<LB�H87L7.<>B[B�<L3�=$9 HYÕV®0ÕV±8¬'&SæhÕa­0É$É6®�Ô)(+*-,
) �(<�+?7.<�+8<.<L3J-�1¥j?/E18-[<.70-ZR�<SRT1�/&UYH$@ BG1M�#�M�
) <S� O#�43�<>�e+8<�H «�­?¯.®�H$+83VHk©NªEÕYª�°��E1�/�<AH?7�KVj?/21SO6/�H�R��

Operating
System

Job 1

Job 2

Job 3

Job 4

0x0000

0x3000

0x5000

0x9800

0xD800

0xFFFF

0x5000

0x4800
limit register

base register

) ��7.7L<LB[BG<LB�165.-CB09 3�<�H$@^@ 1Ab�<.3 /�H$+?O$<�H8/�<�3�<0-[<.70-[<.3#�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s ��.

Ù¹���Ø%����¹�Q��%�����"#�$�&%'�0/ ���0ñ�¦k�����

CPU

vector to OS (address error)

yes

no

yes

no

base base+limit

M
em

or
y

) ��H8/�3�b'H8/E<�78K8<.7�Ê>B
<>=8<8/&UkR�<SRT1�/&UV/E<L��<�/E<�+?7.<S�
) ��7.7L<LB[B�165A-�1S�c/vH$+AO$< Ë =8<L7>-C1�/!9N+.-C1J1MjS<8/�H.-�9N+AO
BCU?BC-[<�R f 5?BG<Q9^+A-[<8/h/D5�j.-�]?<0��7L<SjL-�9 16+VR�<.78K�H$+S9 BLRZg>�

) _W+�@ UYH$@^@ 1Ab¨Ö8É4Ô$­�°h®�1S��d?HABG<�H$+83 @ 9,R�9 -W/E<LO49 BC-[<�/2BW9^+
Ê�<�/D+8<8@#R�1;3�<S�

) §#U;jS9 7AH$@^@ UQ349 B�H�d$@ <YRW<�RT1�/2Uaj8/21�-[<L7>-�9 16+J9N+VÊ�<�/D+8<8@#R�1;3�<f H$@ -0K?145?O6KQHVd8H?3i9 3�<.H�g>�
) *,+a/E<AH$@ 9 -rUA:�RT1�/E<�7>1MR�j$@ <0�kj8/21�-[<L7>-�9 16+VKS]Ab¨5AB�<L3e\
� RWHS9N+�BG78K8<SR�<>BTH8/E<Q¯L®hÓ�Õa®>¶#°h­�°vªD±8¶�H$+83YÉ6­.Ó8ª�¶;Ó
� f 7>1�=8<�/E<L3 @ H.-[<8/�14+a9N+Q7>165�/2BG<Ag

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s ��1

�Q��%�����"#�$�����¹���(�32k�	4
) è(<.<L3Y-C1V<8+?B>5$/�<W-0K8H.-'-0K?<�_I�iBC-GH0U?BZ9^+Y7>16+.-0/216@,�
� 9}� <S��+?<.<.3Y-�1¥j?/�<0=8<8+A-IH$+.U�O49 =?<�+YH�j�jS@ 9 7.H.-�9 16+���/21MR5 KA1SOSO49^+?O6$;-0K8<���F�×��
Ë 5?BG<�HV°vª�ÕV®0¬J3$<>=S9 7.<S�
) ×�B>5�H$@^@ Uk5ABG<�HiÑ�±8Ö4¶#°hÔ$±8ó!¶�-�9NRW<8/C:4<$� OM�
½$�cBG<>-'-�9NRW<8/�-C1 9^+$9 -�9 H$@�=8H$@^58< f <$� O#��7�8:9�9:9:96g>�
à �'<>=?<�/&Uk°vªrÑ0µ f <$� OM�;�=<->?g0:;-�9,R�<�/�3$<.78/�<�R�<�+A-�B'=�H$@^5?<$�
l6��b�K8<8+�=�H$@ 58<YKS9 -CB;?.<8/E1M:e9^+A-[<8/D/h5�j.- f +?1�-[<S\'9N+.-C1k_T�Mg>�

) f P�143$<�/D+�-�9NRW<8/2B�K8H.=8<Yj8/21SO6/�H�R�RZH�dS@ <W-�9 7�ÊQ/�H.-[<S�^g
) �(<�+?7.<�_T�kO$<>-CB�-C1 /D5�+VjS<8/r9 14349 7AH$@^@ UYH$+83a3$1k9 -CBIBC-05Aô��
) è(<.<L3Y-C1V<8+?B>5$/�<Z14+�@ UJ_I� 7AH$+a@ 1�H?3J-�9,R�<�/�:6H$+83Y-0K�H.-
9^+A-[<8/h/D5�j.-
7.H$+�+A1�-WdS<YRZHABLÊ�<L3e�
� 5?BG<ZB�H�R�<ZB�78K8<�RW<�HAB
��1�/�18-0K8<8/(3$<>=S9 7.<>B.�
� f =$9 ?$��j8/r9 =S9N@ <>O$<.3i9N+AB[-0/D5?7>-�9 16+?B.:�R�<SRT1�/&Ukj?/21�-[<.70-�9 16+�g

) �6H�RW<ZBG78K8<�RW<Z7AH$+VdS<Q5?BG<.3Y-C1i9,R�jS@ <SR�<�+.-
-�9NRW<0³DB>K�H8/r9N+AO f RT1�/E<�16+�-0K$9 B�@ H.-[<8/rg0�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s é2�

@V���L�(�(ÚNÛ;ºQ���$��ñ ��
��������$����� �
�������(�Ð�

H/W

S/W

App.

Priv

Unpriv

App. App. App.

Kernel

Scheduler

Device Driver Device Driver

System Calls

File System Protocol Code

) �Ij�jS@ 9 7.H.-�9 16+ABT7.H$+
$ -
3S1�* ]S_`3658<W-C1£j8/21�-C<.7>-�9 16+
Ë 1Mj�<�/�H.-�9N+AOJBCU?BC-[<SR¨3S14<LBW9 -�16+�-0K8<?9N/cdS<8K�H$@ �[�
) è(<.<L3JB�<L7�5$/E<Wb'H0U��E1�/�H�j�jS@ 9 7.H.-�9 16+�-�1 9^+A=?1MÊ�<
16jS<8/vH.-�9^+?OYBCU?BC-[<SR�\
Ë /E<�A65$9N/E<�H�B.j�<.7?9 H$@ f 5$+;j?/D9 =$9N@ <>O$<L34gT9^+?BC-0/D5870-�9 16+�-C1

H$@^@ 1.bÜ-0/�H$+?B09 -�9 14+��h/E16R»5ABG<�/�-C1£Ê�<8/D+8<8@eRT143�<S�
) B�<�+?<�/�H$@^@ U�7.H$@^@ <L3VHa¯L±�C0°vó'­8¬�®�ªE¶e°h®0¬>¬0Ö?Ée°�B09N+?7.<
16jS<8/vH.-[<>B
B09,R�9N@ H�/D@ U�-C1 f K�H8/E3SbcH8/E<?gI9N+.-[<�/D/D5;jL-L�M�M�

) �4<>-'1S��_I�iBG<8/2=S9 7.<>BTH?7.7.<>B[B>9Nd$@ <�=$9 H�B[1S�E-rbcH8/E<�9N+A-[<8/D/D5;j.-
R�<.78K�H$+S9 BLRò7AH$@^@ <.3i¯'&8¯0°h®>Õ Ñ�­�©�© ¯L�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s é��



Ù»�2"���%;D6�!�>�(��Ú���
��������$�������
���������Ø�

H/W

S/W

App.

Priv

Unpriv

Server Device
Driver

ServerServer

App. App. App.

Kernel Scheduler

Device
Driver

) �
@ -[<8/h+8H.-�9 =8<ZBC-0/D5?7>-05$/E<$\
jS5?B>K�BG16RW<�_T�kBG<�/&=S9 7.<>BZ9^+A-C1i¯.®0¬=E8®>¬�¯
BG<8/2=?<�/2B�RWH0UkdS<Yj8/r9 =$9N@ <>O$<.3 f 1MjS<8/�H.-[<�9N+VÊ�<�/D+?<�@eRT143$<?g>�

) *,+?7�/E<.HAB�<>BZd�18-0KVÕa±AÔ8Ö4©&­8¬0ªv°F& H$+?3 ®�G$°h®0¶M¯�ªD«0ªv©Nª�°F&$�
) BLRWH$@^@eÊ�<�/D+8<8@ Ë Ê?+?1Ab�+�1�=8<8/DK8<.H?3e� Â <8@ H0Uid�<>-rb�<.<8+
<0=8<�+.-IH$+83 5?BG<8/2³G@ <>=8<8@M/E<LBLj�14+?BG<�7.H$+VdS<Yd�145�+?3�<.3#�

) ��-�9N@^@;H?7.7.<>B[B�Ê�<8/D+8<�@S=$9 H�BCU?BC-[<�R�7AH$@^@ B.:�dS5A-W+8<L<.3 +?<>b
bcH0U�-C1VH?7.7L<LB[B
BG<�/&=?<�/2B Ë 9N+.-[<�/hj?/E1;7.<>BGB
7>1MR�R�5$+$9 7AH.-�9 14+ f *&F���g'BG7�K?<SR�<LB'³cBG<.<JFMH8/&-Il6�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s é2y

@V���L�(�(Ú}�IH������; (�ÐÙ»�2"���%;DM���L�(�(Ú}�
�41Yb�K.UV9 B>+�$ -
<0=8<�/&UA-0KS9N+AOVHkR�9 78/21MÊ�<�/D+?<�@ ²
) J818-CB
1S�
*&F���H?3$3$B
1�=?<�/DK8<.H?3 Ë R�9 7�/21MÊ�<8/D+8<8@ BZ5AB>5�H$@^@ U
j�<�/2��1$/�R¹@ <LB[B�b�<�@^@N�

) Pa9 78/E16Ê�<�/D+?<�@69,R�j$@ <SR�<�+.-GH.-�9 16+�B[1MR�<0-�9,R�<LB�-0/r9 7�Ê0U4\
+?<.<L3Y-C1Jb!1�/D/&UYH�d8165A-�BCU$+87�K$/216+$9 B�HA-�9 16+;�

) Pa9 78/E16Ê�<�/D+?<�@ B'1��E-[<8+�<�+?3 5�jZbT9 -0KJ/E<.365�+83�H$+A-'7>1MjS9 <LB'1S�
_I�i3;H.-GH�BC-0/D5?7>-05$/�<>B.�

��<�+?7.<W-�143;H0UkRT1SBC-
7L1MR�RT16+�16jS<8/�HA-�9N+?OYB[UAB[-C<SRTB�dS@^5$/
-0K8<�369 BC-�9^+870-�9 16+kd�<>-rb�<.<8+VÊ�<�/D+?<�@;H$+83¥R�9 78/E16Ê�<�/D+?<�@,�
) <S� O#�e@ 9N+$5.�V9 BkÆ�Ê�<8/h+?<�@ ÇM:�d$5.-WK8HAB�Ê�<�/D+8<8@eRT14365�@ <>BTH�+?3
7L<�/&-GHS9N+�BG<8/2=?<�/2B.�

) <S� O#��å 9N+83S1Ab'B�è(§ b'HAB
1�/r9 O49^+�H$@^@ UiR�9 78/E16Ê�<�/D+?<�@ f l6� Å�g>:
dS5A-T+?1Ab f ¿#� Þ�14+AbcH8/�3SB�gWjS5?B>K?<.3i@ 1�-CBZd8H?7�Ê�9N+.-C1 Ê�<8/h+?<�@
�E1�/cjS<8/E�E1�/hRZH$+?7.<S�

) ��-�9N@^@M+?1�-
7�@ <AH8/�b�K�H.-c-0K8<YdS<>B[-T_I�iBC-0/D5?7>-05$/�<�9 B.:61�/
KA1Ab�R�5?7�KJ9 -W/E<AH$@ @ UkRWH.-�-[<�/2B.�M�M�

) /E<.H$@ ³r-�9,R�<ZBCU?BC-[<SRTB�+?<.<L3£d�165$+83$<.3k_T�i3$<�@ H0U

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�x^w {,|,x^{2w êNsLë!t�w �2x ê,|Nx ~ �vqSì?êN|2í}uEq2~ sNî>s é2Ï

�����G���
	¥�� ����Ð�������S%LK����
M 165�B>K?165$@ 3 +?1Ab�5$+83$<�/2BC-GH$+83
) åØK�H.-
H$+J_T�¥9 B f H�d.B[-0/�H?70-0@ USg
) ��9 BC-C1�/r9 7AH$@�<>=?14@^5A-�9 16+�1S��_I�
) ��H8/�3�b'H8/E<ZB>5;j$j�1$/2-�+8<.<L3�<L3
� 3M58H$@eRT143$<�1Mj�<�/�H.-�9 14+
� j8/21�-[<L7>-�9 16+ f 1S��3$<>=$9 7.<LB.:�R�<�R�1�/&UQH$+83 �!F�×�g
� +8<L<.3J��1�/�B>K�H8/r9N+AO f 1S�(3�<0=$9 7L<LB.:�RW<�R�1$/2UYH$+?3 ��F�×!g
� 9N+.-[<�/D/D5;jL-ZR�<.78K�H$+$9 BLR
� -�9,R�<�/2B

) Â 9 ô�<�/E<8+A-IH�j$j8/21�H?7�K?<LB'-C1i_I�i3�<>B09 O6+

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���nD{EîAî>u&w NAx �8p�u,x ê é&�

��
��������$���(���������S�(� �! ���"M�$�&%'���
) O�<LO$H8/�36@ <>BGB�1S�(BC-0/D5?7>-05$/�<S:#_I��+8<.<L3$B�-C1i¯L®�Ñ0Ö4¬�®>©P&
ÕQÖ6©N°vªNÉe©}®QGa¬�®�¯.±8Ö;¬�Ñ�®�¯L:�9,� <$�
½$��j8/21�-[<L7>-IH�j$j$@ 9 7AH.-�9 16+?B
��/216R�<.H?7�K�1�-0K?<�/�:;UL<>-
à �cB>K�H8/E<JjSKAUAB>9 7AH$@#/E<>BG145�/E7.<>B�d�<>-rb�<.<8+�-0K8<�RQ�

) -0/�H?3$<L1SôeB.\
� j8/21�-[<L7>-�9 16+�³r=AB[³cB>K8H�/r9^+?O
� -0K$/E145?O6K�j$5.-�³r=AB[³�BG<�/&=$9 7L<Z-C1aH$@^@

) �
@ B[1 5?B>58H$@^@ U�bcH�+.-'-C1�­$«0¯0°v¬�­$ÑL°IH0bcH>U���/21MR¡K8H8/2bcH8/E<
3$<>-GHS9^@ B.:e9,� <$�M_T� j?/21�=$9 3$<LBTH	EAª�¬>°vÖM­�©�Õa­$Ñ>Ò$ª�¶�®�\
� B>K�H8/E<Q�!F�× f 9^+�-�9,R�<Ag
H$+83£j8/21�=$9 3�<�<AH?78K
H�j�jS@ 9 7.H.-�9 16+�bT9 -0KYH�=$9N/&-058H$@ej8/21;7.<LB[B[1�/�:

� H$@^@ 1;7AH.-[<�H$+?3¥j8/21�-[<L7>-WRW<�RT1�/2U.:MH$+?3¥j8/21�=S9 3�<
H�j�jS@ 9 7.H.-�9 16+ABcbT9 -0KZ-�K8<89^/�1Ab�+Z=$9^/2-�5�H$@�H?3�36/E<LB[BcBLj?H87L<$:

� j8/E<>B�<8+A-IH�BG<0-�1S� f /E<8@ H.-�9 =?<�@ U�g�K�H8/E3SbcH8/E<
9N+?3�<�jS<8+83$<�+A-c=$9^/&-05�H$@;3�<0=$9 7L<LB.:6H$+83

� 369 =$9 3$<Y5;j�B[-C1$/vHAOS<�BLj8H?7L<Yd0UV5?B09N+AOa�e@ 9^+?OJBCU?BC-[<SRTB.�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���m0Í,ê2w Í2~ êSR é2é



�Q��%
"#���S�T2�%'��"e��
��
) X;/216RÈHa5AB�<8/U$ B�j�1;9N+A-�1���=$9 <0bZ:;-0K8<Z1Mj�<�/�H.-�9N+AOJBCU?BC-[<SR
9 B
-0K?<�/E<W-C1a<0�8<.785A-[<c�D1MdAB f d8H.-[78K�B[UABC-[<SRTB�g�1�/
j?/21SO6/�H�R�B f 9^+A-[<8/�H?7>-�9 =?<ZB[UAB[-C<SRTB�g>�

) �`j8/2147L<LB[BW9 B�HVj8/21SO6/�H�RZ]G�h16dJ9N+�<0�8<.785A-�9 14+f §
K$9^+;ÊZ1���Æ�j?/E1�O6/�H�R�][�h1MdAÇi9^+�-0K?<89N/�®QG�®�Ñ>Ö4°h­$«L©&®���1�/hR
HA�2-[<�/�7L1MR�jS9^@ H.-�9 16+QH$+83 @ 9N+�Ê?9^+?O;g

) HJj8/21SO4/vH�RZ]G�D1MdQ9 BT¯>°h­8°vªDÑ.:�b�K$9N@ <�Haj?/2147.<>B[BT9 B�ÔV&�¶�­8ÕQªDÑ
@ 9,Ê�<�Hkd81;16Ê�1$/'R�5AB>9 7JRWH$+�5AB�78/r9,j.-�7>�[��/E<AH?349N+AOJ1�/
jS@ H0U$9N+AOY-0K8<�R

) F�/E1;7.<>BGB�9N+?7�@^5?3�<>BA\
½$��j8/21SO4/vH�R¨7>165�+.-[<�/
à �cBC-GH?7SÊ f ��1�/�-[<�R�j81�/�H8/&U�=�H8/r9 H�dS@ <LB.:�j?/E1;7.<L3M5$/�<
j8H8/�H�R�<>-[<8/2BA:e/E<>-�5�/D+QH?3�36/E<LB[BG<LB.� Â <L�e+?<LBT3�U�+8H;R�9 7
BC-GH.-[<?]AB�7>1Mj�<$�^g

l6�'3;H.-GH�BG<L7>-�9 14+ f �E1�/�O6@ 1Md?H$@$=�H8/D9 H�d$@ <>B�³�H$@ bcH0U?BW9N+
BG7L1Mj�<$� g

) �IdABC-0/�H?7>-�9 16+4\�j?/E1;7.<>BGBG<>BI<0�8<.785A-[<Z16+�E.ª�¬>°vÖ#­�©
É#¬�±.Ñ�®0¯�¯.±8¬�¯

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs é2ï

�Q��%�"e���S� �����������

Exit

Running

New

Ready

Blocked

dispatch
(selected to run by
process-scheduler)

timeout
or yield

releaseadmit

event-waitevent

) �!BTHkj?/2147.<>B[BI<0�8<.785A-[<>BA:#9 -
7�K8H$+?OS<LBW¯0°h­�°h®�\
� W ÷YX�\�-0K?<Jj?/E1;7.<>BGBW9 B�d�<89^+?Oa78/E<AH.-[<L3
� Z ÷�[\���¥ù Z úSû$û][�^Sÿ^÷��S\(-0K8<Yj8/2147L<LB[B�9 B
bcHS9 -�9N+AOJ��1�/�-0K?<
��F�× f H$+83i9 B�j?/E<Sj8H8/E<L3Y-C1 /D5�+YH.-IH$+.U�-�9,R�<Ag

� Z úSû$û�ý^û��'\'9N+?BC-0/D5?7>-�9 16+?BTH8/E<Jd�<89N+AOJ<0��<L7�5.-[<.3
� _ ÿ �
`�aL÷���\�-0K8<Yj8/2147L<LB[BW9 B�b'HS9 -�9N+?OJ��1�/�B[1MR�<�<0=8<�+.-
-C1J147.785�/ f H$+83a7AH$+$+?1�-�/h5$+V5$+A-�9^@#9 -I3S14<LB�g

� b]c ýS�>\�-0K?<Jj8/21;7.<>BGBWK�HAB
�e+$9 B>K?<.3a<0��<L7�5.-�9 16+;�
) §
K8<�16jS<8/�H.-�9N+?OYBCU?BC-[<�R¡9 BZ/E<LBLj�14+?B09,dS@ <��E1�/
RWHS9N+.-GHS9N+$9^+?OY-�K8<�BC-GH.-[<Z1S��<.H?7�KVj?/2147.<>B[BA�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs éd�

�Q��%�"e���$�e2�%'���;��%'Ú�ºaÚ}%�"fD
Process Number (or Process ID)

Current Process State

Other CPU Registers

Memory Mangement Information 

CPU Scheduling  Information

Program Counter

Other Information 
(e.g. list of open files, name of 

executable, identity of owner, CPU 
time used so far, devices owned)

Refs to previous and next PCBs

_T� RZHS9^+A-GHS9N+ABW9N+?�E1�/hRZH.-�9 16+YH�d8165.-
<>=8<8/&Ukj8/21;7.<LB[BW9N+QH
3;H.-GH�BC-0/D5870-05�/E<�7.H$@^@ <L3kH�É#¬�±AÑ�®0¯�¯QÑ�±8¶#°v¬�±�©�«L©&±.Ñ0µ f F��g%�g>\
) ×�+$9 AM5?<Jj8/21;7.<>BGB�9 3�<8+A-�9 �6<8/
) F�/E1;7.<>BGB�BC-GH.-[< f Z ÷=[\���6: _ ÿ ��`�a.÷��4:4<>-C7$�^g
) �!F�×�B�78K8<L3M5$@ 9N+AO�hÈH?7L7L165$+A-�9^+?Oi9N+A��1�/hRWH.-�9 16+
) F�/E1�O6/�H�R¨7L145�+.-[<�/-h¡��F�×Ð/E<LO49 B[-C<�/2B
) PQ<SRT1�/&UVRWH�+8HAO$<�RW<8+A-T9N+A��1�/hRWH.-�9 16+
) �6�M�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs éd.

2�%'������i�����¦ �}�S"��!�����
Process A Process BOperating System

Save State into PCB A

Restore State from PCB B

Save State into PCB B

Restore State from PCB A

idle
(ready)

idle
(blocked 
or ready)

running

executing

running

idle
(blocked 
or ready)

idle
(ready)

) â'¬�±AÑ�®�¯�¯Vá�±8¶#°h®�G$° À RWH?7�KS9N+?<�<�+.=$9N/216+�RW<8+A-
365�/r9N+AO
-0K?<Z-�9NRW<W-0K8<Yj8/2147L<LB[BW9 B�H?7>-�9 =8<�@ UV5?B09N+AOY-0K8<���F�×'�

) 9,� <$�47L14+A-[<��?-W9^+878@^583$<LBZj8/21SO6/�H�R¨7L165$+A-C<�/�:;O$<�+?<�/�H$@
jS5�/hj81SBG<Q/E<LO49 BC-[<8/2BA:�j?/E1;7.<>BGB[1�/�BC-GH.-05AB�/E<>O49 BC-[<8/C:��M�M�

) §e1JBCb�9 -[7�KVdS<0-rbc<L<�+Vj?/E1;7.<>BGBG<>BA:$-0K8<�_T� R�5ABC-L\
½$�cB�H.=8<Z-0K?<�7>16+.-[<0�?-�1S��-�K8<�785�/D/E<�+.-0@ U�<0��<L7�5.-�9N+AO
j8/2147L<LB[B f 9 ��H$+AUSg0:MH$+83

à �T/E<LBC-C1�/E<W-0K8<�7L16+.-[<0�?-'1S��-0K8H.-�d�<89N+AO /E<LB>5�RW<L3e�
) §�9,R�<Z-GH�Ê�<8+Q3$<Sj�<�+?3$B
14+VK�]AbÜBL5�j�j81�/&-L�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs éd1



�Q��%�"#���S�T2a�������$�&%'�
) è(<AH8/D@ UYH$@ @�BCU?BC-[<SRTBTH8/�<QÒ$ªD®>¬�­?¬�Ñ0Ò$ªDÑ�­�©C\
j8H8/E<8+A-
j?/2147.<>BGBG<>B
7�/E<AH.-[<�78K$9^@ 3M/E<8+kj?/E1;7.<>BGBG<>BA�

) O�<LB[165$/E7.<ZB>K8H�/r9N+AO#:MH$@ -[<�/D+�H.-�9 =8<>B�H8/E<$\
� j8H8/E<8+A-IH$+?3V7�KS9N@ 3M/E<�+�B>K�H8/E<�H$@^@#/�<>B[165�/E7L<LB.�
� 7�KS9N@ 36/E<�+�BLK8H8/E<ZBL5�dABG<0-�1S��j?H8/�<8+A-�$ B�/E<>B[165�/E7L<LB.�
� j8H8/E<8+A-IH$+?3V7�KS9N@ 3aB>K�H8/E<Y+A1 /E<LB[165$/E7.<>BA�

) Á ��<.785A-�9 16+4\
� j8H8/E<8+A-IH$+?3V7�KS9N@ 3M/E<�+�<0��<L7�5.-[<�7L14+87�5$/D/E<�+.-0@ UA�
� j8H8/E<8+A-
7.H$+�bcHS9 -W5�+.-�9N@;7�KS9N@ 36/E<�+�-[<8/hR�9^+�H.-[<S�

) ��3�36/E<LB[B
BLj8H?7L<$:6H$@ -[<8/D+�H.-�9 =?<LBTH8/E<$\
� 7�KS9N@ 3a3M5�j$@ 9 7AH.-[<Z1S��j?H8/�<8+A->�
� 7�KS9N@ 3 K�HABTHkj?/21SO6/�H�R¡@ 1�H?3$<.3i9N+.-C1i9 -L�

) <S� O#��×�+$9 �4\
� j
k\l]mon�p B[UAB[-C<SR¨7AH$@^@�7�/E<AH.-[<>BTHa+?<>b�j8/2147L<LB[B
� H$@^@#/E<LB[165$/�7L<LB�B>K8H�/E<L3 f 78K$9^@ 3 9 B�H�7�@ 14+8<Ag>�
� q 8 q�rVs�qfn�p BCU?BC-[<SR¨7AH$@ @#5?BG<L3J-C1 /E<SjS@ H?7.<�-0K8<
j8/2147L<LB[B�$�RW<�RT1�/&U�BLj8H?7.<WbT9 -0KYHa+?<>b�j8/21SO4/�H;R��

) è(§�] à Þ�ÞSÞ6\ot l�q:u\v�q\w:l�k�r]q
x:xyn�p BCU?BC-[<SR¨7AH$@^@69N+?7�@^5?3�<>B
+8H�RW<Z1���j8/21SO4/vH�R`-C1£dS<�<���<L7�5.-[<.3#�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs ï2�

�Q��%
"#���S��¸Z���L�Ü���(���$�&%'�
) F�/E1;7.<>BGB
<0�8<.7�5.-[<LBW@ HABC-�BC-GH.-[<SR�<�+.-IH$+83VHABLÊ>B�-0K8<
16jS<8/vH.-�9^+?OYBCU?BC-[<SR`-C1a3�<8@ <>-C<�9 - fFz]{:| } g0\
� 165.->j$5.-I3�H.-GH���/21MR¨7�KS9N@ 3Y-C1£j?H�/E<8+A- fF~��
| } g
� j8/2147L<LB[B�$e/E<LB[165�/E7L<LBIH�/E<�3�<.H$@^@ 147.H.-[<.3£d�U�-�K8<�_T���

) F�/E1;7.<>BGBZjS<8/2��1�/hRTBTH$+a9^@^@ <>O�H$@�1Mj�<�/�H.-�9 16+4:6<S� O#�
� RWH�Ê�<LBTH$+QHA-h-[<SR�j.-'-�1kH?7L7.<LB[BZRW<�R�1$/2U�-C1Yb�K$9 78Ka9 -
9 B�+A1�-IH$5.-0K?1�/r9 BG<L3e:

� H.-�-[<�R�jL-CB�-C1V<���<L7�5A-C<�Hkj?/r9 =$9^@ <LO$<L3 9^+?BC-0/D5870-�9 16+
) F6H�/E<8+A-ZRWH0U�-[<8/�R�9N+8H.-[<�<0�8<.785A-�9 14+�1S�(7�KS9N@ 3£j8/2147L<LB[BG<LBf���������} :�� |S�P� g>:#<S� O#�
d�<.7.H$5?BG<
� 7�KS9N@ 3 K�HABI<���7.<L<.3$<.3VH$@^@ 147AH.-[<L3 /E<LB[165$/�7L<LB
� -GHABLÊ�HABGB09 O4+8<L3J-C1a78K$9^@ 3 9 B�+?1 @ 16+?OS<�/�/E<�A65$9N/E<L3
� j8H8/E<8+A-�9 BI<0��9 -�9N+?OM:MH$+83k_T� RZH0UV+?18-IH$@^@ 1Ab�HQ78K$9^@ 3
-C1a7L16+.-�9N+$58<�9 �c9 -�B�j?H8/E<�+A-c-[<�/hR�9N+�H.-[<>B f Æ�7.HAB�7.H?369N+AO
-[<�/hR�9N+8H.-�9 16+?Ç�g

) <S� O#��×�+$9 �kK�HAB�� u
�Vvgn�p : q 8 �Yvgn�p H$+83 m����:�-n�p
) <S� O#��è�§'] à ÞSÞSÞkK8HAB��:8 �Yv:w:l�k�r]q�x:x�n�p ��1�/�BG<�@ ��H$+83� q\l\������u\v�q�w:l�k�r]q
x:x�n�p �E1�/�1�-0K?<�/2B.�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs ï��

�Q��%�"e���$�ÐºJÚ}%
"yD������
) *,+�O$<8+8<8/vH$@;HVj?/E1;7.<>BGBZd$@ 1;7SÊ0BI16+QH�+i®=E8®>¶#°D:M<S� O#��5$+A-�9^@
� H$+i* ]S_`3$<>=$9 7.<�7L1MR�j$@ <>-[<>BTH$+�16jS<8/�H.-�9 16+;:
� H$+?18-0K8<8/'j?/2147.<>B[B
BG<�+?3$BTHVR�<LB[B�HAO$<

) �!B[BL5�RW<�_I� j?/21�=$9 3$<LB
B[1MR�<JÊA9N+83a1S��O$<�+?<�/�H$@ ³�jS5�/hj81SBG<
dS@ 147�Ê?9N+AO£j?/D9NR�9 -�9 =8<S:6<$� O#� u � u
�Yvon�p �

) è(<.<L3a7AH8/E<QK�H$+?3M@ 9^+?O�Ñ�±8¶�Ñ>Ö;¬0¬�®>¶�Ñ=&£9 B[B>58<>B.:6<$� OM�
�Vjgn!��k�m�q\����q
�������
l�q
x:x�q��6p��u � u��Yvgn!m�q\�]��l�q
x�x�p����l6�Y��vgnY�=��q\����u
x���q:qV����l�q
x:x�q��� !¡V�y�\p��¢£:£

��uV���
�:q¤m�q\�]��k:u\l��3���:��¥�v
åØK�H.-�K8H;j$j�<�+?BW9 �!HVÊ�<0UV9 B�j?/E<LB[BG<.3kH.-c-0K8<Z��/2BC-¦$¨§�$#²

) �4<.<Yj?H�/&-Il���1�/(7>16+?7�5�/D/E<8+87>U�7L14+A-0/216@

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s êNs ï2y

�I"��(��ñ' �Ú2�v���0©� (�� (���

admit
CPU release

timeout or yield

dispatch
Ready Queue

event-waitevent

Wait Queue(s)

Job 
Queue

create
(batch) (interactive)
create

) ª.16d�«W58<�5?<$\�d?H.-[7�KVj8/2147L<LB[BG<LBTH0bcHS9 -�9^+?OVH?3#R�9 B[B09 16+;�
) O�<AH?3�U¬«W58<858<$\(BG<>-'1S�!H$@^@ej8/21;7.<LB[BG<LBW/E<>B09 369^+?Oi9^+iRWHS9N+
R�<SRT1�/&UA:e/E<.H83�UYH$+?3JbcHS9 -�9N+AOJ-�1a<0��<L7�5.-[<$�

) å�HS9 -­«W58<858< f B0g0\�BG<0-�1S��j?/2147.<>B[B�<>B�bcHS9 -�9N+AOJ��1$/�H$+i*^]�_
3$<>=$9 7.< f 1�/���1�/�1�-0K?<�/cj?/E1;7.<>BGBG<>B0g

) J814+?O�³r-[<8/hRLhòBLKA1�/&-�³r-[<8/�RòBG7�K?<.365�@ <8/2B.\
� ® ±$«�¯LÑ>Ò4®�Ô8Ö6©}®>¬YBG<�@ <L7>-CB'bWKS9 7�KVj8/21;7.<LB[BG<LB�B>KA165�@ 3�d�<
d8/2165AO6K.-W9N+.-C1Y-0K8<Q/�<.H?3SU¯AM5?<�58<S�

� á�âYãä¯LÑ>Ò4®�Ô8Ö4©}®>¬YBG<�@ <.7>-�B�b�K$9 78Kkj?/2147.<>BGB�B>K?165$@ 3¥d�<
<0�8<.7�5.-[<L3 +8<0�A-TH$+?3kH$@^@ 147AH.-C<LBW�!F�×'�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s�°2~ ± ê¨² |SN,|2Î ê ï2Ï



2i�	4JÛ;·U !� ºa c���S�e2���"�Ú}�

CPU Burst Duration (ms)

Fr
eq

ue
nc

y 

2 4 6 8 10 12 14 16

) �!F�×�³�*^]S_3%�5�/2BC-���U878@ <$\�j8/2147L<LB[BI<���<.785A-�9 16+Q7>16+?B09 BC-CB
1��!HiÑ=&�Ñ>©&®�1S����F�×ä<���<.785A-�9 16+YH$+?3�* ]S_ bcHS9 -L�

) F�/E1;7.<>BGBG<>B
7AH$+kd�<�3�<LBG78/D9NdS<L3VHABI<?9 -0K8<8/�\
½$�W*^]S_'³�d�145�+?3e\�BLj�<�+?3$B�RT1�/E<Z-�9,R�<�3S149N+AO¥*^]S_Ü-0K�H$+
7L16R�jS5A-GH.-�9 16+
³eK�HAB�RWH�+.U�B>KA1�/2-���F�×Üd$5$/2B[-�BA�

à �I��F�×�³�d8165$+83#\!BLj�<�+83SB�R�1$/�<W-�9,R�<�3S149N+AO
7L16R�jS5A-GH.-�9 16+?B�³�K8HAB
�v<>bØ=8<�/&UV@ 16+AOi��F�×Ðd$5$/2B[-�BA�

) _ZdABG<�/&=?<YR�1�B[-Zj?/2147.<>B[B�<>BI<���<.785A-[<Z�E1�/�H.-ZRT1SBC-IH��v<0b
R�9N@ @ 9 BG<.7>16+83SB�d�<L�E1�/E<Yd$@ 1;7SÊ?9^+?O

Ë +?<.<L3£R�5$@ -�9Nj8/21SO6/�H�R�R�9^+?OY-C1J1MdL-GHS9N+�3�<L7.<�+.-'1�=8<�/�H$@ @
�!F�×Ø5A-�9N@ 9 ?.H.-�9 16+;�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yt�w ��|Nê,s s�°2~ ± ê¨² |SN,|2Î ê ï&�

2i�	4 �I"��(��ñ' �Ú}���
O�<L7AH$@ @,\'��F�× f j8/2147L<LB[B
1�/�-0K�/E<AH?3;g'BG7�K?<.365�@ <8/�BG<8@ <.70-CB
16+?<
1S��-0K?<Y/E<.H83�Ukj?/E1;7.<>BGBG<>BTH$+83VH$@^@ 1;7AH.-[<>B�-0K?<Q��F�×�-C1i9 -L�
) §
K8<�/E<�H8/E<�Ha+$5;R�d�<�/�1S�(147L7AHAB09 16+AB�b�K?<�+�b�<
7.H$+S];R�5AB[-�7�KA1;1SBG<�Ha+8<0b�j8/2147L<LB[B�-C1 /D5$+4\
½$��Ha/D5�+$+$9N+AO£j8/2147L<LB[B�dS@ 147�Ê>B f l]¥:�:�����
�µ´¶���:k�rYm�q�� g
à ��H�-�9,R�<�/�<��4jS9^/E<LB f l]¥:�:���Y���µ´·l�q:u��]� g
l6��H�b'HS9 -�9N+AO¥j?/E1;7.<>BGBW5�+�d$@ 1;7SÊ0B f ����k�rYm�q��µ´¶l�q:u��]� g
¿#��HVj8/2147L<LB[B�-[<�/hR�9N+8H.-[<LB f l]¥:�:�¸�����¹´ºq 8 �Yv g

) * ��14+�@ UkRWH�Ê�<�BG78K8<L3M5$@ 9N+AOa3�<L789 B09 14+V5$+83$<�/c½�H$+?3a¿ Ë
K8H.=8<�Ha¶�±8¶#æ2É#¬�®�®>ÕZÉe°vª�E�®�BG7�K?<.3M5$@ <8/C\

4 B09,R�j$@ <W-C1i9,R�j$@ <�RW<8+A-
8 1Mj�<�+�-C1V3$<�+S9 H$@$1S�(BG<�/&=$9 7L<
� <$� O#�;å 9N+83S1Ab'B�l4�}½S½$:4<AH8/D@ UiPJH?7A_T���

) * �c5$+83$<�/c½$: à :#lYH$+83J¿J-0K?<�BG7�K?<.365�@ <�/!9 B�É#¬�®�®>ÕWÉe°vª»E�®L�
4 B[16@ =8<>BT3$<�+S9 H$@�1S��B�<8/&=$9 7L<Yj8/21MdS@ <SR
4 �rHABC-[<8/c/E<>B.j816+ABG<W-C1a<>=?<�+A-�B
8 RT1�/E<�7L16R�jS@ 9 7.H.-[<.3Y-C1i9,R�jS@ <SR�<�+.-
8 9N+.-0/2143M5?7.<>BI7L16+?7�5$/h/E<8+870UVj8/216d$@ <�R�B.�6�#�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ï2é

·Dñ'Ú}�`�S���������
åÐK8H.-
3$1Qbc<�3$1i9 ��-0K?<�/E<�9 BZ+?1 /E<.H?3SUkj?/2147.<>B[B0²
) K8H$@ -Zj8/21;7.<>BGB[1�/ f 5�+.-�9N@M9N+.-[<�/D/D5;jL-IH8/D/D9 =8<LB�g
4 B�H.=8<LB�j81Abc<8/ f H$+83 K8<.H.-�¿,g
4 9N+?7�/E<AHABG<>B�j8/2147L<LB[B[1�/�@ 9 �v<0-�9,R�<
8 R�9 O6K.-�-GH�Ê�<W-C1;1 @ 16+AOY-C1JBC-C1MjQH$+83JBC-GH8/2->�
) dS5?BCU�bcHS9 -�9N+�BG78K8<L3M5$@ <�/
4 AM5S9 7�ÊQ/E<LBLj816+?BG<W-�9NRW<
8 5?O4@ UA:�5?BG<8@ <LB[B
) 9^+A=8<8+A-�9 3M@ <Yj8/2147L<LB[B.:6H$@ b'H0U?BTH.=�HS9N@ H�dS@ <W-C1£/D5$+
4 O49 =?<LB�5$+$9 ��1�/hRòB[-0/D5?7>-05$/E<
4 7L145�@ 3 5?BG<�9 -�-C1 /D5�+�7�K?<.7�Ê>B
8 5?BG<>BIB[1MR�<YRW<�R�1$/2U
8 7AH$+�B>@ 1Abò9N+A-C<�/D/D5;jL-W/E<LBLj�14+?BG<

*,+�OS<�+?<�/�H$@S-0K8<8/�<�9 BTH�-0/�H?3$<>³D1Sô dS<0-rbc<L<�+a/E<LBLj816+?B09 =?<�+?<LB[B
H$+83 5?BG<L�h5�@^+?<LB[B.�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ï2ï

�I"��(��ñ' �Ú2�����À2a�0�&�����>�&�
� =�H8/r9 <0-rUQ1���R�<>-0/r9 7>B�RZH0Ukd�<Y5ABG<.3#\
½$�T�!F�×Ø5A-�9N@ 9 ?.H.-�9 16+;\�-0K?<��h/vH?70-�9 16+�1S��-�K8<W-�9,R�<Z-0K?<Q��F�×
9 B�d�<89^+?O 5ABG<.3 f H$+83 +?1�-��E1�/�9 36@ <Yj8/2147L<LB[BY¿,g

à ��§
K�/2165AO6K;jS5A-L\oÁ 1S�'j8/2147L<LB[BG<LB'-0K�H.-
7>1MR�j$@ <0-[<Z-0K?<89^/
<���<.785A-�9 16+Vj�<�/�-�9,R�<Y5$+$9 -L�

l6��§�5�/D+�H8/2165$+83Y-�9,RW<S\�H�RT165�+.-�1S��-�9,R�<W-C1a<0�8<.7�5.-[<�H
j?H8/2-�9 7�5$@ H8/cj?/2147.<>BGB.�

¿#�cå�HS9 -�9N+AOY-�9NRW<S\�H�RT165�+.-�1S��-�9NRW<�HVj8/2147L<LB[BZK�HAB�d�<.<�+
bcHS9 -�9N+AOi9N+�-0K?<Y/E<.H?3SU�A658<858<S�

ÅM��O�<LBLj816+AB�<W-�9NRW<S\�H�RT165�+.-�1S��-�9,R�<Q9 -'-GH�Ê�<>BI�h/21MR`bWK?<�+
Ha/E<�AM58<>BC-'bcHAB
B>5;d$R�9 -h-[<.3 5�+.-�9N@$-0K8<Z��/2BC-W/�<>BLj�16+ABG<�9 B
j?/2143M5?7.<L3 f 9N+�-�9,R�<>³DB>K�H8/r9N+AOJB[UAB[-C<SRTB0g

�6<8+?B09,dS@ <ZBG7�K?<.3M5$@ 9N+AOJBC-0/�H.-[<LO;9 <LB�R�9 O6K.-Zd�<$\
) PYHL��9,R�9 ?L<W-0K$/E145?O6K�j$5.-
1�/!�!F�×Ð5A-�9N@ 9 ?.H.-�9 14+
) Pa9N+S9,R�9 ?.<�H.=?<�/�HAO$<W-05$/D+�H8/2165�+?3J-�9,R�<$:�bcHS9 -�9N+AOJ-�9,R�<�1�/
/E<>B.j816+AB�<W-�9,R�<$�

�I@ B[1 +?<.<L3J-C1Qb�1�/D/&UYH�d�165.-ÂCL­8ªE¬>¶�®�¯�¯�H$+83£©Nª�E�®>¶�®0¯�¯L�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ïd�



�c�v�����?Û�2�%'�Ð�»�c�v�����?Û8�
���QH���ñ��
"��(��ñ� �Ú2�����
) X���X;� 3$<Sj�<�+?3$B�16+�1$/�3$<�/cj?/E1;7.<>BGBG<>BTH8/D/r9 =8<$:4<$� OM�

F�/2147.<>B[B %�5$/EBC-
§�9,R�<ÃÅÄ à ÅÃgÆ ¿ÃÂÇ È
) * �'j?/2147.<>B[B�<>BTH8/D/r9 =8<�9N+�-0K8<Z1�/E3�<8/ ÃÅÄ : ÃÂÆ : ÃÂÇ \

P1 P2 P3

0 25 29 36

� å�HS9 -�9N+AOJ-�9NRW<Z��1�/ ÃÉÄ À Þ
³ ÃÂÆ À à Å�³ ÃÂÇ À à ¾�³
� �!=?<�/�HAO$<Wb'HS9 -�9^+?OY-�9,RW<S\�ÊË��ÌÎÍ\Ï­Ì�Í\Ð]Ñ�Ò\Ó¦ÔL��Õ4�

) * �'j?/2147.<>B[B�<>BTH8/D/r9 =8<�9N+�-0K8<Z1�/E3�<8/ ÃÂÇ : ÃÂÆ : ÃÅÄ \
P1P2P3

0 7 11 36

� å�HS9 -�9N+AOJ-�9NRW<Z��1�/ ÃÉÄ À ½�½]³ ÃÂÆ À È ³ ÃÂÇ À Þ�³
� �!=?<�/�HAO$<Wb'HS9 -�9^+?OY-�9,RW<S\�Ê��\�ÅÌÎÖ�Ì���Ñ�Ò\Ó)Ô�×6�
� 9}� <S�;-0K$/�<L<W-�9,R�<LBTHABIO�1;143¸¿

) X49N/2B[-�7AHABG<Yj�1�1�/(3658<W-C1�Ñ�±8¶�E�±Y& ®�Ø�®�Ñ>°D�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ïd.

�­Ù��»�I"��(��ñ' �ÚE�����
*,+A-05S9 -�9 16+���/21MR»X��!X�� @ <.H?3$BZ5?B�-C1i¯0Ò;±8¬L°h®�¯>°#ßL±$«ÅÚ!¬�¯>°f ��ª$X;g'BG7�K?<.365�@ 9^+?O#�
) �!B[BG1;789 H.-[<WbT9 -0K�<AH?78KVj8/2147L<LB[B�-0K8<Q@ <8+?O�-0K�1S�c9 -CB�+8<��?-
�!F�×Ðd$5$/EBC- f HAB[B>5;R�<Z��1�/�+?1.bÜbc<�7.H$+kÊ?+?1AbÜ-0KS9 B�g>�

) ×�BG<Z-0K?<LBG<Q@ <8+?O�-�K?B
-C1YB�78K8<L3M5$@ <W-0K?<Jj8/21;7.<LB[B�bT9 -0K�-0K8<
B>KA1�/&-[<LBC-'-�9,R�< f X��!X;�i7AH$+VdS<Q5?BG<.3Q-C1¥d?/E<AH�ÊW-�9 <LB�g>�

X81�/(<��SH�R�j$@ < f +?1�-[<Q+?1£j8/E<L<SR�j.-�9 16+Sg>\
F�/21;7.<LB[B �
/D/r9 =�H$@;§�9,R�< %�5$/2B[-
§�9,R�<ÃÉÄ Þ ÈÃÂÆ à ¿Ã-Ç ¿ ½ÃfÛ Å ¿

P1 P3 P2

0

P4

7 8 12 16

) å�HS9 -�9N+AOY-�9NRW<Z��1�/ ÃÉÄ À Þ
³ ÃÂÆ À Ý�³ Ã-Ç À l�³ Ã Û À È ³
) ��=8<�/�HAO$<WbcHS9 -�9^+?OY-�9NRW<S\�ÊË�­Ì�×�Ì�Ó­ÌÎÖ�Ñ�ÒYÜ�Ô¤Ü#�
��ª$Xi9 BI1MjL-�9,RWH$@M9N+�-0K8H.-�9 -�O49 =8<>B
-0K?<JR�9N+S9,R�5�R�H.=8<�/�HAO$<
b'HS9 -�9N+?OY-�9,R�<Z��1�/(H�O49 =?<�+�BG<0-�1S��j8/2147L<LB[BG<LB.�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ïd1

�¦Ý�¸��»�I"��(��ñ' �ÚE�����
) �¸O�§IX À �eK?1�/&-[<>BC-ÞO�<SRWHS9N+$9^+?O f 1S��dS5�/2BC-�gh³h§
9NRW<JX69^/EBC-L�
) ªS5ABC-IHkj?/�<L<SR�j.-�9 =8<W=8<8/2B>9 16+�1��!��ª$X#�
) 9,� <$�#9 ��HV+8<0b�j?/E1;7.<>BGBIH8/h/r9 =8<LB
bT9 -�KYHJ��F�×Üd$5$/2B[-
@ <�+?O8-0KV@ <LB[B�-0K�H$+�-0K8<Q¬�®>ÕV­8ªE¶#ªE¶;ÓV°vª�ÕV®�1S��-0K?<�7�5$/D/E<�+.-
<���<.785A-�9^+?O j8/21;7.<LB[B.:�j8/E<.<�R�j.-L�

X81�/(<��SH�R�j$@ <S\
F�/21;7.<LB[B �
/D/r9 =�H$@;§�9,R�< %�5$/2B[-
§�9,R�<ÃÉÄ Þ ÈÃÂÆ à ¿Ã-Ç ¿ ½Ã Û Å ¿

P1 P3P2

0

P4

2 4 5 7 11 16

P2 P1

) å�HS9 -�9N+AOY-�9NRW<Z��1�/ Ã Ä À ¾
³ Ã Æ À ½]³ Ã Ç À Þ�³ Ã Û À à ³
) ��=8<�/�HAO$<WbcHS9 -�9^+?OY-�9NRW<S\�ÊËÐ­Ìß�ÉÌ��­Ì�Í]Ñ�ÒYÜ�Ô�Ó6�
åÐK8H.-IH8/E<Z-0K?<Jj8/21MdS@ <�R�BZK?<�/E<?²

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �2�

�Q����ñc�2"#�$����� ºJ '������à��(���!���(�
) X81$/'d81�-0KY��ª$XkH$+83V��O�§TX£/E<�A65$9^/�<W-�K8<Q+8<0�A-VÆ�dS5�/2BC-
@ <�+?O8-0K8ÇY�E1�/�<AH?78KVj8/2147L<LB[B Ë +?<.<.3Y-C1a<>B[-�9,RWH.-[<Q9 -L�

) ��H$+kd�<�3$16+?<Jd�Uk5AB09N+?OY-0K?<Y@ <8+?O�-�K�1S�'j8/E<>=$9 165?BW��F�×
dS5�/2BC-CB.:�5?B09^+?Oa<��4j816+8<8+A-�9 H�@;H.=8<�/�HAO49^+?O#\
½$�oá�â À H?70-05�H$@M@ <�+AO�-0K�1S�-ã�ä�åJ��F�×Ðd$5$/2BC-L�
à �Éæ â]ç Ä À j?/�<L369 7>-[<L3J=�H$@^5?<��E1�/�+8<��?-���F�×Üd$5$/2B[-L�
l6��X81�/ÂèÉéQ��ê¤èëê���3$<L�e+8<S\

æ â�ç Ä Ô�èyá â Ì�Ê���ìíègÑ+æ â
) * ��b�<�<��4j?H$+83Y-0K8<Z��1�/hR�5�@ H�b�<�O$<0-L\
æ â�ç Ä Ô�è�á â Ì�î�î�îdÌ�Ê��
ì¦èÂÑËï=è�á â�ð ï Ì	î�î�îñÌòÊ!�
ì¦èÂÑ â�ç

Ä æ�ó
b�K8<8/E<Þæ�ó�9 B
B[1MR�<�7>16+?BC-GH$+.-L�

) �(K?1;1�B�<W=8H$@^58<�1S�ÂèäH?7.7L1�/E349N+AOY-C1J165$/cdS<8@ 9 <>��H�d�165.-
-0K?<�BCU?BC-[<�RQ:4<$� O#�#9 �(b�<YdS<8@ 9 <0=8<QK$9 BC-C1�/&Ua9N/D/E<�@ <>=�H$+.-L:
78K?1�1SBG<¦è ´ô��H$+?3J-0K?<�+�O$<>-Åæ â�ç Ä ´�á â �

) *,+�O$<8+8<8/vH$@;H$+�<0�4j816+?<�+.-�9 H$@4H.=8<8/�HAO49N+AOJBG7�K8<�R�<�9 BTH
O�1;143£j8/E<.349 7>-�1�/!9 ��-0K?<Z=�H8/r9 H$+?7.<�9 BIBLRZH$@^@N�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ ���



Ý�%' ���ñõÝZ%�¢!���¹�I"��(��ñ' �Ú2�����
Â <L�e+?<�H�B.RWH$@^@$�$��<L3 5�+S9 -�1S��-�9,R�<�7AH$@ @ <.3aH÷ö0Ö#­?¶e°vÖ;Õ f 1�/
°vª�ÕV®>æD¯>©^ªDÑ�®�g0:4-rU;j�9 7.H$@^@ Uk½AÞ?³�½AÞ�Þ R�9N@ @ 9 BG<.7>16+83SB.�!§IK?<�+;\
) F�/E1;7.<>BGB
H.-c-0K8<Z�h/E14+A-'1���-�K8<Q/E<AH?3�U¯A658<858<�9 BTH$@ @ 147.H.-[<.3
-0K?<Q�!F�×���1�/ f 5;j�-C1J³TRWH0Ukd$@ 1;7SÊAgc16+8<øAM58H$+A-05�RQ�

) åØK8<8+�-0K8<W-�9,R�<YK8HABI<�@ H�j.BG<.3#:;-0K?<Jj?/2147.<>B[BZ9 B
j?/E<.<SR�jL-[<.3aH$+83kH�j$jS<8+83�<L3Q-C1J-0K?<Y/E<.H?3SU�A658<858<S�

O�145�+?3£/E16dS9N+aK�HAB
B[1MR�<Y+S9 7.<Yj?/21MjS<8/&-�9 <>BA\
) XSHS9^/�\'9 ��-0K?<�/E<�H8/E<øã j?/E1;7.<>BGBG<>BW9N+�-0K8<Q/E<AH?3SU¯AM5?<�5?<
H$+?3J-0K?<Z-�9NRW<øAM58H$+A-05�R¡9 Búù;:�-0K8<8+Q<AH?7�KVj?/2147.<>B[B
O$<0-CB��ÒYã ä�å 1S��-0K?<Q�!F�× f 9 O6+?1�/r9^+?O£d$@ 1;7SÊA9N+?O�g>�

) J�9 =8<$\'+?1£j8/2147L<LB[B�bcHS9 -CB�RT1�/E<Z-0K8H$+÷ÊFãûì��YÑ�ù�-�9,R�<
5$+$9 -CB�d�<L�E1�/E<Q/E<.7.<?9 =$9^+?OVHJ�!F�× H$@^@ 147AH.-�9 16+4�

) §#U;jS9 7AH$@^@ U�O$<0-WK$9 O4K8<8/�H.=?<�/�HAO$<Z-�5�/D+�H8/2165$+83Y-�9,R�<Z-0K8H$+
�¸O�§IXe:�dS5A-Zd�<>-�-C<�/(H.=8<�/�HAO$<�¬�®�¯�É6±?¶M¯L®�°vª�ÕV®L�

%�5.-'-0/r9 7SÊ�UY78K?1�1SB09N+?OJ7L1�/D/E<.70-�B09 ?.<øAM5�H$+.-05�RQ\
) ù�-C1�1£@ H�/2OS< Ë X$�!X;�M];Xe*}X$_
) ù�-C1�1aBLRWH$@^@ Ë 7L16+.-[<0�A-
BCbT9 -[78K�1�=8<8/hK?<AH?3Y-C1;1 KS9 O6K
) �vH.=?165$/EBW�!F�×�³�d�165$+83¥j?/E1;7.<>BGBG<>BA�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �2y

�������$�2"¹�Q�0�&%��0�}�A�ò�I"��(��ñ' �ÚE�����
) �!B[BG1;789 H.-[<�H$+ f 9N+.-[<LOS<�/vg�j8/r9 1�/r9 -rU�bT9 -�KQ<AH?78Kkj?/2147.<>B[B
) X81$/(<��SH�R�j$@ <$\

ü B[UAB[-C<SR¹9N+A-C<�/D+�H$@#j8/2147.<>B[BG<LBý 9N+A-[<8/�H?7>-�9 =?<Yj8/2147L<LB[BG<LB f BC-GHAôcgþ 9N+A-[<8/�H?7>-�9 =?<Yj8/2147L<LB[BG<LB f BC-0583$<�+.-CB0gÿ d8H.-[78KVj8/2147L<LB[BG<LB.�
) §
K8<�+QH$@^@ 1;7AH.-[<��!F�×�-C1Y-0K?<YKS9 O6K?<LBC-Zj8/r9 1�/r9 -rUkj8/21;7.<LB[B.\
� 5 KS9 O6K?<LBC-Zj8/r9 1$/D9 -rU
$4-rU;j�9 7AH$@ @ UkRW<.H$+?B�B.RWH$@^@ <LBC-�9N+.-[<LO$<8/
� O$<0-Zj8/E<.<�R�jL-�9 =?<�H$+83 +?14+A³�j?/�<L<SR�j.-�9 =8<Z=8H8/D9 H$+A-CB.�

) <S� O#�6��ª$X 9 BTH�3�U�+�H�R�9 7Yj8/r9 1�/r9 -rUQB�78K8<L3M5$@ 9N+AOVH$@ OS1$/D9 -0K;R
b�K8<8/E<�j8/r9 1�/r9 -rUQ9 B�-0K?<�j8/E<.349 70-[<.3a+8<��?-
�!F�× d$5$/EBC-�-�9,R�<$�

) F�/E16d$@ <�R�\�KA1AbÜ-C1 /E<>BG14@ =8<W-�9 <LB�²
� /2165�+?3£/216dS9N+�bT9 -0K�-�9,R�<>³DB>@ 9 789N+AO
� H$@^@ 1;7AH.-[<øA65�H$+.-05;R`-C1a<AH?78KVj8/2147L<LB[BW9N+�-05$/D+4�
� F�/21MdS@ <SR�\
d�9 HABG<.3Y-C1AbcH�/E3SBW��F�×Ø9^+A-[<8+?B09 =8<c�h16dAB.�
� j�<�/&³�j8/21;7.<LB[B;AM58H$+A-05�R�d?HABG<.3a14+V5AB�HAOS<?²
� 9 O4+?1�/E<A²

) F�/E16d$@ <�R�\�BC-GH8/&=�H.-�9 16+4�M�M�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �2Ï

ð ���(��� �2"È�Q�>�&%!�>�}�A�ò�I"��(��ñ' �Ú2�����
) ×�BG<�B�H�R�<ZB�78K8<L3M5$@ 9N+AOVH$@ OS1$/D9 -0K;R�:�dS5A-IH$@^@ 1Ab�j8/r9 1$/D9 -�9 <LB
-C1J7�K8H�+AO$<Z1�=?<�/�-�9NRW<S�

) <S� O#�;B09,R�j$@ <�HAO49N+AO#\
� j8/2147L<LB[BG<LBWK�H.=8<�H f BC-GH.-�9 7Ag�«�­?¯L®TÉ#¬0ªD±8¬0ªv°F&iH$+?3kH
3SU$+�H�R�9 7a®�ØW®�ÑL°vª�E�®TÉ#¬>ªr±8¬0ªv°F&$�

� 9 �'j8/2147.<>B[B
B[-GH8/&=8<L3a�E1�/��kBG<.7>16+83SB.:e9^+878/�<�R�<�+.-
<Lô�<L7>-�9 =8<Jj?/r9 1�/r9 -rU.�

� 16+?7.<Jj?/2147.<>B[BZ/D5�+AB.:�/E<LBG<>-�<Lô�<.70-�9 =?<Yj8/r9 1�/r9 -rU.�
) <S� O#�47L16R�jS5A-[<L3¥j?/D9 1�/r9 -rU4\
� �e/2B[-W5?BG<L3 9N+ Â 9 ��Ê>BC-0/�H�$ BT§ú� Á f ½.¾SÝ��$g
� -�9,R�<�B>@ 18-CB.\T�M�6�#::áL:�áfÌ¤�$:��M�M�
� 9N+Q<.H878K�-�9,R�<�B>@ 1�-�áL:�RW<.HAB>5�/E<W-0K8<���F�×Ð5?B�HAO$<Z1S�
j8/2147L<LB[B��e\�� ï

� j8/r9 1$/D9 -rUQ��1�/cj8/21;7.<LB[B�� 9N+�B>@ 1�-ÅáyÌß�S\
	 ï ä ç Ä Ô�
fÊ�� ï ä é 	 ï ä é
� ï ä ð Ä é 	 ï ä ð Ä é�î�î�îPÑ� <$� O#� 	 ï ä ç Ä Ô 	 ï ä Ò\Í­Ì���� ï ä� j�<�+�H$@ 9 BG<LB���F�×Üd8165$+83 ´ B>5�j�j81�/&-CB�*^]S_Èd�165$+83#�

) -C1;3;H0UA:;1�=8<8/hK?<AH?3J1��(B>5878KQ7L16R�jS5A-GH.-�9 16+�7L16+AB>9 3�<8/�<L3
5$+�H?7L7.<SjL-GH�dS@ <$�4�M�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �&�

Ù� �Ú,�$�vÚ}��H��(ÚÞ©� (�� (���
) O�<AH?3�U�A658<858<Yj?H�/&-�9 -�9 16+?<.3i9N+A-C1JBG<Sj?H8/�HA-C<øAM5?<�58<>B.:6<$� O#�
� ��1�/E<>O6/2165�+?3 f 9N+A-[<8/�H?7>-�9 =?<?g>:
� d8H?7�Ê>O6/2165$+83 f d?H.-[7�K�g

) Á H?7�K¯A658<�5?<QK�HABW9 -�BI1Ab�+�B�78K8<L3M5$@ 9N+AOVH$@ OS1�/r9 -0K�RQ:6<$� O#�
� ��1�/E<>O6/2165�+?3e\�OÂO�:
� d8H?7�Ê>O6/2165$+83#\
X���X;�

) �47�K?<.365�@ 9^+?O R�5?BC-IH$@ B[1£dS<�3S16+8<YdS<0-rbc<L<�+�-0K?<¦A658<858<>BA\
� X69 �8<.3¥j8/r9 1�/r9 -rUQBG78K8<L3M5$@ 9N+AO6³e9}� <$�&:;BG<�/&=8<�H$@^@��h/E16R
��1�/E<>O6/2165�+?3kH$+?3J-0K?<�+���/21MR»d8H?7�Ê>O6/2165$+83#�
F41SB[B09,d�9N@ 9 -rUQ1S�(BC-GH8/&=�H.-�9 14+4�

� §
9,R�<ZBL@ 9 7.<S\!<AH?78K¯AM5?<�5?<ZO$<>-�B�H�7.<8/2-[H$9^+QH�R�145�+.-�1S�
��F�×�-�9,R�<Zb�K$9 7�KJ9 -
7AH$+�369 =$9 3$<ad�<>-rb�<.<8+J9 -CB
j8/2147L<LB[BG<LB.:4<$� O#���SÞ��»-C1J�E1�/E<LO6/2165$+83Y=$9 H�O-O!: à Þ��
-C1£d8H?7�Ê>O6/2165$+83i9N+kX$�!X;���

) �
@ B[1JO$<0-WÕYÖ4©,°vª�©&®'E�®L©]CL®�®�Ô$«�­$Ñ0µòö>ÖM®>ÖM®�\
� HABTH�d�1�=?<$:�dS5A-Zj8/2147L<LB[BG<LB
7.H$+kRT1�=8<YdS<0-rbc<L<�+�-0K?<
=�H8/r9 165AB­A658<�5?<LB.�

� 7AH$+VdS<Q5?BG<L3Y-C1 9NR�jS@ <SR�<8+A-�3SU$+�H�R�9 7Jj?/r9 1�/r9 -rU
BG7�K?<SR�<LB.:6H�R�14+?OJ18-0K8<8/EB.�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �2é



Ù� �Ú,�$��Ú}��H���Ú�������ñ�¢���"fD�©� (�( ��
) Á �SH�R�j$@ <S\�-0K�/E<.<øAM5?<�5?<LB
½$���¦ó8:��iR�9N@^@ 9 B�<L7L16+?3�A65�H$+.-05;R�:
à ��� Ä :�½AÝiR�9N@^@ 9 BG<.7L14+83	AM58H$+A-05�RQ:
l6��� Æ :�X���X;� f /D5�+�-C1a7>1MR�jS@ <0-�9 16+�g>�

) F�/E1;7.<>BGBG<>B
<�+.-[<�/�-GHS9N@$1S���¦óZH�+?3V<0=8<8+A-058H$@^@ U�OS<>-'-C1
<���<.785A-[<Z�E1�/��4RTBA�
* �'+A1�-��e+$9 BLK?<.3#:�j?/E<.<SR�jL-[<.3aH$+83
RT1�=8<L3J-C1Q-GHS9N@�1S��� Ä � Á =8<8+A-058H$@^@ U�O$<0-CB
-�1V<���<.785A-[<Z�E1�/
½.Ý4R�B.�I* �(BC-�9N@^@#+A1�-
7L16R�jS@ <>-C<$:�j8/E<.<�R�j.-[<L3VH$+83£R�1�=?<.3
-C1Q-GHS9N@�1S��� Æ �

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �2ï

�Q��%�"e���S�$��� Û¥�; ����Ð�����
M 165�B>K?165$@ 3 +?1Ab�5$+83$<�/2BC-GH$+83#\
) åØK�H.-
Hkj?/2147.<>B[BW9 B
) F�/E1;7.<>BGB�BC-GH.-[<LBTH$+83¥F��g%�B
) �47�K?<.365�@ 9^+?O¬AM5?<�5?<LB
) åØK�H.-
Ha�!F�×�BG7�K8<L3M5$@ <8/�3$1;<LB
) �(/D9 -[<�/r9 H���1�/�BG7�K?<.365�@ 9N+?O
) ç!H�/r9 165?B
BC-0/�H.-[<LO;9 <LB.\
� �e/2B[-�³h7>1MR�<��e/2BC-�³DBG<�/&=8<�/
� B>K?1�/&-[<>BC-��h16d��e/2BC-
� B>K?1�/&-[<>BC-Z/E<SRWHS9N+S9N+?OQ-�9NRW<Z�e/EBC-
� /2165�+?3£/216dS9N+
� BC-GH.-�9 7�H$+83a3SU�+8H�R�9 7Jj8/r9 1�/r9 -�9 <>B
� 5?BG<Z1S��RT1�/E<Z-0K8H$+�14+8<�BG78K8<L3M5$@ 9N+AO	AM5?<�5?<

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��¯¼Gt�½6n�|&í}êNpr{2Î ~ qS¾ �d�

Ù¹�(�Ð%!���¹Ù¹���(�����(�Ð�(���
*,+YHVR�5$@ -�9,j?/E1�O6/�H�R�R�9N+AOJBCU?BC-[<SR�\
) RWH$+AUVj8/2147L<LB[BG<LBW9^+kR�<SRT1�/&U�B09,R�5$@ -GH$+8<>165?B>@ U
) <0=8<�/&UVj8/2147L<LB[BZ+?<.<.3SB�R�<SRT1�/&U��E1�/�\
� 9N+AB[-�/h5?7>-�9 16+?B f Æ�7>143�<LÇQ1�/�ÆD-[<��?-[Ç�g>:
� BC-GH.-�9 7�3;H.-GH f 9^+kj8/21SO6/�H�RZg>:MH$+?3
� 3SU$+�H�R�9 7�3;H.-GH f K?<AH�j�H$+83JB[-GH?7�ÊAg>�

) _I� H$@ B[1£+?<.<L3$BZRW<�R�1$/2U���1�/!9 -CBI7L143$<�H$+83a3;H.-GH;�
Ë R�5?BC-�B>K8H�/E<YRW<�RT1�/&UkdS<0-rbc<L<�+Y_I� H$+83�� j?/E1;7.<>BGBG<>BA�
§IK8<YR�<SRT1�/&UkRWHAO�HAO$<SR�<8+A-'BL5�dABCUAB[-[<�R¡K�H$+836@ <>BA\
½$��O�<�@ 147AH.-�9 16+
à �'�
@^@ 1;7AH.-�9 14+
l6�ZF�/E18-[<.70-�9 16+
¿#�
�eK�H8/r9N+AO
ÅM��J81�O49 7.H$@6_Z/2O�H$+S9 B�H.-�9 16+ f _I���È7>1MR�jS9^@ <�/���/h5$+A-�9NRW<
BCU?BC-[<�R�g

Ý6�ZF�KAU?B09 7.H$@6_W/EO$H$+$9 B�H.-�9 14+

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yì?ê&î>�Ew NSì8u2q&u ¾2ê&î>ê&q}x �d.

¤£�v���� (�!Ú��iñ�ñ������S� �W
��("#�ò%ÂKa� �Q��%
"#���S�
d8H?7�Ê>O6/2165$+83;]�/E<>=$9 B09 16+

×�B>58H$@^@ UYH$@^@ 1;7AH.-[<QK8H$@ � f RTBLd�1���H?3$3M/E<>BGB À Þ$]�½?g'-�1i_I�
e.g. 16-bit addresses - can address 64Kbytes
       suppose user-space       0 to 32K-1
                          OS-space  32K to 64K-1

user

OS

Ox0000

Ox7FFF
Ox8000

OxFFFF

e.g. 32-bit addresses - can address 4Gbytes

user

OS

Ox0000 0000

Ox7FFF FFFF
Ox8000 0000

OxFFFF FFFF

§IK8<>BG<�H8/E<��eý ø!��úV[�ÿ�1�/��:���Mý¨`=[�ÿ��;�:��øD÷�ö[ö>÷�öL�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s����rê2Î ��|,u}x ~ �vq �d1



¸£�(���kñ�ñ������$�ÐºY�v��ñc����� �Q��%�¢!Ú}���
��16+AB09 3�<8/�-0K8<Z��16@^@ 1Ab�9^+?OJB09,R�j$@ <Yj?/21SO6/�H�R�\
�! #"%$'&)('*
$%+-,.*
(%+%$%/10'*

å�<�7AH$+J9,RWHAO49^+8<Z-�K�H.-'-0K$9 B�b!165�@ 3£/�<>B>5�@ -T9N+�B[1MR�<
HABGBG<�R�dS@ UQ7>143$<WbWKS9 7�Ka@ 1�1MÊ>BIB[1MR�<0-0K$9N+AO @ 9NÊ�<$\
2 "43%56,7&�89$;: <4< 2 "#=>3#?%,��! 6"#=1@>A4A;36? 2;2 $B�! �CD?
CD=>34(E A43�F�G�&�89$;: <4< E =4@>A%H#@ EJI ?1=LK%$1K;36=JC%CD?
CM=L3;(B�
 6"#=NF�G
@>A4A�F#O7&PF�GD&Q560R<4<%@>A4A10�"#=-�J"�S-�
 6"6=NFTO
2 "43�F#O7&�89(;: <4< 2 "#=>3#?N3#? 2 IME "U�! B@>A;A43%(B�! �CD?
CD=>34(

+?1�-[<W-0K?<�369 B[-�9N+870-�9 16+kd�<>-rb�<.<8+QH?3�36/E<LB[BTH$+?3V7>16+A-[<8+A-CB.:
<$� OM��H?3�36/E<LB[BWV �TX�9 BZ@ 1�H?3$<.3YbT9 -0K�=8H$@^58<A]87L14+A-[<8+A-CBIÅ
§IK8<8+�-0K?<�H?3$3M/E<>BGB�d�9N+8349N+AO£j8/21MdS@ <SR¹9 B.\
ó!Ò4­�°ÉE�­�©^ÖM®0¯QÔ$±aó'®ZÓ8ª»E�®�°h±i­$Ô$Ô8¬�®0¯�¯.®0¯)YdG[Z�­8¶�Ô�Y»&[ZQ²
§IK$9 BZ9 BTHVj8/21MdS@ <�R�d�<.7.H$5?BG<Wb�<�3$14+
$ -ZÊ?+?1AbÐb�K8<8/E<�9N+
RW<�RT1�/2U�165�/cj?/21SO6/�H�RòbT9N@ @�d�<Q@ 1�H?3$<.3Yb�K8<�+�bc<Q/D5�+J9 -L\
) <S� O#�#9 �c@ 1�H?3�<L3kH.-IÞA�4½.ÞSÞSÞ6:;-0K8<8+¯8�R�9 O6K.-�d�<ZB[-C1$/�<L3kH.-
Þ.� à ÞSÞSÞ4:�dS5A-�9 �'@ 1�H?3$<.3VH.-IÞA��ÅSÞSÞSÞ6:4-0K?<�+)8�R�9 O6KA-ZdS<
H.-IÞ.�SÝSÞSÞSÞ4�!�
+83Y-0K8<Yj8/21SO6/�H�R»RWH>Ukd�<YR�18=8<.3¸¿
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s����rê2Î ��|,u}x ~ �vq .2�

�kñ�ñ
�����$�ÐºY����ñc�v���»����ñ Ý��(Ú}%�"e�����&%'�
§�1JB[16@ =8<Z-0K8<Yj8/21MdS@ <SR�:;b�<Y+?<.<L3Y-C1J-�/vH$+AB>@ H.-[<Yd�<>-rb�<.<�+
Æ�j8/21SO4/vH�RZ]A=S9N/&-05�H$@4H?3�36/E<LB[BG<LBGÇJH$+83 Æ�/E<AH$@ ]�j$K.U?B09 7AH$@
H?3�36/�<>B[B�<>BGÇM�
§IK$9 BT7AH$+Vd�<�3S16+?<$\
) H.-
7>1MR�jS9N@ <W-�9,R�<$\
� /E<�A65$9N/E<>B�Ê8+A1Ab�@ <.3SO$<Z1S�!H�d.BG14@^5A-[<�H?3�36/E<LB[BG<LB
� <$� O#� Â _I��� 7>1MRò��@ <LB

) H.-W@ 1�H?3J-�9NRW<S\
� b�K8<8+kj8/21SO4/�H;R¡@ 1$H?3�<L3e:�b�1$/�ÊZ165.-�j81SB09 -�9 16+a9^+
R�<SRT1�/&UYH$+83 5;j�3;H.-C<�7L1;3�<WbT9 -0K�7L1�/D/E<.70-IH?3�36/E<LB[BG<LB

� R�5?BC-�d�<�3S16+8<�<>=8<8/&U�-�9,R�<Jj?/21SO6/�H�R¹9 B�@ 1$H?3�<.3
� 1MÊZ��1�/�<�R�d�<.3$3�<L3JBCU?BC-[<�RTBW]kd81;1�-�³G@ 1$H?3�<8/EB

) H.-W/D5$+A³r-�9NRW<S\
� O$<0-�BG16RW<QK�H8/E3SbcH8/E<Z-C1aH$5A-C1MRWH.-�9 7.H$@^@ U�-0/vH$+AB>@ H.-[<
d�<>-rb�<.<�+Vj?/21SO6/�H�R�H$+83 /�<.H$@4H?3�36/E<LB[BG<LB.�

� +?1a7�K8H$+?OS<LBTH.-IH$@ @e/E<�AM5S9N/E<.3Y-C1 j8/21SO6/�H�R¹9 -CBG<�@ �[�
� RT1SBC-�j81Mj$5$@ H8/(H$+83]\4<0��9Nd$@ <ZBG7�K8<�R�<$:�j8/21�=$9 369^+?OYbc<
K�H.=?<Z-0K?<Y/E<�A65$9 B>9 -[<YK8H8/�3�b'H8/E< f PiPk×!g>�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s����rê2Î ��|,u}x ~ �vq .��

�������$�2"¨����Ú}%�"e���$�&%'�¨Û�
������$�}�$�&%'�(�_^�`ba�c�dfe2�.g
�(1Ab 7AH$+�bc<ZB>5;j$j�1�/&-ZR�5�@ -�9,j$@ <Z=$9^/&-05�H$@ej8/2147L<LB[B[1�/2BW9N+YH
B>9^+?O6@ <�H?3$3M/E<LB[B
BLj8H?7L<?²
) BC-GH.-�9 7AH$@^@ U�369 =S9 3�<JR�<SRT1�/&Ua9^+A-C1£R�5$@ -�9,jS@ <��$��<.3JB09 ?.<
j?H8/2-�9 -�9 16+AB
1S��369 ôe<�/E<�+.-�B09 ?L<LB.\
� <$� O#�
d81�-�-C1MR»j8H8/&-�9 -�9 16+Q7L14+A-GHS9N+AB�_T��:�/E<SRWHS9N+S9N+?O
j8H8/&-�9 -�9 16+ABT<AH?78K���1�/�<0��H?7>-0@ U�16+?<Jj?/E1;7.<>BGBIH.-�16+?7.<$�

� b�K8<8+YHVj8/21;7.<LB[B'-[<�/hR�9N+�H.-[<>B f 1$/'d$@ 147SÊ0B�gT9 -CB
j8H8/&-�9 -�9 16+kd�<.7L16RW<>BTH.=�HS9^@ H�d$@ <Z-C1 +?<>b�j8/2147L<LB[BG<LB.:
<$� O#�c_T�M]�lSÝ�Þ PiX$§

� HVj8/2147L<LB[BW9 BTH$@ bcH0U?B�@ 1$H?3�<.3i9N+.-C1Y-0K?<�B�H�RW<
j8H8/&-�9 -�9 16+ f BC-GH.-�9 7�H?3�36/E<LB[B�-0/�H$+?B>@ H.-�9 14+Sg>�

) %�×(§ ³T+?<.<.3Q-C1¥j?/21�-[<.70-T_T� H$+83 5?BG<�/cj?/E1;7.<>BGBG<>B
��/21MR
RWH$@ 9 7?9 165AB�j?/E1�O6/�H�R�B.\
� +8<L<.3£d8HABG<�H$+83 @ 9,R�9 -W/E<LO49 BC-[<�/2B�-C1 /E<LBC-0/r9 70-Zj8/2147L<LB[B
-C1i9 -CB�j?H8/2-�9 -�9 16+

� 5;j�3;H.-C<�=�H$@^5?<LBcbWK?<�+�HY+8<0bòj8/2147L<LB[BG<LB�9 B�BG78K8<.365�@ <.3
� è;%!\67AH$+VdS<Q5ABG<.3J��1�/c/E<8@ 147.H.-�9 16+QHAB�b�<�@^@;HAB
j8/21�-[<L7>-�9 16+�¿

� -0K?<�+Q3S16+�$ -Z+?<.<L3JBC-GH.-�9 7Jj?H8/&-�9 -�9 14+?B
³Tj8/2147L<LB[BG<LB
7AH$+
d�<�@ 1�H?3$<.3k9^+A-C1aH$+AU�H.=8HS9N@ H�dS@ <$:#@ H8/2O$<>³h<8+?165AO6K�BLj?H87L<$�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s����rê2Î ��|,u}x ~ �vq .2y

ði���(�!�Ü�2"h^8�L ���Û.�$���Ð��g ��ñcñ������S� �;���!�(�;Ú}���$�&%'�
PJH�j$jS9N+AOJ1S�c@ 1SO49 7AH$@$-C1£jSKAU?B09 7.H$@4H?3�36/E<LB[BG<LB�9 BT3S16+8<�H.-
/D5�+A³v-�9,R�<Jd0UiPQ<SRT1�/&UiPYH$+�HAO$<�RW<8+A-W×�+$9 - f PiPi×�g>:6<S� O#�

CPU

address fault

no

yes
physical
address

limit

M
em

or
y

base

+

logical
address

Protection and Relocation Registers

½$��O�<�@ 147AH.-�9 16+a/E<LO;9 BC-[<�/�KA16@ 3$B�-0K?<Z=8H$@^58<�1S��-0K8<Yd8HABG<
H?3$3M/E<LB[B�1AbW+?<.3£d0U�-0K?<Jj8/2147L<LB[B.�

à ��O�<�@ 147AH.-�9 16+a/E<LO;9 BC-[<�/�7L14+A-[<8+A-CBTH8/E<�H?3�3$<.3Y-C1V<.H?7�K
R�<SRT1�/&UYH?3$3M/E<>BGBZdS<>��1�/E<�9 -�9 B
BG<�+.-'-C1¥R�<�R�1�/&U.�

l6��<S� O#� Â _I�i16+��SÞ.���SÝji ¿ /E<�@ 1;7AH.-�9 14+V/E<LO;9 BC-[<�/2B.:
@ 1SO49 7.H$@4H?3�36/E<LB[BW9 B�H�-05;jS@ <	ÊË>�é[k\Ñ>�

¿#�Zè�%�\�j?/2147.<>B[BZ+8<0=8<�/�BG<L<LB�jSKAUAB>9 7AH$@4H?3$3M/E<>BGBli B>9NR�jS@ U
RWH$+$9Nj$5$@ H.-[<LBW@ 1SO49 7AH$@4H?3$3M/E<>BGBG<>BA�

ÅM�I_I��K�HAB�j8/r9 =$9N@ <>O$<Z-C1 5�jS3�H.-[<Y/E<�@ 147AH.-�9 16+a/E<LO;9 BC-[<�/��
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s����rê2Î ��|,u}x ~ �vq .2Ï



�
�����Ð�(�������$�&%'�

procedure

stack

main()

symbols

sys library

stack

sys library

procedure

symbols

main()Limit Base
0

1

2

3

4

0
1
2
3
4

1000

200

5000

200

300

0

200

5200

5300

5600
5700

5900

6900

0

5900

200

5700

5300

Logical 
Address 

Space

Physical
Memory

Segment
Table

) F�KAU?B09 7.H$@eR�<SRT1�/&UYH�d81�=8<ZBLKA1Ab'B�5ABG<�/�BG<LOMR�<8+A-CB���1�/�H
B09N+AO6@ <Yj8/21SO6/�H�R f +A1�-ZR�5�@ -�9 ³�j8/21SO6/�H�R�:�+?1�-ZR�5$@ -�9 ³G5AB�<8/vg

) ×�BG<�/�BG<.<>B�R�<SRT1�/&UYHABTH�BG<>-�1S�(BG<LO6RW<8+A-CB�1S�'+A1
j?H8/2-�9 7�5$@ H8/�B09 ?L<$:�b�9 -0KV+?1£j?H8/2-�9 7�5$@ H8/�1�/E3�<8/D9^+?O

) �4<LOMR�<�+.-GH.-�9 14+�BL5�j�j81�/&-CB�-0KS9 B�5?BG<8/&³r=$9 <0b 1S�'RW<�RT1�/&U
i @ 1SO49 7AH$@4H?3$3M/E<>BGB
BLj8H?7L<�9 B�H�7>16@^@ <L7>-�9 16+�1S� f -rU;jS9 7AH$@^@ U
349 BE�h149^+A-�g'BG<>OMR�<�+.-CBA�

) �4<LOMR�<�+.-CBZK8H.=8<�Ha+�H�R�< f 1�/�Ha+$5;R�d�<�/vg�H$+83VHV@ <�+AO�-0K
i H?3�36/�<>B[BG<LB
BLj�<.7?9 �EU�BG<LOMR�<8+A- f B�g
H$+?3a1�ôeB�<0- f 1;g>�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vq .&�

·���
!Ú}���Ø�����$����� �
�����Ð�(�����
) PYHS9N+.-GHS9N+QH�BG<>OMRW<8+A-c-GH�dS@ <��E1�/�<AH?7�Kaj8/2147.<>B[B.\

m q\�\��q\��v n�r:r]q
x:x o�u
x�q m �Dp
q q\v]��q\l�xÂ 
> r�s t4u vwu

) * �'j?/21SO6/�H�R¡K�HABTH�=8<8/&UV@ H8/2O$<Q+�5�R�d�<�/�1S�(BG<LO6RW<8+A-CB
-0K?<�+�-0K8<W-GH�d$@ <Q9 B�Ê�<�j.-�9N+VRW<�R�1$/2U.:�j8149N+.-[<.3Y-C1£d0UY�6§
d?HABG<Q/�<>O49 BC-[<8/��4§ú%ÂO

) �
@ B[1 +8<L<.3VHQ�4§ò@ <�+AO�-0KV/E<>O49 BC-[<8/��4§­J
O�B09N+?7.<Y+$5;R�d�<�/
1��(BG<LOSBZ5AB�<L3¥d�UY349 ô�<8/�<8+A-Wj8/21�O6/�H�R�B�bT9N@^@;369 ô�<�/�bT9 3$<�@ U

) §
K8<Z-[H�d$@ <�9 B�j8H8/&-�1S��-0K?<Jj8/21;7.<LB[B
7L16+.-[<0�A-IH$+83 K8<8+87.<
9 BT78K�H$+AO$<.3J14+Q<AH?7�KVj?/2147.<>B[B
BCb�9 -[7�K;�

�I@ O�1�/r9 -0K;R�\
½$�ZF�/E1�O6/�H�R»j8/E<>B�<8+A-CBTH?3$3M/E<LB[BøÊ+>�é>k\Ñ0�
�(K8<L7SÊ�-0K�H.-­>yx¨�4§­J
O���* �'+A1�-L:4�rH$5$@ -

à �I_Zd.-GHS9^+�-GH�dS@ <�<8+A-0/&UYH.-�/�<>�v<8/�<8+87L<)>YÌÈ�6§­%gO�:MH�-05�j$@ <
1��(��1�/hR Êzt4u=é[v{uQÑ

l6�Z* �-��ê|k}x~vwuc-0K?<�+�-0K$9 BW9 BIH�=�H$@ 9 3VH?3�36/E<LB[BIH.-�@ 1;7AH.-�9 14+Êzt;u=é[k\Ñ>:6<�@ BG<Z�rH$5$@ -
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vq .2é

���(�(�0�����¡�!��ñ �Q��%�����"M���&%'�
) %�9 OaH?3S=�H$+.-GHAO$<Z1S��BG<>OMRW<8+A-[HA-�9 16+Y9 B�-0K8H.-Zj8/21�-C<.7>-�9 16+J9 B
j�<�/�BG<LOMR�<�+.-�³#9}� <S�!7L1�/D/E<LBLj816+?3$B�-�1£@ 1�O49 7.H$@$=$9 <0b��

) F�/E18-[<.70-�9 16+Vd�9 -CB�HAB[B[147?9 H.-[<.3Qb�9 -�KY<.H?7�KQ�4§Ð<8+A-0/&U
78K8<L7SÊ�<L3i9^+V5?B>5�H$@Sb'H0U

) <S� O#�#9N+AB[-�/h5?7>-�9 16+�BG<LOMR�<�+.-CB f BLKA165$@ 3¥dS<Q+A16+.³DB�<8@ �
RT14349 �EUS9N+?O�¿,g�-0K$5?B�j?/21�-[<.70-[<.3VHAO�HS9^+?BC-'b�/r9 -[<LBI<0-[7$�

) <S� O#��j$@ H?7.<�<AH?7�KQH8/D/�H0Ua9N+�1Ab�+�B�<>O Ë H8/D/vH0UV@ 9,R�9 -CB
78K8<L7SÊ�<L3£d�UkK8H8/E3SbcH8/�<

) �4<LOMR�<�+.-GH.-�9 14+QH$@ B[1J�rH?7?9N@ 9 -[H.-[<LB
B>K�H8/r9N+AOJ1S��7>143$<?]83�H.-GH
� <AH?78KVj8/2147L<LB[BZK�HABW9 -CB
1AbW+Q�6§­%gO�]��6§�J
O
� B>K�H8/r9N+AO 9 BT<8+�H�dS@ <.3Yb�K?<�+�-rb�1£j8/2147L<LB[BG<LBWK8H.=8<
<�+.-0/r9 <LB
�E1�/�-0K8<ZB�H�R�<YjSKAU?B09 7.H$@e@ 147AH.-�9 16+?B.�

� ��1�/�3�H.-GH�BG<LOMR�<�+.-CBI7AH$+a5?BG<�7L1Mj�UA³D16+.³rb�/D9 -[< f BG<.<
@ H.-[<8/�5�+?3�<�/cj?HAO49N+AO;g>�

) �4<>=8<8/�H$@�B>5�d.-0@ <�7AH.=?<AH.-CB
<0��9 B[-'bT9 -0K�BG<>OMR�<�+A-[H.-�9 16+yi
<S� O#�.��5�R�j.B�b�9 -0K$9^+�BLK8H8/�<L3a7L1;3�<W-C1VH?3�36/E<LB[BG<LB�1S�(��1$/�RÊ+>\é[��Ñ'���QBG<LO6RW<8+A-�+�5�R�dS<8/EB.�

) <S� O#�
PV5�@ -�9 7LB.:�Pk×(Å Ë *^�gJ à ¾SÞSÞ6:6B(<>1�/2O$<Ala_I���
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vq .2ï

���(���>�������
�����Ð�(�(���

Per-process
Segment
Tables

Physical Memory

Shared

A

B

A

B

System
Segment

Table

[DANGEROUS] [SAFE]

��K8H�/r9^+?OJBG<LO6RW<8+A-CB.\
) bcHABC-[<L��5$@ f H$+83a3;H$+AO$<8/E145?B�gc-C1JBC-C1�/E<�7L1MR�RT16+
9^+?��1�/hRWH.-�9 14+�16+�B>K�H8/E<.3JB�<>OMR�<�+.-�9^+Q<AH?7�KVj?/2147.<>B[B
BG<>OMRW<8+A-c-GH�dS@ <

) HAB[B09 O6+�<AH?78K�B�<>OMR�<�+.-IHa5�+S9 A658<���U?BC-[<SR��4<LOMR�<�+.-
èc5;R�dS<8/ f �M��è!g

) j?/2147.<>BGB�BG<LOMR�<�+.-c-GH�d$@ <ZB09,R�j$@ UkRWH�jAB
��/21MR�HkF�/21;7.<LB[B
�4<LOMR�<�+.-Zè'5�R�d�<�/ f F���è�gc-C1V�M��è

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vq .d�



���������Ð�(�������$�&%'�0Ý����� c�L�(�#¼�¼�¼
) �e5;j$j�1SBG<W-0K8H.-IH$@^@�BG<LOMR�<�+.-CB
1��!Hkj?/2147.<>B[B�R�5?BC-Zd�<
@ 1�H?3�<L3i9N+kR�<SRT1�/&U�b�K8<8+J9 -W9 BIBG7�K?<.365�@ <L3Y-C1 /D5�+f H.=A149 3i9 ��j81SB[B09,d$@ <?gc³TR�5ABC-��e+83aBLj8H?7L<Z��1�/�-0K?<SR�H$@^@,�

) F�/E16d$@ <�RÈ9 B�-0K�H.-'BG<LOSBIH8/E<Z1S��=�H8/r9 H�d$@ <ZB>9 ?.< Ë @ <AH?3$B'-C1
�h/vHAO6RW<8+A-GH.-�9 16+�1S�'RW<�R�1�/&U.�

) ×�BG<Jd�<LBC-�]?�e/2BC-�³D��-L:�dS583$3SUYH$@ OS1$/D9 -0K;RTBI<>-[7S�
) F�/E1;7.<>BGBG<>BZRZH0UkdS<�3$<�@ H>UL<.3JbcHS9 -�9N+AOJ��1�/�BLj8H?7L<W-C1£dS<
RWH?3�< f d0U�BCb'H�j$jS9N+AOJ165.-
1�-�K8<�/2B�$4BG<>OSB�-C1a7L16R�j?H?7>-
R�<SRT1�/&U�³c7>16+?B[16@ 9 3�HA-C<���/E<L<ZB.j?H?7.<Ag>�

) §�/�H83$<L1�ôäd�<>-rb�<.<8+VR�<SRT1�/&UA³h7L16R�j?H?7>-�9 14+S]83$<�@ H>U
3$<Sj�<�+?3$B�16+YH.=8<8/�HAO$<ZBG<LOMR�<8+A-�B09 ?L<

) *,+�O$<8+8<8/vH$@SbT9 -0K�BLRZH$@^@4H.=8<8/�HAO$<ZBG<LOMR�<�+.-'B>9 ?.<>BA:
�h/vHAO6RW<8+A-GH.-�9 16+J9 B
BLRWH�@ @,�

) X49 ��<L3aB09 ?L<�BLRWH$@^@�BG<LO6RW<8+A-CBP� j?HAO49N+AO¸¿!³�B�<L<Jd�<�@ 1Ab��
) �4<LOMR�<�+.-GH.-�9 14+�Ì j?HAO49N+AO¥R�<AH$+AB�-0K8H.-W+?1�-
<>=?<�/&U
BG<>OMRW<8+A-�+?<.<.3£d�<Y@ 1�H?3�<L3 9^+A-C1£RW<�RT1�/&U�b�K8<�+�H
j?/2147.<>BGB�9 B
BG7�K?<.365�@ <L3Y³JÆ�3$<SRWH$+83£j8HAO;9N+?OSÇM���!H8/E3�b'H8/E<
�E1�/�Æ�3�<�RZH$+?3JBG<LOMR�<�+.-GH.-�9 14+8Çk9 B�j81SB[B09,dS@ <Z-C1�1#�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vq .d.

�T������ñ¹¤£�v���� (��Ú�Ù¹���Ø%����

CPU

M
em

or
y

logical address

physical 
address

p

f

Page Table
p o

f o1

�I+A1�-0K8<8/�BG14@^5A-�9 16+a9 B�-C1VH$@^@ 1Ab�HVj8/21;7.<LB[B f 1�/�BG<LO6RW<8+A-�1��
HVj8/2147L<LB[B�gc-�1V<���9 BC-W9^+V+A16+A³h7>16+.-�9 O65A165?B�RW<�R�1�/&U.:e9}� <S�
) 349 =$9 3�<JjSKAUAB09 7AH$@eR�<�R�1�/&Ua9^+A-C1 /E<�@ HA-�9 =8<8@ U�B.RWH$@^@#d$@ 1;7SÊ>B
1��(�$��<.3JB09 ?.<S:67AH$@ @ <.3¦C�¬�­8ÕV®0¯�1�/�É6­.Ó�®>æPC�¬�­8ÕV®�¯

) 349 =$9 3�<Y@ 1SO49 7.H$@eR�<SRT1�/&Ua9N+.-C1£d$@ 1;7SÊ0BI1���-0K8<ZB�H�RW<ZB09 ?.<
7.H$@^@ <L3YÉ6­.Ó�®�¯ f -rU;j�9 7AH$@S=�H$@^5?<Q9 B
¿��!g

) <.H?7�KQH?3$3M/E<LB[B�O$<�+?<�/�H.-[<.3£d�Ua��F�×Ø9 BIBLjS@ 9 -�9N+A-�1¥j?HAO$<
+$5;R�d�<�/ 	 H$+83£j8HAOS<�1SôeBG<0-�k f -0/�H$+ABLj8H8/E<�+.-�g>�

) PiPi×Ø5AB�<>B 	 HABTH$+J9N+83$<0�V9^+A-C1VH�É6­.Ó$®�°h­$«L©}®.�
) j?HAO$<W-GH�d$@ <�7>16+A-GHS9^+?BTHAB[BG1;789 HA-C<.3J��/�H�R�<Q+�5�R�dS<8/�

) 5AB>5�H$@^@ UVK�H.=?<�� � �.�4��� j � Ë +8<L<.3Y=�H$@ 9 3¥dS9 -L�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ .d1

�����'�v��� �Q��%!���!��ñ 2�%'�(�

Page 0

Page 0

Page 1

Page 2

Page n-1

Page 3

Page 4

Page 1

Page 4

Page 3

0
1
2
3
4
5
6
7
8

1
1
0
1
1

0

4
6

2
1

Virtual Memory

Physical Memory

FMHAO$<>B�RWH0UkdS<ZBLj8H8/2BG<Q9^+�ç�P :6<0=8<�+�bT9 -0KA165A-�BG<>OMRW<8+A-CB.�
Þ À Æh3$14<>B>+
$ -
<���9 BC-[Çk9}� <S��Æ�+A1�-�9N+kj?/E1;7.<>BGB'ç�� BLj8H?7.<LÇ
4 R�<SRT1�/&UYH$@^@ 1;7AH.-�9 16+Q<.HAB>9 <�/��
8 _T� R�5?BC-ZÊ�<L<Sjaj8HAO$<W-GH�d$@ <YjS<8/cj?/2147.<>B[B
4 +?1J��/�HAOMR�<8+A-GH.-�9 14+�1S��jSKAUAB>9 7AH$@eR�<SRT1�/&U
8 d$5.-
OS<>- |��:} z
�!�
�����
|��.�[���Ë���Vz��L�j�!�Ë�����¬z7�:}'�]}=| ��� �
4 7�@ <AH8/�BG<Sj8H8/�H.-�9 14+VdS<0-rbc<L<�+a5ABG<�/(H$+83JBCU?BC-[<SR

=$9 <0bÜ1S��R�<SRT1�/&UV5AB�HAOS<$�
8 H?3�349 -�9 14+�H$@�1�=8<8/DK8<.H83Y16+Q7L16+.-[<0�A-�BCb�9 -C7�K$9^+?O
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 12�

���;�> �"#�� c���`%ÂKa���(���T�����`¸Z�!¢!Ú}�
Â 9 ô�<8/E<�+A-WÊ?9N+?3$BI1��'K�H8/E3�b'H8/E<ZB>5;j$j�1�/&-
7AH$+Vd�<Jj?/E18=$9 3$<.3#\
) �#9,R�j$@ <>BC-
7.HABG<$\�BG<>-'1S��3$<.369 7AH.-[<L3 /E<�@ 1;7AH.-�9 14+a/�<>O49 BC-[<8/2B
� 16+?<Y/E<LO;9 BC-[<�/cj�<�/cj?HAO$<
� _T��@ 1�H?3SB�-0K8<Q/�<>O49 BC-[<8/2BI14+Q7L14+A-[<��?-�B[bT9 -[78K
� �e+8<�9 ��-0K8<Yj8HAO$<W-GH�dS@ <�9 BIBLRWH�@ @,�M�M�4d$5.-�b�K�H.-�9 �
K�H.=?<Y@ H8/2O$<Q+�5�R�d�<�/�1S��j8HAO$<>B�²

) �
@ -[<8/h+8H.-�9 =8<8@ UkÊ�<.<�jVj?H?OS<W-GH�d$@ <Q9N+kR�<SRT1�/&U
� 16+$@ U�16+8<Q/E<LO49 BC-[<8/�+8<L<.3�<L3i9N+kP Pk× f j8HAO$<W-GH�d$@ <
d8HABG<Q/�<>O49 BC-[<8/ f F#§ú%gO�gGg

� _T�kBCb�9 -[7�K?<LB�-�K$9 B�bWK?<�+�B[bT9 -[78K$9^+?O£j?/2147.<>B[B
) F�/E16d$@ <�R�\
j?HAO$<Z-[H�d$@ <>B�R�9 O4KA-�B[-�9N@^@ed�<Z=?<�/&UkdS9 OM�
� 7AH$+VÊ�<.<�jQHVj?HAO$<Z-[H�d$@ <Q@ <�+?O8-0KV/E<LO49 BC-[<8/ f F#§­J
O�gc-C1
9N+?369 7.H.-[<�B09 ?L<�1���j8HAOS<Z-GH�dS@ <$�

� 1�/(7.H$+a5?BG<JRT1�/E<�7L1MR�j$@ <0�QBC-0/D5?7>-05$/�< f B�<L<Y@ H.-[<�/vg
) F�/E16d$@ <�R�\�+?<.<L3J-C1i/�<>�v<8/�-C1£RW<�RT1�/2UV°vó!ªDÑ�®���1�/�<>=?<�/&U5 H?70-05�H$@P$�R�<�R�1�/&Ua/�<>�v<8/�<8+87L<$�4�M�
Ë 5?BG<�H�-0/�H$+?B>@ H.-�9 14+V@ 1;1MÊ�HAB>9 3�<Yd$5?ôe<�/ f §­J
%�g

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 1��



¸Ià�º ��
!�������$�&%'�

CPU

M
em

or
y

logical address
physical address

p

p o
f o

f

Page Table

1

TLB
p1
p2
p3
p4

f1
f2
f3
f4

page
fault

load TLB and
restart instruction

all address translation
      is via the TLB

) _W+kR�<SRT1�/&UV/E<>�v<�/E<8+87L<Qj8/E<LBG<8+A-
§­J
% bT9 -0KV@ 1�O49 7AH$@
R�<SRT1�/&UYH?3$3M/E<>BGB

) * �'j?HAO$<Z-[H�d$@ <�<�+.-0/&U���1�/�-0K8<Yj8HAO$<�9 B�j8/E<LBG<8+A-c-0K8<8+�OS<>-
H$+J9,R�RW<L369 H.-[<Q/�<>B>5�@ -

) * �c+A1�-'-0K8<8+kRWH�Ê�<YRW<�R�1�/&Ua/�<>�v<8/�<8+87L<�-C1£j8HAO$<W-GH�d$@ <LB.:
H$+?3£5�jS3�H.-[<W-0K8<�§­J�%
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 12y

Ù� �Ú}�$��Ú}��H��(Ú��T�����ò¸W��¢!Ú}���
) P�1SBC-ZRT143$<�/D+�BCU?BC-[<SRTBT7.H$+�BL5�j�j81�/&-�=?<�/&UV@ H�/2O$<f Í Ç Æ éQÍD� Û g
H?3$3M/E<>BGB
BLj8H?7L<LB.�
) �;16@^5.-�9 16+y�kBLjS@ 9 -Zj?HAO$<Z-[H;dS@ <�9N+A-�1aBG<>=?<�/�H$@$B>5;dL³�j8H8/&-CB
) §�b�1 @ <>=8<8@ej?H?O;9N+?O}��j?HAO$<Z-�K8<Jj?HAO$<W-GH�d$@ <

P1 Offset
Virtual Address

L2 Address

L1 Page Table
0

n

N

P2 L1 Address

Base Register

L2 Page Table
0

n

N

Leaf PTE

) X81$/�Ý?¿¥d�9 -IH�/E78K$9 -C<.7>-�5�/E<LBIH�-rb!1�³G@ <0=8<�@ej?HAO49N+?OJBG7�K?<SR�<
9 B�+A1�-�BL5A�Y789 <�+A->\�+8<L<.3J��5$/&-0K8<8/�@ <>=8<8@ B.�

) f <0=8<8+�BG16RW<�l à dS9 -WRZH?78K$9N+?<LBWK�H.=8<��¤Ík@ <0=8<8@ B�g>�
) * ��BG<>OMR�<�+A-[H.-�9 16+�BL5�j�j81�/&-[<.3#:4BG<LO6RW<8+A-Wj8HAOS<Z-GH�dS@ <LB
78/E<AH.-[<�-rb�1 +�H.-05$/�H$@#@ <0=8<�@ B

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 12Ï

�Q��%�����"M�$�2%'�f�W���(���>�����¡�!��ñõ4a�$�����»ºY�&���

Frame Number VXWRG A DK S

kernel, global, read/write/execute, valid, swapped, accessed, dirty (written)

) �!B[BG1;789 H.-[<Yd�9 -CB�bT9 -0KQ<AH?78KVj8HAOS<Q��Ê�<�j.-�9N+�§­J�%
H$+?34]?1$/'j?HAO$<Z-[H�d$@ <>B.�IFMHAO$<W-GH�dS@ <LBZK8H.=8<JRT1�/E<�BLj?H?7.<$�

) d�9 -CBI7AH$+VdS<�7�K?<.7�Ê�<.3aH$+83JBG<>-�9N+Q§�J�% d0UVK�H8/E3SbcH8/E<
365�/r9N+AOVH?3$3M/E<LB[B�-�/vH$+AB>@ H.-�9 16+

) /E<.H?3 f O�g>:;b�/r9 -[< f å g
H$+?3V<���<.785A-[< fGÁ g'�E1�/cj8/21�-[<L7>-�9 14+
) �'\;16+�@ UJH?7L7.<>BGB09,dS@ <Wb�K8<8+�<0�8<.7�5.-�9N+AOi9N+aµS®0¬>¶�®>©�ÕV±AÔ$®
) j?/21�-[<.70-�9 16+�=$9 14@ H.-�9 16+Q7.H$5?BG<LBWKS]AbÐ-0/�H�j�-C1i_I� 7>143�<
) B'\4O6@ 16d8H$@^@ UQB>K8H�/E<L3£j8HAO$<W³T+A1�-�1Ab�+8<L3¥d�UJHVj?/2147.<>B[B
) 349N/&-rU fGÂ g
H$+?3kH?7L7.<LB[BG<.3 f ��gc-C1iK8<8@NjJ9^+kj8HAO$<
/E<�j$@ H?7L<SR�<�+.-

) ç�\;=�H$@ 9 34²i³�RWH�j�j�<.3i9^+A-C1£j?/2147.<>B[B�H?3$3M/E<>BGB�BLj8H?7.<A²
³
9 �c9N+.=�H$@ 9 3 Ë -0/�H�j�-C1i_I� K8H$+836@ <�/

) � f 9N+Vj8HAO$<W-GH�d$@ <?gT9 B
-0K?<Jj?HAO$<Q9^+kRZHS9^+kR�<SRT1�/&U�1�/
14+�@ Ua9N+�B[bcH�j�B.j?H?7.<Z16+Q349 BLÊA² f ��1�/�� z7�¬�'� � �����6|��.� g
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 1&�

���(������ñ �T�������
�I+A1�-0K8<8/(H?3S=�H$+.-GHAO$<Z1S��j?HAO$<.3£R�<SRT1�/&Ua9 BT7L1;3�<?]?3;H.-GH
BLK8H8/r9N+?OM:4��1�/�<��SH�R�jS@ <S\
) d�9N+8H�/r9 <>B.\!<L369 -C1�/�:M7>1MR�jS9N@ <�/�<>-[7S�
) @ 9,d8/�H8/r9 <LB.\�B>K8H8/�<L3J1MdC��<.70-CB.:63M@ @ B.�
�41 KA1Ab 3$14<>B�-0K$9 B
b�1�/hÊ.²
) *}R�jS@ <SR�<�+.-[<L3VHAB�-rb!1£@ 1�O49 7.H$@4H?3�36/E<LB[BG<LB�b�KS9 7�KVRZH�j
-C1Y16+8<Yj$K.U?B09 7AH$@;H?3�36/�<>B[BA�

) * �(7>143$<Q9 BZ¬�®Læ[®0¶#°v¬�­8¶e° f 9}� <S�;B[-GH.-C<�@ <>BGB.:�+A16+.³DB�<8@ �
RT14349 �EUS9N+?O�gT9 -
7AH$+�<.H?B09^@ Uid�<ZB>K�H8/E<.3£d�<>-rb�<.<�+J5?BG<�/2B.�

) _'-0K8<8/&b�9 B�<�7.H$+a5?BG<aÑ�±0É6&�æ[±8¶#æhó!¬>ª�°h®�-[<.7�K$+$9 AM5?<$\
� RWH�/hÊQj8HAO$<�HABZ/�<.H?3S³D16+$@ Ua9N+QH$@^@ej8/2147L<LB[BG<LB.�
� 9 ��Hkj?/2147.<>B[B
-�/D9 <LB�-C1YbW/r9 -C<W-C1¥j?HAO$<$:�b�9^@^@$-0/�H�j�-C1
_T�k�rH$5$@ -WK�H$+?3M@ <�/��

� 7AH$+�-0K8<8+YH$@ @ 147.H.-[<Q+8<0b �h/vH�R�<$:;7L16j0UQ3;H.-GH;:MH$+?3
7�/E<.H.-[<Q+8<0b�j8HAOS<Z-GH�dS@ <JRWH�j�j�9N+AO#:�+A1AbÜb�/r9 -[<.H�d$@ <S�

) f RWH0UV5ABG<Z-0KS9 BI��1$/c@ H�?>UQ3�H.-GH�B>K�H8/r9N+AOJ-C1�1;g>�
O�<�AM5S9N/E<LBTH?3$369 -�9 16+�H$@#d�1�1MÊ0³�Ê�<L<Sj�9N+AOi9N+J_T��:�d$5.-�b!1�/&-0Ka9 -L:
<$� OM�41�=8<8/�¿�Þ6Pkd�1S��BLK8H8/E<.3V7>143$<�9N+YH�-rU;j�9 7AH$@#@ 9N+$5.�id81.�6�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Ytru ¾E~ qS¾ 12é



�T���!��ñÈ�$�����Ð�(�����
PJH$+.U�BCU?BC-[<SRTB f j?HAB[-IH$+83£j8/E<LBG<8+A-�gcB>5;j$j�1$/2- f <.3;gWd�18-0K
B�<>OMR�<�+.-GH.-�9 16+QH$+83£j8HAO49^+?O#�
) �4<LOMR�<�+.-CBTH$@ @ 1Ab¨@ 1SO49 7AH$@�BC-0/D5?7>-05$/�<W-C1£d�<�<��4j8/E<>BGBG<L3Y³
+8H.-05�/�H$@#5$+$9 -���1�/cj8/21�-C<.7>-�9 16+QH�+?3aB>K8H8/D9^+?O#�

) F6H?O;9N+?OYBL5�j�j81�/&-CBT<>�Y789 <8+A-WRWH$+�HAO$<�RW<8+A-'1S�'j$K.U?B09 7AH$@
R�<SRT1�/&UA�

) �4<LOMR�<�+.-Wj8HAO$<W-GH�dS@ <>BIO;9 =8<Y+�H.-�5�/�H$@eR�5�@ -�9 ³G@ <0=8<�@ej8HAOS<
-GH�dS@ <>BA�

) ³TR�5878KV/E<>B�<.H8/E7�KJ9N+V½A¾ È Þ
$ B��6�#�
) � z7�¬�'� � �
���6|��.� RW<.H$+?B'-0K�H.-�B�<>OMR�<�+.-CBI3S1£+A1�-
+?<.<L3Y-C1¥d�<Q@ 1$H83$<.3i9N+YH?3S=8H$+87L<Z1S��d�<89N+AOVH?3$3M/E<LB[BG<.3#�
F6H?OS<LBTH8/E<Q@ 1�H?3$<.3 9^+A-C1£R�<SRT1�/&Ukd0U�-0K?<�_I�kb�K8<8+QH
j?HAO$<Z�rH$5$@ -�147L7�5$/2BW9N+�-0K?<�§­J
% H$+?3J-�K8<Jj?HAO$<�9 B
RWH8/hÊ�<.3VHABZ+?1�-Zj?/E<LBG<�+.-�9N+VRZHS9^+kR�<SRT1�/&U f BCbcH�j�j�<.3;g
9^+�-0K?<Jj8/21;7.<LB[BZj8HAO$<W-GH�d$@ <$�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���n�êS¾vî0ê2q,x u}x ~ �vqYR�~ x í��&u ¾E~ qS¾ 12ï

�� ����Ø������%ÂK �Ø���Ø%����ò�Ø�!�(�����(�Ø�����
M 165�B>K?165$@ 3 +?1Ab�5$+83$<�/2BC-GH$+83#\
) b�K�H.-WRW<�R�1�/&UVRZH$+8HAO$<SR�<�+.-
HS9,RTB�-C1VH?7�KS9 <>=?<
) @ 1SO49 7.H$@ ]A=$9^/&-05�H$@$³r=AB[³�jSKAU?B09 7AH$@4H?3$3M/E<LB[BG<LB
) BC-GH.-�9 7�H$+83a3SU$+�H�R�9 7�H?3$3M/E<>BGB'-0/�H$+?B>@ H.-�9 16+
) BG<>OMRW<8+A-GH.-�9 16+4\�j?/E1�B�H$+83a7L14+?B.:�K�H8/E3�b'H8/E<ZB>5;j$j�1�/&-
) j?HAO49N+AO#\
j?/E1�B�H$+?3V7>16+?B.:�K8H8/E3SbcH8/�<ZB>5;j$j�1�/&-
) -0K8H.-�BG<LOMR�<8+A-GH.-�9 14+a9 B
1S�2-[<�+�7L1MR�d�9N+8<L3YbT9 -0Kkj8HAO49^+?O

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���nD{EîAî>u&w NA�d±�î>ê&î>�Ew NSì?uEq&uS¾2ê2î0ê2q,x 1d�

Ù¹�(�Ø%����¹Ù¹���(�����(�Ð�(����Û¥�S%'�Ð���� (�����$�2%'�(�
½$�cåØK�H.-T9 B�-0K8<W=$9N/&-058H$@6H?3$3M/E<LB[B�B.j?H?7.<Z1S�!HVj?/E1;7.<>BGB�²
��Ê�<>-C7�KQHVj81SB[B>9Nd$@ <Wç�� BLj8H?7.<Z�E1�/(HVj8/2147L<LB[BW9N+YH
l à ³�dS9 -IH8/E7�KS9 -[<.70-05�/E<S�(�!BGB>5�RW<W-0K�H.-'-�K8<�_I�i1;7.785;jS9 <LB
K8H$@ ��-0K8<Wç�� BLj8H?7L<$�
*,+878@^5?3�<YRW<�R�1�/&UVRZH�j$jS<L3¥*^]S_
H$+?3£/E<LB09 3�<�+.-I_T�i7L143$<$�

à �cåØK�H.-
H8/E<Z-0K?<�H?3�=�H$+A-GHAOS<LB
1S��3�U�+8H�R�9 7 f /D5$+A³r-�9,R�<Ag
/E<8@ 147.H.-�9 16+�²
) b�K�H.-ZR�9N+S9,RWH$@#K�H8/E3SbcH8/E<Q9 BZ+?<.<L3�<L3Y-C1aB>5�j�j81�/&-�9 -�²
) 3$1;<LBW9 -IH.=?149 3J��/�HAOMR�<�+.-GH.-�9 14+�1S�'RZHS9^+kR�<SRT1�/&US²
) 3$1;<LBW9 -ZRZH�Ê�<���/�HAOMR�<8+A-GH.-�9 16+�<AHAB09 <8/���1$/�-0K?<�_I�k-C1
K�H$+?3M@ < f 9 �(B[1#:�KA1AbTg[²

l6�cåØK�H.-T9 B
B[bcH�j�BLj?H?7.<?²

¿#�ZPV5?BC-IH$@^@$1S�!HVj?/E1;7.<>BGB�d�<Q@ 1�H?3$<.3i9N+A-�1¥RWHS9N+VRW<�R�1$/2U
b�K8<8+J9 -�9 B
BG7�K?<.3M5$@ <L3Y-C1£/D5$+S² Â 9 BG7�5AB[BTHABGB>5�R�9^+?O
H�g�BG<>OMR�<�+.-GH.-�9 16+;:�d8g0j?HAO49N+AO K�H8/E3SbcH8/E<$��_Z5.-0@ 9^+8<YKA1Ab
-0K?<YK8H8/�3�bcH�/E<Wb!165$@ 3¥d�<Y5ABG<.3VH�+?3J-�K8<�3$<LB09 O4+�1S�(3;H.-GH
BC-0/D5?7>-05$/�<>B
B>5878KYHAB
BG<LO6RW<8+A-
H$+83¥j?HAO$<W-GH�d$@ <LB.�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���nD{EîAî>u&w NA�d±�î>ê&î>�Ew NSì?uEq&uS¾2ê2î0ê2q,x 1d.

ÅM�Þ��1AbÜb!165$@ 3YUL165YH8/D/vH$+AO$<��E1�/(H$+J_I�k-C1JB>5�j�j81�/&-
j?/2147.<>BGBG<>BW@ H8/2O$<�/�-0K8H$+kRWHS9N+VRW<�R�1�/&UYHAB[B>5;R�9N+AO
H�g�BG<>OMR�<�+.-GH.-�9 16+;:�d8g0j?HAO49N+AO K�H8/E3SbcH8/E<?²�_W5A-0@ 9N+8<QK?1Ab
-0K?<YK8H8/�3�bcH�/E<Wb!165$@ 3¥d�<Y5ABG<.3VH�+?3J-�K8<�3$<LB09 O4+�1S�(3;H.-GH
BC-0/D5?7>-05$/�<>B
B>5878KYHAB
BG<LO6RW<8+A-
H$+83¥j?HAO$<W-GH�d$@ <LB.�

Ý6�Þ��1Ab�7.H$+�B>K8H�/r9^+?Oa<S� O#��1���<0�8<.7�5.-[<>³D14+�@ U�7L143$<$:�d�<
B>5�j�j81�/&-[<.3 5AB>9^+?OVH�g�BG<LOMR�<8+A-GH.-�9 16+4:�d8g0j8HAO49^+?OVH$+?3
7Ag�BG<LOMR�<�+.-GH.-�9 14+�b�9 -0Kkj?HAO49N+AO;²

È �Þ��1Ab�7.H$+V5$+?B>K8H�/E<L3VH$+83JBLK8H8/E<.3a7L143$<YdS<Yj8/21�-[<L7>-[<L3
5AB09N+?OaHSghB�<>OMR�<�+.-GH.-�9 16+;:�d�g0j?HAO49N+AOkH$+?3
7Ag�BG<LOMR�<�+.-GH.-�9 14+�b�9 -0Kkj?HAO49N+AO;²

�6�WX81$/�-�K8<Zç��ØBLj?H?7.<WUL165�BLÊ�<0-[7�K?<.3i9N+�«Z5�½$:e9N+?369 7.H.-[<��E1�/
<.H?7�Ka/E<LO;9 16+�bWK?<>-0K?<�/�H�gC7AH?78K$9N+AOaH$+83£d�g0RWH�j�j�9N+AOi9N+
-0K?<aPiPi×':e9 B�H�j$j8/21Mj?/r9 H.-[<$�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���nD{EîAî>u&w NA�d±�î>ê&î>�Ew NSì?uEq&uS¾2ê2î0ê2q,x 1d1



�c��Ú}� Ù¹���(�����(�Ð�(���

Directory 
Service

Storage Service

Disk Handler

text name user file-id information requested
from file

user space

I/O subsystem

filing system

X69N@ 9^+?OJBCU?BC-[<SRTBZK�H.=8<W-rb!1¥RWHS9N+�7L1MR�j�14+8<8+A-CB.\
½$� Â 9N/E<.7>-�1�/&UY�6<8/&=$9 7.<
) RWH�jAB
��/21MR¡+�H�R�<>B�-C1J��@ <Q9 3$<�+.-�9 �4<�/2B.�
) K�H$+?3M@ <LBTH?7.7L<LB[B­h�<���9 BC-[<8+87L<�7L16+.-0/216@

à �
��-C1�/�HAO$<��6<8/&=$9 7L<
) j8/21�=S9 3�<>B�R�<.78K�H$+S9 BLR`-C1JBC-C1�/E<�3;H.-GH�14+Q349 BLÊ
) 9N+?7�@^5?3�<>B�RW<.H$+?B'-C1 9NR�jS@ <SR�<8+A-�369N/E<L7>-C1�/&U�BG<8/&=$9 7L<

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ~ q ¾Sn»N}s x ê2î>s �}�2�

���vÚ}�32�%'��"#��
��
åÐK8H.-�9 BTH��e@ <A²
) %�HAB>9 7�H�dABC-0/�H?7>-�9 16+��E1�/�+?16+.³r=?16@ H.-�9N@ < f j�<�/2B09 BC-[<8+A-�g
BC-C1�/�HAO$<W³
9N+?3�<Sj�<�+?3�<8+A-'1S�c/h5$+�+S9N+AO¥j?/E1�O6/�H�R�B.�

) §#U;jS9 7AH$@^@ UQ7L16R�j?/D9 B�<>BTH�B>9^+?O6@ <�7>16+A-�9 O65?145?B�@ 1SO49 7.H$@
H?3$3M/E<LB[B�B.j?H?7.<S�

) *,+.-[<8/h+8H$@$B[-�/h5?7>-05$/E<$\
½$�Wè(14+8< f <$� OM�4BG<�AM5?<�+?7.<W1S��b!1�/E3$B.:�d0U.-[<LB�g
à ���e9NR�jS@ <Q/�<L7L1�/E3JBC-0/D5870-05�/E<>B
� @ 9^+8<>B
� �$��<L3£@ <�+AO�-0K
� =�H8/r9 H�dS@ <Y@ <8+?O�-�K

l6�I��1MR�jS@ <0�QBC-0/D5870-05�/E<>B
� �E1�/�RWH.-�-[<L3V3S14785;R�<�+.-
� /E<�@ 147.HA-[H�d$@ <Z1MdC��<L7>-��e@ <

) ��H$+�B09,R�5�@ H.-[<Y@ HABC-'-rb!1JbT9 -0K��e/2B[-ZR�<>-0KA143¥d�U
9^+?BG<�/&-�9N+AOVH�j$j8/21Mj8/r9 H.-[<�7L14+A-0/216@�7�K8H�/�H?70-[<�/2B.�

) �
@^@4H¯A658<>B[-�9 16+�1���b�K?1a3�<L789 3$<LB.\
� 1Mj�<�/�H.-�9N+AOJBCU?BC-[<SR
� j8/21SO4/vH�R f R�<�/vg>�
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s>uEq,p;o�~ Î êSìAêNx uS² p�u}x u �}���

� ��� ����� �c��Ú}���
X69N@ <>BZ5?B>5�H$@ @ UVK�H.=8<�H.-W@ <.HAB[-'-rb!1£Ê?9N+?3$B
1S� 5 +8H�RW<�$&\
½$�
��U?BC-[<SRò�e@ <Q9 3�<8+A-�9 �4<8/ f ��Xe* Â g>\
) f -rU;j�9 7.H$@^@ USg�HY5�+S9 A658<�9N+A-[<>O$<8/�=�H$@ 58<�HAB[B[147?9 H.-[<.3�b�9 -0K
H�O49 =?<�+��e@ <

) ��X#* Â B�H8/E<W-0K?<Y+8H;R�<>B�5ABG<.3Yb�9 -0K$9N+�-0K8<Z�e@ 9N+AO
BCU?BC-[<SR¡9 -CBG<�@ �

à �aÆ �'5;RWH$+8Çk+�H�R�<$:4<S� O#� ��q:�:�:k��!�
u\s�u
) åØK�H.-W5AB�<8/2B�@ 9,Ê�<W-C1£5ABG<
) PYH;j$jS9^+?OJ�h/21MR»K$5;RWH$+a+�H�R�<W-C1V��Xe* Â 9 B�K?<�@ 3i9N+QH
Ô8ª�¬�®�ÑL°h±8¬'&$:6<S� O#�

Name SFID

hello.java

23812Makefile

12353

README 9742

) Â 9N/E<L7>-C1�/r9 <>BTH$@ B[1 +?14+A³r=?14@ H.-�9N@ < Ë R�5?BC-Zd�<�BC-C1�/E<L3
16+Q349 BLÊ�H$@ 16+AOYb�9 -0K��e@ <>BA�

l6�WX;/E<�AM5?<�+.-0@ UYH$@ B[1JOS<>-W5ABG<�/��e@ <Q9 3�<�+.-�9 �4<�/ f ×'X#* Â g>�
) 5?BG<L3J-C1i9 3$<�+.-�9 �EUi±0É6®>¶ �e@ <LB f BG<L<Y@ H.-[<8/vg
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s>uEq,p;o�~ Î êSìAêNx uS² p�u}x u �}�2y

�c��Ú}��Ù¹������Û?ñ!����� ·

Type (file or directory)

Location on Disk
Size in bytes

Time of creation

Access permissions

File Control Block

Metadata Table
(on disk)

f(SFID)

SFID

*,+YH?3$369 -�9 16+�-C1Y-�K8<89^/�7L16+.-[<�+.-CBTH$+83Y-0K8<?9N/�+�H�R�< f B�g>:;��@ <LB
-rU;jS9 7AH$@^@ UkK8H.=8<�Ha+$5;R�d�<�/�1S�(18-0K8<8/(H.-�-0/r9,d$5.-[<LB.:6<S� O#�
�:�
`=[]�Dý �$û6\��e@ <Y@ 1;7AH.-�9 14+�16+�3�<0=$9 7L< f BG<>=?<�/�H$@$BG7�K?<SR�<LB
j�1SB[B09,dS@ <S:4BG<.<Y×'è
*  Ü7.HAB�<ZBC-05?3SUSg�eý ¡8÷4\�785�/D/E<�+.-��e@ <�B09 ?L<¢ �Sü#÷4\c9 �(BCU?BC-[<�R¨B>5�j�j81�/&-CBI369 ô�<8/E<�+.-'-rU;j�<LB£ ø����D÷�`Y�Dý �SûM\�7L16+.-0/216@ B�b�K?1a7.H$+V/E<.H83#:�bW/r9 -[<$:6<0-[7$�¢ ýP��÷?:��][]�D÷A:MH$+83¥úAö0÷.ø!ý¨�$÷.û
�rý�¤]`�[]�Dý �SûM\!3;H.-[H��E1�/
j8/21�-[<L7>-�9 14+4:4BG<L7�5$/D9 -rUYH$+83 5?B�HAO$<YR�14+$9 -C1$/D9^+?O#�
§�1SO$<0-0K?<�/�-0KS9 BZ9^+?�E1�/�RWH.-�9 16+a9 BI7AH$@^@ <.3 Õa®L°h­�æ[Ô$­�°h­S�
* -�9 B
B[-C1$/�<L3 9^+JHúÚ�©}®QÑ�±8¶#°v¬�±�©�«L©}±AÑ0µ��
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s>uEq,p;o�~ Î êSìAêNx uS² p�u}x u �}�2Ï



�c��Ú}� Ù¹������Û?ñ!����� ·>·
X;/21MR¨7AHABG<�BC-05?369 <>BTH$+83Y=$9 Hkd?H?7SÊ0O6/2165�+?3 /E<AH?349N+?OM:4BG<.<S\
) �:��`�[]�Dý �$û�=$9 H;\
78K�HS9N+S9N+AOJ1��!349 BLÊYdS@ 147�Ê>B.:
78K�HS9N+S9N+AOi9^+YHVRZH�j�:
-GH�dS@ <>BI1���d$@ 147SÊ�³�j�1;9N+A-[<8/2BA:
9^+8349N/E<.7>-WdS@ 147�Ê>B
1S��dS@ 147�Ê0³�j8149N+.-[<�/2B.:
<��?-[<8+A-W@ 9 B[-�BA�

) K8H8/�3VH$+83JB[1S�E-�]AB[U�R�d816@ 9 7Y@ 9^+;Ê>B
) /E<>�v<�/E<8+87.<W7L165$+A-CB
) ÆD��@ <Z-rU;j�<LBGÇ RZH0Ukd�<ZO$<�+?<�/�H$@ 9 BG<L3JBG1Q-0K�H.-
369^/�<L7>-C1�/r9 <LB.:
3$<>=$9 7.<>BTH$+83J1�-0K?<�/�1MdC��<.70-CB�RWH>UVdS<Q+�H�R�<.3VH$+?3
H?7L7.<>BGBG<L3 5$+$9 �E1�/hR�@ U�=$9 H�-0K8<ZB�H�RW<Q+�H�R�9N+AOJBC-0/D5870-05�/E<
H$+?3¥R�<>-GH?3�H.-GH;�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s>uEq,p;o�~ Î êSìAêNx uS² p�u}x u �}�&�

ð¥�v����"M��%����¥� ���Ð�¨�W
��("#�¦^$·§g
åÐK8H.-IH8/E<Z-0K?<Y/E<�A65$9^/�<�R�<�+A-�B
�E1�/�165�/�+�H�R�<ZBLj8H?7L<?²
) Á �Y789 <8+870U4\'@ 147.H.-�9N+AOVH���@ <¦AM5S9 7SÊ?@ UA�
) è�H�R�9^+?O#\'5?BG<�/�7L16+.=8<�+S9 <8+87L<
� H$@^@ 1.bÜ-rb�1 f 1�/'RT1�/E<�O$<8+8<8/�H$@^@ U©¨ g�5?BG<�/2B�-C1 K8H.=8<
-0K?<�B�H�RW<Q+�H�R�<Z��1�/�349 ô�<8/�<8+A-��e@ <>B

� H$@^@ 1.b 16+8<Z�e@ <YK8H.=8<�BG<0=8<�/�H$@;349 ô�<8/E<�+A-�+�H�R�<LB
) B�/2165;j�9N+?OM\�@ 1SO;9 7AH$@$O6/2165;j�9N+AOa1S����@ <LB�d0Ukj8/21Mj�<8/2-�9 <LBf <S� O#�6H$@^@
ª?H.=�HVj?/21SO6/�H�RTBA:6H�@ @�O�H�R�<LB.:��6�M�;g
X69N/2BC-TH.-�-C<SR�j.-CB.\
) �#9N+?O4@ <>³G@ <>=8<8@,\�16+?<�349N/E<.70-C1�/&U�B>K�H8/E<L3£dS<0-rbc<L<�+QH$@^@#5AB�<8/2B
Ë +�H�R�9N+AO£j8/21MdS@ <�R
Ë O6/2165�jS9N+AO£j8/21Md$@ <SR
) §�b�1�³G@ <>=8<8@;349N/E<.7>-�1�/&U4\�16+?<�349N/E<.70-C1�/&Ukj�<�/�5?BG<8/
� H?7.7L<LB[B�=S9 H�É4­�°vÒ$¶�­8ÕV® f <$� O#� ��kV��ªË��q��:�:k��!��u\s�u g
� 7AH$+aK�H.=?<�B�H�RW<Z�e@ <8+�H�R�<��E1�/�369 ôe<�/E<�+.-W5?BG<8/
� d$5.-
BC-�9^@^@#+?1JO6/2145;j�9N+?Oa7AH�j?H�dS9N@ 9 -rUA�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���«�~ w ê,|Nx �Ew ~ ê,s �}�2é

ð¥�v����"#��%!���h� �!�Ø���W
���"e�¬^$·>·§g

Ann Bob Yao

javamail A

B C G H

I J

sent

FED

root
  metadata 
(file control block)

) B�<>-WRT1�/�<)\4<0��9NdS9N@ 9 -rU�bT9 -0KYH�O$<8+8<8/vH$@MÒ$ªr®>¬�­8¬�Ñ>Ò]&S�
� 369^/E<.7>-C1$/D9 <LBZK?14@ 3a�e@ <>BTH$+83;]?1�/�V �h5�/&-0K8<8/­X(349N/E<.70-C1�/r9 <>B
� 7�/E<.H.-[<?]83$<�@ <>-[<W��@ <LBZ/E<�@ H.-�9 =8<Z-�1kH�O49 =8<�+�369^/�<L7>-C1$/2U

) �c5;RWH$+a+�H�R�<Q9 BI�h5�@ @�j?H.-0KV+8H�RW<S:�d$5.-I7.H$+�O$<>-W@ 16+?OM\
<S� O#�|®;¯J°²±�®[³#±�´#¯;µ
°z®J¶¸·L·;¹�ºL®[°²±�»J®4¼�½ ¾¿®J°�À>±�ÁJÀ>±�®[´L°¿®[ÂMÃ Ä6Å
°�Æ6®4¯
¾z½ Ç °
Ã »
� 1Sô�<8/�/�<8@ H.-�9 =?<Y+8H�R�9^+?O
� @ 1SO;9N+Q369^/�<L7>-C1�/&U
� 7�5$/D/E<�+A-cb!1�/hÊ?9N+AOV349N/E<.70-C1�/&U

) åØK�H.-�3S14<LBW9 -ZR�<AH$+�-C1a3�<8@ <>-C<�H%V BL5�d6X2³h349N/E<.70-C1�/&US²

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���«�~ w ê,|Nx �Ew ~ ê,s �}�2ï

ð¥�v����"M��%����¥� ���Ð�¨�W
���"e�¬^$·>·>·§g

Ann Bob Yao

javamail A

B C G H

I J

sent

FED

root
  metadata 
(file control block)

F

) ��9 <�/�H8/E7�K.U�OS1;1;3e:�dS5A-�BC-�9N@^@�16+$@ U�16+8<Q+�H�R�<YjS<8/���@ <$�
Ë <��?-[<8+83J-�1a369^/�<L7>-[<L3VH?7>U?7�@ 9 7ZO6/�H�j$K fGÂ �oB!g'BC-0/D5870-05�/E<S\

� H$@^@ 1.b BLK8H8/E<.3J�e@ <>B�H$+83JBL5�d�369N/E<L7>-C1�/r9 <>B
� 7AH$+aK�H.=?<JR�5�@ -�9Nj$@ <V­�©^ªD­?¯.®�¯��E1�/�-0K?<�B�H�R�<W-0K$9^+?O

) F�/E16d$@ <�RTBA\�3�H$+?O6@ 9N+?O /E<L��<�/E<�+?7.<>BA:�O$H�/hd?HAO$<$:470U87�@ <LB.�M�M�
) �;16@^5.-�9 16+AB.\
� /E<L��<�/E<�+?7.<Z7>165�+.-CB
� d8H?7�Ê0³G/E<L��<�/E<�+?7.<>B f d$5.-�=�H8/r9 H�dS@ <�B09 ?L<�369N/E<L7>-C1�/&U
<�+.-0/r9 <LB�g0:&�M�6�

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���«�~ w ê,|Nx �Ew ~ ê,s �}�d�



ð¥�v����"M��%����¡·h�`
!Ú}���Ø���������$�2%'�

/Ann/mail/B

Ann

Bob

Yao

Name SFID

1034

179

7182

mail

A

Name SFID

2165

5797 sent

B

C

Name SFID

434

2459

25

D

D

D

Y

Y

Y

Y

Y

N

N

N
lookup Ann in 
root directory

lookup mail in 
Ann directory

lookup B in 
mail directory

B

metadata 

) Â 9N/E<.7>-�1�/r9 <LBIH�/E<Q+?16+.³r=?16@ H.-�9N@ < Ë BC-C1�/E<�HABkÆh�e@ <>BGÇJ16+
349 BLÊS:6<.H?7�K�bT9 -0K�1Ab�+Q��Xe* Â �

) PV5?BC-Zd�<�369 ô�<�/E<�+.-Z°F&>É4®0¯�1S����@ < f �E1�/�-0/�H.=8<�/2B�H$@ g
) Á �4j$@ 9 789 -
369^/�<L7>-C1�/&U�1MjS<8/�H.-�9 16+ABZ9^+878@^583$<$\
� 7�/E<.H.-[<�369N/E<L7>-C1�/&U
� 3�<8@ <0-[<�369N/E<L7>-C1�/&U
� @ 9 BC-
7L16+.-[<�+.-CB
� @ 1�1MÊ85�j f +�H�R�<W³���Xe* Â g
� BG<�@ <L7>-
785�/D/E<�+.-cb�1�/hÊA9N+?Oa369^/E<.7>-C1$/2U
� 9N+AB�<8/&-IH$+Q<8+A-0/&U���1�/(H��e@ < f H�Æ�@ 9N+�ÊLÇ$g

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���«�~ w ê,|Nx �Ew ~ ê,s �}�d.

���vÚ}�¹��
!�!�����$�&%'�(�È^$·§g

UFID SFID File Control Block (Copy)

1
2
3
4

23421
3250
10532
7122

location on disk, size,...
"              "
"              "
"              "

) _ZjS<8+$9^+?OaH��e@ <$\�É
9�Ê6Ë�Ì kV��qV�on x ��u\v]�:�6u���q � p
½$�'369^/E<.7>-C1$/2U�BG<�/&=$9 7L<Y/E<.785�/2B09 =?<�@ U�BG<AH8/E7�K?<LB
369N/E<L7>-C1�/r9 <LB
��1�/�7>1MR�j�16+?<�+.-CB
1S��x ��u�v]�:��u���q �à �I9 ��H�@ @;O�14<LB�b�<�@^@N:6<>=?<�+.-05�H$@^@ U�O$<0- m 9�Ê#Ëi1S����@ <$�

l6�'7L16j0U���@ <�7>16+A-0/216@#d$@ 1;7SÊ�9N+A-C1£R�<SRT1�/&UA�
¿#�'7�/E<.H.-[<Q+8<0b|É
9�Ê6Ë¥H$+?3£/E<>-05$/h+�-�1V7.H$@^@ <8/C�

) �(/�<.H.-[<�Ha+8<0bÜ�e@ <S\�É
9�Ê6ËÍÌ rVl�q�u\v�qfn x �6u\v]�:��u���q � p
) _W+87L<QK�H.=8<PÉ
9�Ê6Ë£7.H$+a/E<AH?3e:�bW/r9 -C<$:4<>-[7S�
� =�H8/r9 165AB�RT143$<LB f BG<.<Q@ HA-C<�/vg

) �(@ 1SB09N+AOVH��e@ <S\ xYv�u\v]¥¸x Ì r]�:k
x�qfn É
9�Ê#Ë p
½$�'7L16j0U%V}5;j�3;H.-[<L3�X��e@ <�7>16+A-�/E14@ed$@ 147SÊQd8H?7�ÊW-C1a369 B.Ê��
à �I9N+.=�H$@ 9 3�H.-[<QÉ
9�Ê6Ë
m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s N,s x ê&î�� q,x ê&w ± u,|,ê �}�d1

�c��Ú}�¹��
��������$�&%'�(�È^$·>·²g

current 
file position

end of filestart of file
already accessed to be read

) �!B[BG1;789 H.-[<�HiÑ0Ö4¬�¯L±8¬Y1$/�Ú�©&®IÉ6±8ªE¶#°h®>¬�b�9 -0KQ<.H?7�K�1Mj�<�+
�e@ < f ×cXe* Â g0:�9N+S9 -�9 H$@ 9 BG<.3Y-C1JB[-GH8/&-�1S���e@ <$�

) %�HAB>9 7Z1Mj�<�/�H.-�9 16+AB.\�øD÷�[\�£1�/�X�øDýS�D÷���/21MR¨785�/2B[1�/�:6<S� O#�
� l�q:u��Ân É
9�Ê6Ë�Î ��q���Ï:u]�:�]l Î �:�
�:v�q
x

£
l�q�r]k\l��6x�p

) �4<�A658<8+A-�9 H$@$��7.7.<>B[B.\!H�d�18=8<JjS@^5AB l�q � �Y�
�Ân É
9�Ê6Ë p �
) Â 9N/E<.7>-'�c7.7L<LB[B.\�Æ�/�H$+?3$1MR�ÇJH?7L7.<>BGB'-C1VH$+.Uij?H8/2-'1S�(�e@ <S�
� l�q:u��Ân É
9�Ê6Ë�Î ��q���Ï:u]� Î j�����ÏV��k
x Î �:���:v

£
l�q�r�x�p

� 7AH$+J9,R�j$@ <SR�<�+.-'bT9 -0KkjL-0/���H$+83 x�q:qVmÉn É
9�Ê6Ë�Î ��k
x�p
) _'-0K8<8/��E1�/�RTB
1S�(3;H.-GHQH?7.7L<LB[B�j81SB[B09,dS@ <$:4<$� O#�
� H�j�j�<�+?3S³D14+�@ U f RWH>Ukd�<��rHABC-[<8/vg
� 9N+?3�<���<.3JBG<�AM5?<�+.-�9 H$@4H?7L7.<>B[B�RT143$< f * �4�TPag

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s N,s x ê&î�� q,x ê&w ± u,|,ê �2�}�

���vÚ}�ò����ñ ð¥�v����"#��%!���¥^V2�%'�`
�%!���}����g
��
��������$�&%'�(�

) �ÂO Á ��§ Á ��@ <?]8349N/E<.70-C1�/&U�³
9NR�jS@ <�RW<8+A-GH.-�9 16+
½$�cO$<0-IHkX��g%�H$+83i9 -CBT��Xe* Â ��/21MR`-0K8<Z�e@ <�BCU?BC-[<�R
à ��H?3�3Q<�+.-0/&U�-C1kj8H8/E<�+.-c369^/E<.7>-�1�/2U f +�H�R�<$:S-rU;j�<$:;��Xe* Â g
l6�T/E<SRT1�=8<Yd$@ 147SÊ f B�g'��/21MRò��/E<L<>³�dS@ 147�Ê�@ 9 B[-IHABZ/E<�AM5S9N/E<.3
H$+83 /E<.7>1�/E3 9N+VX��o%!:�j$@ 5?BI18-0K8<8/'R�<0-GH?3;H.-GH

) ÂIÁ J Á § Á �e@ <A]8369N/E<L7>-C1�/&U�³I9,R�j$@ <SR�<�+.-GH.-�9 16+
½$�T/E<SRT1�=8<�<�+.-0/&U���/21MR»j?H�/E<8+A-
349N/E<.70-C1�/&U
à ��H?3�3VH$@^@ 1;7AH.-[<L3¥dS@ 147�Ê>B�-C1J��/E<L<>³�dS@ 147�Ê�@ 9 BC-
l6��H?3�3£X��o% -C1 X��o%�³D�h/E<.<>³G@ 9 BC-

��16+AB09 3�<8/
PJHS9N+VR�<SRT1�/&Ua9 BZ@ 1�B[-�16+YH�7�/�HAB>K
åÐK?<�+QH8/E<Y5�j�3;H.-[<LB�b�/r9 -�-[<8+�165.-'-C1a369 B.Ê.²
��16+AB09 3�<8/(HQ78/�HAB>Kkd�<>-rb�<.<�+a½$: à : lYH�d�1�=?<
O�<>BC-GH8/2-Wj8/2147L<.3M5$/E<�9N+?7�@^5?3�<>B�H�7>16+AB>9 B[-[<8+870U�7�K?<.7SÊf -0K�H.-
H$@^@�dS@ 1;7SÊ>B�];X$�o%�BTH8/E<�H$@^@ 147AH.-C<.3� c_ÞO�16+���/E<.<Q@ 9 BC-CB�g

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s N,s x ê&î�� q,x ê&w ± u,|,ê �2�2�



�¥���(��� �c��Ú2����� �
�������(� ·v�$�; (���
) ��7.7L<LB[B���16+.-0/216@,\��e@ <�1Ab�+?<�/v]878/�<.H.-C1�/�B>KA165�@ 3¥dS<�H�dS@ <
-C1J7L16+.-0/216@$b�K�H.-
7.H$+kd�<�3S16+?<$:6H$+83¥d0U�b�K?16RQ�
� H?7.7L<LB[BI7>16+A-�/E14@#+?1$/�RWH$@^@ UJH��h5�+870-�9 14+�1S�(369N/E<L7>-C1�/&U
BG<�/&=$9 7.< Ë 7�K?<.7�Ê>BI3S16+?<�H.-
�e@ <a±0É6®0¶ -�9NRW<

� =�H8/r9 165AB
-rU;j�<LB
1S�!H?7L7.<LB[B.:4<S� O#�
� /E<AH?3#:;b�/r9 -[<$:4<���<.785A-[<S: f H�j�j�<�+?34²?g0:
� 3$<�@ <0-[<$:e@ 9 BC-L:�/E<8+�H�R�<

� RT1�/E<�H?3S=8H$+87L<.3JBG7�K?<SR�<LBZj�1�BGB09,dS@ < f BG<.<Q@ H.-[<8/vg
) Á ��9 BC-[<8+87.<���16+A-�/E14@,\(bWK8H.-�9 �!Ha5ABG<�/�3�<8@ <0-[<LBTH��e@ <A²
� j8/21Md?H�d$@ U�bcH$+A-'-�1¥Ê�<L<Sj��e@ <Q9N+�<0�$9 BC-[<�+?7.<WbWKS9N@ <
-0K?<�/E<Q9 BTH�=8H�@ 9 3¥j8H.-0K$+�H�R�<Q/E<L��<�/E<�+?789^+?Ok9 -

� j$@ 5?BT78K8<L7SÊZ<8+A-�9N/E<YX�� j�<�/r9 14349 7.H$@^@ U��E1�/�O�H8/hd8HAO$<
� <0�$9 BC-[<�+?7.<�7>16+A-0/216@�7.H$+QH$@ B[1£d�<�H��rH?70-C1�/�b�K?<�+QH���@ <
9 B�/E<8+�H�R�<.3;];RT1�=8<L3e�

) ��16+8785�/D/E<�+?7>UJ��14+A-0/216@N\�+8<L<.3JBG16RW<Z�E1�/hR¨1���©&±.Ñ0µ?ªE¶4Ó
-C1iK�H$+?3M@ <ZB09,R�5$@ -GH$+?<L165ABTH?7.7L<LB[B
� RWH>Ukd�<YRZH$+?3;H.-C1$/2U�1�/(H?3�=$9 B[1�/&U
� @ 1;7SÊ>B�RWH0Uid�<�B>K8H8/�<L3J1�/(<���7�@ 5?B09 =8<
� O6/�H$+�5$@ H8/r9 -rUkRWH>Ukd�<Z��@ <�1�/�BL5�dABG<0-

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s��Yo�~ Î ê,s N,s x ê&î�� q,x ê&w ± u,|,ê �2�}y

�� ����Ø����� %ÂK �����G���
M 165�B>K?165$@ 3 +?1Ab�5$+83$<�/2BC-GH$+83#\
) _I�i<>=?14@^5A-�9 16+
) H$@ -[<�/D+�H.-�9 =8<�_T�kBC-0/D5870-05�/E<LB
) _I�kB>5;j$j�1�/&-���1�/cj8/2147L<LB[BG<LB
) �!F�×�B�78K8<L3M5$@ 9N+AO
) R�<SRT1�/&UkRWH$+�HAOS<SR�<�+.-
� K�H8/E3�b'H8/E<�B>5�j�j81�/&-���1�/�BG<LOMR�<8+A-GH.-�9 16+YH$+?3¥j?HAO49N+AO
� K�H8/E3�b'H8/E<>³DB[1S�2-rb'H8/E<�9N+.-[<�/�H?7>-�9 16+
� j8/21SBTH$+83a7L16+ABI1��(BG<LOMR�<8+A-GH.-�9 14+QH$+83¥j?HAO49N+AO

) �e@ <YRZH$+8HAO$<SR�<8+A-f ×'è�*  Ü7.HAB�<ZBC-05?3SUQ7L14+A-GHS9N+ABI<0�SH�R�jS@ <LB�g

m>n4o2prq,sAtvu&w x�yvz[m>n4oE{Eq}|Nx ~ �vq}s���nD{EîAî>u&w NA�d±�tru&w x�y �2�}Ï


