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{
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{<latexit sha1_base64="u9N9RgXmbIJfyDmsqQz6IGodGd4=">AAAB6HicdVDLSgMxFM3UV62vapdugqXgaphU7WNXcOOyBfuAdiiZNNPGZjJDkhHK0J07Ny4UcevH+AHu9AP8Aj/AtFVQ0QMXDufcy733eBFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749OZ376kUrFQnOtJRN0ADwXzGcHaSI2on807dhWVq0UEDTlCqOTMyPFRqeJAZDtz5Gu5wtX709trvZ997g1CEgdUaMKxUl3kRNpNsNSMcDrN9GJFI0zGeEi7hgocUOUm80OnsGCUAfRDaUpoOFe/TyQ4UGoSeKYzwHqkfnsz8S+vG2u/4iZMRLGmgiwW+TGHOoSzr+GASUo0nxiCiWTmVkhGWGKiTTYZE8LXp/B/0iraqGSfNEwaFbBAGuyDA3AIECiDGjgDddAEBFBwDW7BnXVh3Vj31sOiNWV9zuTAD1iPH0d2kbU=</latexit>p <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o



A really small

VA space

8 bits! How large is the 
address space?

Consider the following “flat”
address:   10000011 (131 in 
decimal)

Now, let’s consider the address 
through the lens of paging

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="u9N9RgXmbIJfyDmsqQz6IGodGd4=">AAAB6HicdVDLSgMxFM3UV62vapdugqXgaphU7WNXcOOyBfuAdiiZNNPGZjJDkhHK0J07Ny4UcevH+AHu9AP8Aj/AtFVQ0QMXDufcy733eBFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749OZ376kUrFQnOtJRN0ADwXzGcHaSI2on807dhWVq0UEDTlCqOTMyPFRqeJAZDtz5Gu5wtX709trvZ997g1CEgdUaMKxUl3kRNpNsNSMcDrN9GJFI0zGeEi7hgocUOUm80OnsGCUAfRDaUpoOFe/TyQ4UGoSeKYzwHqkfnsz8S+vG2u/4iZMRLGmgiwW+TGHOoSzr+GASUo0nxiCiWTmVkhGWGKiTTYZE8LXp/B/0iraqGSfNEwaFbBAGuyDA3AIECiDGjgDddAEBFBwDW7BnXVh3Vj31sOiNWV9zuTAD1iPH0d2kbU=</latexit>p <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

How many pages? How large is each page?



A really small

VA space

8 bits! How large is the 
address space?

Consider the following “flat”
address:   10000011 (131 in 
decimal)

Now, let’s consider the address 
through the lens of paging

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>
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{
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address space?
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address:   10000011 (131 in 
decimal)

Now, let’s consider the address 
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<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{
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{<latexit sha1_base64="u9N9RgXmbIJfyDmsqQz6IGodGd4=">AAAB6HicdVDLSgMxFM3UV62vapdugqXgaphU7WNXcOOyBfuAdiiZNNPGZjJDkhHK0J07Ny4UcevH+AHu9AP8Aj/AtFVQ0QMXDufcy733eBFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749OZ376kUrFQnOtJRN0ADwXzGcHaSI2on807dhWVq0UEDTlCqOTMyPFRqeJAZDtz5Gu5wtX709trvZ997g1CEgdUaMKxUl3kRNpNsNSMcDrN9GJFI0zGeEi7hgocUOUm80OnsGCUAfRDaUpoOFe/TyQ4UGoSeKYzwHqkfnsz8S+vG2u/4iZMRLGmgiwW+TGHOoSzr+GASUo0nxiCiWTmVkhGWGKiTTYZE8LXp/B/0iraqGSfNEwaFbBAGuyDA3AIECiDGjgDddAEBFBwDW7BnXVh3Vj31sOiNWV9zuTAD1iPH0d2kbU=</latexit>p <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o
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Still finding the same byte! (pheeeewww….)



A really small

VA space

What about the page table?

16 entries


Say each table entry takes 4 
bytes


page table occupies 64 bytes (2 
pages)


Suppose process uses only 
pages 8 and 9
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A really small

VA space

What about the page table?

16 entries


Say each table entry takes 4 
bytes


page table occupies 64 bytes (2 
pages)


Suppose process uses only 
pages 8 and 9
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can we be more efficient?
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<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{ <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="VF1sYvyv2Rpeh7eukpa/3k5/bD4=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhH/WzeceuoUqtiKAhJYTKTkKOSuWqA5HtzJGv5wpX709vr41+9rk3CEjkU6EJx0p1kRNqN8ZSM8LpLNOLFA0xmeAR7RoqsE+VG89PncGCUQZwGEhTQsO5+n0ixr5SU98znT7WY/XbS8S/vG6kh1U3ZiKMNBVksWgYcagDmPwNB0xSovnUEEwkM7dCMsYSE23SyZgQvj6F/5NW0UZl+/jMpFEFC6TBPjgAhwCBCqiDU9AATUDACFyDW3BncevGurceFq0p63MmB37AevwAbM6SWQ==</latexit>p1
<latexit sha1_base64="i/OFNLdiv4FdlRWxYpKvJzmrZ5k=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhv9jP5h27hiq1IoKGlBAqOwk5KpWrDkS2M0e+nitcvT+9vTb62efeICCRT4UmHCvVRU6o3RhLzQins0wvUjTEZIJHtGuowD5Vbjw/dQYLRhnAYSBNCQ3n6veJGPtKTX3PdPpYj9VvLxH/8rqRHlbdmIkw0lSQxaJhxKEOYPI3HDBJieZTQzCRzNwKyRhLTLRJJ2NC+PoU/k9aRRuV7eMzk0YVLJAG++AAHAIEKqAOTkEDNAEBI3ANbsGdxa0b6956WLSmrM+ZHPgB6/EDblKSWg==</latexit>p2

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="u9N9RgXmbIJfyDmsqQz6IGodGd4=">AAAB6HicdVDLSgMxFM3UV62vapdugqXgaphU7WNXcOOyBfuAdiiZNNPGZjJDkhHK0J07Ny4UcevH+AHu9AP8Aj/AtFVQ0QMXDufcy733eBFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRXGktAmCXkoOx5WlDNBm5ppTjuRpDjwOG1749OZ376kUrFQnOtJRN0ADwXzGcHaSI2on807dhWVq0UEDTlCqOTMyPFRqeJAZDtz5Gu5wtX709trvZ997g1CEgdUaMKxUl3kRNpNsNSMcDrN9GJFI0zGeEi7hgocUOUm80OnsGCUAfRDaUpoOFe/TyQ4UGoSeKYzwHqkfnsz8S+vG2u/4iZMRLGmgiwW+TGHOoSzr+GASUo0nxiCiWTmVkhGWGKiTTYZE8LXp/B/0iraqGSfNEwaFbBAGuyDA3AIECiDGjgDddAEBFBwDW7BnXVh3Vj31sOiNWV9zuTAD1iPH0d2kbU=</latexit>p <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

Materialize only the portion of the page 
table that is needed

Out index must be present in its entirety


in case the process needs more pages!
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<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{ <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="VF1sYvyv2Rpeh7eukpa/3k5/bD4=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhH/WzeceuoUqtiKAhJYTKTkKOSuWqA5HtzJGv5wpX709vr41+9rk3CEjkU6EJx0p1kRNqN8ZSM8LpLNOLFA0xmeAR7RoqsE+VG89PncGCUQZwGEhTQsO5+n0ixr5SU98znT7WY/XbS8S/vG6kh1U3ZiKMNBVksWgYcagDmPwNB0xSovnUEEwkM7dCMsYSE23SyZgQvj6F/5NW0UZl+/jMpFEFC6TBPjgAhwCBCqiDU9AATUDACFyDW3BncevGurceFq0p63MmB37AevwAbM6SWQ==</latexit>p1
<latexit sha1_base64="i/OFNLdiv4FdlRWxYpKvJzmrZ5k=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhv9jP5h27hiq1IoKGlBAqOwk5KpWrDkS2M0e+nitcvT+9vTb62efeICCRT4UmHCvVRU6o3RhLzQins0wvUjTEZIJHtGuowD5Vbjw/dQYLRhnAYSBNCQ3n6veJGPtKTX3PdPpYj9VvLxH/8rqRHlbdmIkw0lSQxaJhxKEOYPI3HDBJieZTQzCRzNwKyRhLTLRJJ2NC+PoU/k9aRRuV7eMzk0YVLJAG++AAHAIEKqAOTkEDNAEBI3ANbsGdxa0b6956WLSmrM+ZHPgB6/EDblKSWg==</latexit>p2
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<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{ <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="VF1sYvyv2Rpeh7eukpa/3k5/bD4=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhH/WzeceuoUqtiKAhJYTKTkKOSuWqA5HtzJGv5wpX709vr41+9rk3CEjkU6EJx0p1kRNqN8ZSM8LpLNOLFA0xmeAR7RoqsE+VG89PncGCUQZwGEhTQsO5+n0ixr5SU98znT7WY/XbS8S/vG6kh1U3ZiKMNBVksWgYcagDmPwNB0xSovnUEEwkM7dCMsYSE23SyZgQvj6F/5NW0UZl+/jMpFEFC6TBPjgAhwCBCqiDU9AATUDACFyDW3BncevGurceFq0p63MmB37AevwAbM6SWQ==</latexit>p1
<latexit sha1_base64="i/OFNLdiv4FdlRWxYpKvJzmrZ5k=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhv9jP5h27hiq1IoKGlBAqOwk5KpWrDkS2M0e+nitcvT+9vTb62efeICCRT4UmHCvVRU6o3RhLzQins0wvUjTEZIJHtGuowD5Vbjw/dQYLRhnAYSBNCQ3n6veJGPtKTX3PdPpYj9VvLxH/8rqRHlbdmIkw0lSQxaJhxKEOYPI3HDBJieZTQzCRzNwKyRhLTLRJJ2NC+PoU/k9aRRuV7eMzk0YVLJAG++AAHAIEKqAOTkEDNAEBI3ANbsGdxa0b6956WLSmrM+ZHPgB6/EDblKSWg==</latexit>p2



A really small

VA space

0

4

8

12

1 0 0 0 0 0 1 1

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{ <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="VF1sYvyv2Rpeh7eukpa/3k5/bD4=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhH/WzeceuoUqtiKAhJYTKTkKOSuWqA5HtzJGv5wpX709vr41+9rk3CEjkU6EJx0p1kRNqN8ZSM8LpLNOLFA0xmeAR7RoqsE+VG89PncGCUQZwGEhTQsO5+n0ixr5SU98znT7WY/XbS8S/vG6kh1U3ZiKMNBVksWgYcagDmPwNB0xSovnUEEwkM7dCMsYSE23SyZgQvj6F/5NW0UZl+/jMpFEFC6TBPjgAhwCBCqiDU9AATUDACFyDW3BncevGurceFq0p63MmB37AevwAbM6SWQ==</latexit>p1
<latexit sha1_base64="i/OFNLdiv4FdlRWxYpKvJzmrZ5k=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhv9jP5h27hiq1IoKGlBAqOwk5KpWrDkS2M0e+nitcvT+9vTb62efeICCRT4UmHCvVRU6o3RhLzQins0wvUjTEZIJHtGuowD5Vbjw/dQYLRhnAYSBNCQ3n6veJGPtKTX3PdPpYj9VvLxH/8rqRHlbdmIkw0lSQxaJhxKEOYPI3HDBJieZTQzCRzNwKyRhLTLRJJ2NC+PoU/k9aRRuV7eMzk0YVLJAG++AAHAIEKqAOTkEDNAEBI3ANbsGdxa0b6956WLSmrM+ZHPgB6/EDblKSWg==</latexit>p2



A really small

VA space

0

4

8

12

Still finding the same byte! 
(pheeeewww….)

1 0 0 0 0 0 1 1

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{ <latexit sha1_base64="Fb86SYMwJt4XkusHigOli6vjVRw=">AAAB6HicdZDLSgMxFIYzXmu9VV0KEiyCqyHTai8rC25ctmAv0A4lk6ZtbGYyJBmhDF26cuNCEbc+RVc+hDufwZcw0yqo6A+Bj/8/h5xzvJAzpRF6sxYWl5ZXVlNr6fWNza3tzM5uQ4lIElonggvZ8rCinAW0rpnmtBVKin2P06Y3Ok/y5jWViongUo9D6vp4ELA+I1gbqya6mSyyy06xnHOggbzjFFACJ/lCCUHHRjNlz16mtfebg2m1m3nt9ASJfBpowrFSbQeF2o2x1IxwOkl3IkVDTEZ4QNsGA+xT5cazQSfwyDg92BfSvEDDmfu9I8a+UmPfM5U+1kP1O0vMv7J2pPslN2ZBGGkakPlH/YhDLWCyNewxSYnmYwOYSGZmhWSIJSba3CZtjvC1KfwfGjnbKdinNZStlMBcKbAPDsExcEARVMAFqII6IICCW3APHqwr6856tJ7mpQvWZ88e+CHr+QMSqZGK</latexit>o

<latexit sha1_base64="cG6nQ2sjbPkn5Keej9Sw82mefx8=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB4CtNJzHILevEYxSyQDKGn05M06Vno7hHCkD/w4kERr/6RN//GniSCij4oeLxXRVU9NxJcadv+sDJr6xubW9nt3M7u3v5B/vCoo8JYUtamoQhlzyWKCR6wtuZasF4kGfFdwbru9Cr1u/dMKh4Gd3oWMccn44B7nBJtpNtBMswX7GID1xoljAwpY1y1U1IpV+s2wkV7gQKs0Brm3wejkMY+CzQVRKk+tiPtJERqTgWb5waxYhGhUzJmfUMD4jPlJItL5+jMKCPkhdJUoNFC/T6REF+pme+aTp/oifrtpeJfXj/WXt1JeBDFmgV0uciLBdIhSt9GIy4Z1WJmCKGSm1sRnRBJqDbh5EwIX5+i/0mnVMTV4sVNpdC8XMWRhRM4hXPAUIMmXEML2kDBgwd4gmdraj1aL9brsjVjrWaO4Qest08RUo2+</latexit>

{<latexit sha1_base64="VF1sYvyv2Rpeh7eukpa/3k5/bD4=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhH/WzeceuoUqtiKAhJYTKTkKOSuWqA5HtzJGv5wpX709vr41+9rk3CEjkU6EJx0p1kRNqN8ZSM8LpLNOLFA0xmeAR7RoqsE+VG89PncGCUQZwGEhTQsO5+n0ixr5SU98znT7WY/XbS8S/vG6kh1U3ZiKMNBVksWgYcagDmPwNB0xSovnUEEwkM7dCMsYSE23SyZgQvj6F/5NW0UZl+/jMpFEFC6TBPjgAhwCBCqiDU9AATUDACFyDW3BncevGurceFq0p63MmB37AevwAbM6SWQ==</latexit>p1
<latexit sha1_base64="i/OFNLdiv4FdlRWxYpKvJzmrZ5k=">AAAB6nicdVDLSgMxFM3UV62vapdugqXgapi02seu4MZlRfuAdiiZNG1DM5khyQhl6M6tGxeKuPVb/AB3+gF+gR9gplVQ0QMXDufcy733eCFnSjvOi5VaWl5ZXUuvZzY2t7Z3srt7LRVEktAmCXggOx5WlDNBm5ppTjuhpNj3OG17k5PEb19SqVggLvQ0pK6PR4INGcHaSOdhv9jP5h27hiq1IoKGlBAqOwk5KpWrDkS2M0e+nitcvT+9vTb62efeICCRT4UmHCvVRU6o3RhLzQins0wvUjTEZIJHtGuowD5Vbjw/dQYLRhnAYSBNCQ3n6veJGPtKTX3PdPpYj9VvLxH/8rqRHlbdmIkw0lSQxaJhxKEOYPI3HDBJieZTQzCRzNwKyRhLTLRJJ2NC+PoU/k9aRRuV7eMzk0YVLJAG++AAHAIEKqAOTkEDNAEBI3ANbsGdxa0b6956WLSmrM+ZHPgB6/EDblKSWg==</latexit>p2



Multi-level Paging

Structure virtual 
address space as a tree

Virtual address of a 
SUN SPARC (1987)
p1 p2 op3

8 6 6 12

0

255

1

0

63 v

0

63

0

4K

8K

16K

p1

p2

p3

PTBR  85



Example

What is the page size?

}8 bits}6 bits}8 bits}10 bits

 86



Example

What is the page size?

}8 bits}6 bits}8 bits}10 bits

Page size is 256 bytes (28)
What is the Page Table size for a process that uses 256 
contiguous KB of its VA space starting at address 0? 
[Assume each PTE is 2 bytes]


if we used a linear representation of the page table:

 87



Example

What is the page size?

}8 bits}6 bits}8 bits}10 bits

Page size is 256 bytes (28)
What is the Page Table size for a process that uses 256 
contiguous KB of its VA space starting at address 0? 
[Assume each PTE is 2 bytes]


if we used a linear representation of the page table:

Page Table has 224 entries 


 88



Example

What is the page size?

}8 bits}6 bits}8 bits}10 bits

Page size is 256 bytes (28)
What is the Page Table size for a process that uses 256 
contiguous KB of its VAS starting at address 0? [Assume 
each PTE is 2 bytes]


if we used a linear representation of the page table:

Page Table has 224 entries

PT Size: 224 x 2 bytes = 225 bytes = 32MB


 89



Example

What if we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries

}8 bits}6 bits}8 bits}10 bits

224224

Page Table

page



Example

What is we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries.

}8 bits}6 bits}8 bits}10 bits

224

26

26

26

26

26

26

How many such chunks?



Example

What is we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries

we’ll need an index with 218 entries…

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

218

…which we’ll partition in chunks of 28 

entries



Example

What is we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries

we’ll need an index with 218 entries…

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

…which we’ll partition in chunks of 28 

entries.

28

28

28

How many such chunks?



Example

What is we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries

we’ll need an index with 218 entries…

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

…which we’ll partition in chunks of 28 

entries

28

28

28
We’ll need an index of 210



Example

What is we use a tree?

We still need to account for 224 pages…

…but we are going to partition the PT 
in a sequence of chunks, each with 26 
entries

we’ll need an index with 218 entries…

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

…which we’ll partition in chunks of 28 

entries

28

28

28
We’ll need an index of 210

210

210

1



Example

Are we better off?

The number of PT entries now is    
(26x218)+(210x28)+210 > 224 !!

But we only need the portion of the tree 
needed to map the first 1K (210) pages!

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

28

28

28

210

210

1 }

<latexit sha1_base64="DgTjNo8eWaY64YroNcE7tZ5tO2g=">AAAB33icdVDJSgNBFHwTtxi3qEcvjUHwNMwkIeZm0IvHKGaBJISeTk/SpGeh+40QQs5eRLwo+Ef+gn/hJ9iZ6CEuBQ1FVTXv1fNiKTQ6zruVWVldW9/Ibua2tnd29/L7B00dJYrxBotkpNoe1VyKkDdQoOTtWHEaeJK3vPHl3G/dcaVFFN7iJOa9gA5D4QtG0Ug33Vk/X3BtJwX5nxTOPyBFvZ9/6w4ilgQ8RCap1h3XibE3pQoFk3yW6yaax5SN6ZBP0/1m5MRIA+JHyrwQSaou5Wig9STwTDKgONI/vbn4l9dJ0K/2piKME+QhWwzyE0kwIvOyZCAUZygnhlCmhNmQsBFVlKE5Sc5Ud+xSpeyWHPKbfFdvFm23bFevi4XaxeIGkIUjOIZTcOEManAFdWgAAx8e4BleLGrdW4/W0yKasb7+HMISrNdPOteKfQ==</latexit>

210



Example

How many chunks of size 26 are needed 
to hold 210 PTEs of consecutive pages 
starting at 0?


210/26 = 24 = 16 

}8 bits}6 bits}8 bits}10 bits

224218

26

26

26

26

26

26

28

28

28

210

210

1 }

<latexit sha1_base64="DgTjNo8eWaY64YroNcE7tZ5tO2g=">AAAB33icdVDJSgNBFHwTtxi3qEcvjUHwNMwkIeZm0IvHKGaBJISeTk/SpGeh+40QQs5eRLwo+Ef+gn/hJ9iZ6CEuBQ1FVTXv1fNiKTQ6zruVWVldW9/Ibua2tnd29/L7B00dJYrxBotkpNoe1VyKkDdQoOTtWHEaeJK3vPHl3G/dcaVFFN7iJOa9gA5D4QtG0Ug33Vk/X3BtJwX5nxTOPyBFvZ9/6w4ilgQ8RCap1h3XibE3pQoFk3yW6yaax5SN6ZBP0/1m5MRIA+JHyrwQSaou5Wig9STwTDKgONI/vbn4l9dJ0K/2piKME+QhWwzyE0kwIvOyZCAUZygnhlCmhNmQsBFVlKE5Sc5Ud+xSpeyWHPKbfFdvFm23bFevi4XaxeIGkIUjOIZTcOEManAFdWgAAx8e4BleLGrdW4/W0yKasb7+HMISrNdPOteKfQ==</latexit>

210



Example

}8 bits}6 bits}8 bits}10 bits
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How many chunks of size 28 are needed 
to hold pointers to 16 pink chunks? 

1

So, if each PTE is 2 bytes, the PT takes
2 x (1 x 1024 + 1 x 256 + 16 x 64) = 4608 bytes 



Getting sloooower

Every new level of paging

reduces the memory overhead for computing 
the mapping function…


… but increases the time necessary to perform 
the mapping function 

 101



Caching!

Keep the results of recent VA-PA translations 
in a structure called Translation Lookaside 
Buffer (TLB)


TLB is a cache for page-to-frame mappings



Speeding things up: 

The TLB

CPU ≤
yes

Memory

Exception

Physical

Memory

f

PTBR

o

Page Table Base Register

p

f

f 

p o

TLB miss

TLB hit

page # frame #

TLB

no
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Access
=
=
=
=
=
=
=

≠

fp

EAT: Cost(TLB lookup) + 

( : hit ratio)α
Cost(full translation)x (1 − α)



Address Translation  

with TLB

CPU

Physical

Memory

TLB Page

Table

Virtual 

Address

Miss

+

Invalid Exception

Hit
Valid

Frame Frame

Physical

Address

Data

Data

Virtual 

Address

Offset
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Access TLB before accessing memory!



Hit and Miss

The TLB is small; it cannot hold all PTEs

it can be fast only if it is small!


Some translations will inevitably miss the TLB


Must access memory to find the appropriate PTE


called walking the page table


incurs large performance penalty 



Handling TLB Misses: 
Hardware

Hardware-managed (e.g., x86)

The hardware does the page walk

Hardware fetches PTE and inserts it in 
TLB


If TLB is full, must replace another TLB 
entry


Done transparently to system software



Handling TLB Misses: 
Software

Software-managed (e.g., MIPS)

Hardware raises an exception, trap handler 
runs in kernel

Handler does the page walk, fetches PTE, 
and inserts/evicts entries in TLB

Handler must return to the same instruction 
that caused the trap!

Careful not to generate a TLB miss while 
running the handler!



Tradeoffs, Tradeoffs…

Hardware-managed TLB

+ No exception on TLB miss. Instruction just stalls

+ No extra instruction/data brought into the cache

- OS has no flexibility in deciding Page Table: hardware 

must know location and format of PTEs


Software-managed TLB

+ OS can define Page Table organization

+ More flexible TLB entry replacement policies  

- Slower: exception causes to flush pipeline; execute 

handler; pollute cache  



TLB Coverage
What fraction of memory can be accessed  
without TLB misses?


low TLB coverage can result in a large number of 
memory references

1000-fold 
decrease in 
15 years!

Navarro et al., 
OSDI 2002



Superpages

Wider TLB coverage by supporting page sizes 
that are multiples of the base page size: 
superpages


Pentium: 4KB base; 4MB Super

Itanium: 10 sizes, from 4KB (base) to 256 MB 


A set of contiguous base pages can be 
promoted to a superpage

Demotion works the other way around

For more
Navarro et al., 

“Practical, transparent Operating 
systems support for superpages”



Tradeoffs, Tradeoffs…

+ Improved TLB coverage!    but…

-  Larger internal fragmentation

-  External fragmentation


superpage of N base pages

N free base frames free, but not contiguous


-  Less efficient reading

- Coarser granularity for dirty, reference, and 

protection bits 

(?)



TLB Consistency - I

On context switch

VAs of old process should no longer be valid


Change PTBR — but what about the TLB?
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TLB Consistency - I

On context switch

VAs of old process should no longer be valid


Change PTBR — but what about the TLB?

Option 1: Flush the TLB

1 0x0053 0x0012 R/W

PID VirtualPage PageFrame Access

TLB Entry

Ignore entries with wrong PIDs

Option 2: Add pid tag to each TLB entry
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TLB Consistency - II

What if OS changes permissions on page?

If permissions are reduced, OS must ensure 
affected TLB entries are purged


e.g., on copy-on-write


If permissions are expanded, no problem

new permissions will cause an exception and 
hardware and OS will restore consistency 
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Virtually 

Addressed Caches

CPU Virtual

Cache

Physical

Memory

TLB Page

Table

Virtual 

Address

Miss

Virtual 

Address

Miss

+

Invalid Exception

HitHit
Valid

Frame Frame

Physical

Address

Data

Data

Data

Virtual 

Address

Offset
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On context switch, must flush the VC (or use tagging)

Permission reduction: VC entries don’t include 
permission info: use in tandem with TLB (access cache 
and TLB at the same time)

A copy of the contents 
of physical memory, 

indexed by the virtual 
address



Physically 

Addressed Caches

CPU Virtual

Cache

Physical

Memory

TLB Page

Table

Virtual 

Address

Miss

Virtual 

Address

Miss

+

Invalid Exception

HitHit
Valid

Frame Frame

Physical

Address

Data

Data

Data

VA

Physical

Cache

PA

Hit

Data

Miss
Offset
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