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• Completing Virtualisation by this week
• Almost 1/2 course done
• Homework on Memory Virtualisation coming soon
• Followed by Quiz on 13th Sept, Thursday



Revision - Picture Thus Far

 4



Revision - Picture Thus Far

 4



Revision - Picture Thus Far

 4

• Base & Bounds



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging
• Pros: Very low chances of segmentation



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging
• Pros: Very low chances of segmentation
• Cons: Slow, lots of memory accesses; memory overhead/

process is huge!



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging
• Pros: Very low chances of segmentation
• Cons: Slow, lots of memory accesses; memory overhead/

process is huge!
• Paging + TLB



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging
• Pros: Very low chances of segmentation
• Cons: Slow, lots of memory accesses; memory overhead/

process is huge!
• Paging + TLB

• Pros: Improves the address translation speed (spatial & 
temporal locality)



Revision - Picture Thus Far

 4

• Base & Bounds
• Pros: Very quick, 2 registers
• Cons: Contiguous block of memory -> fragmentation

• Segmentation
• Pros: Still relatively simple, 3 registers, lesser fragmentation
• Cons: Still contiguous block of memory for segment

• Paging
• Pros: Very low chances of segmentation
• Cons: Slow, lots of memory accesses; memory overhead/

process is huge!
• Paging + TLB

• Pros: Improves the address translation speed (spatial & 
temporal locality)

• Cons: Limited in size, memory overhead/process still huge
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• 32 bit address space with 16 KB pages
• 16 KB pages ->14 bits? 
• Remaining bits = 32 - 14 = 18

• 18 bit VPN
• # pages = 2^18

• 4 bytes per translation -> 4 * 2^18 MB = 1 MB/process

Revision - Reducing Memory Overheads of 
Paging

Solution 1: Increase the page size

Larger page size —> Fragmentation



 8

VA PA

Reducing Memory Overheads of Paging

Code

Heap

Stack



 9

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1



 9

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1



 9

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d



 10

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d



 10

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linear Page Table



 10

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linear Page Table



 10

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linear Page Table

Lookup = O(1)



 10

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linear Page Table

Lookup = O(1)
Space = 16*Size



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d Convert



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d Convert <0, 10>

<4, 23>



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linked List

Convert <0, 10>

<4, 23>



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linked List

Convert <0, 10>

<4, 23>



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linked List

Lookup = O(n) for n 

Convert <0, 10>

<4, 23>



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linked List

Lookup = O(n) for n 
valid pages (n<<16)

Convert <0, 10>

<4, 23>



 11

Reducing Memory Overheads of Paging
PFN Valid …
10 1 ..
- 0
- 0
- 0

23 1
- 0
- 0
- 0
- 0
- 0
- 0
- 0
- 0

28 1
4 1

W
as

te
d

Linked List

Lookup = O(n) for n 
valid pages (n<<16)
Space = n*Size

Convert <0, 10>

<4, 23>



 12

VA PA

W
as

te
d

Code

Heap

Stack

Reducing Memory Overheads of Paging



 12

VA PA

W
as

te
d

Code

Heap

Stack

Reducing Memory Overheads of Paging

How did we fill 
holes in PA 
space earlier?



 12

VA PA

W
as

te
d

Code

Heap

Stack

Reducing Memory Overheads of Paging

How did we fill 
holes in PA 
space earlier?



 12

VA PA

W
as

te
d

Code

Heap

Stack

Reducing Memory Overheads of Paging

How did we fill 
holes in PA 
space earlier?

1. Segmentation



 12

VA PA

W
as

te
d

Code

Heap

Stack

Reducing Memory Overheads of Paging

How did we fill 
holes in PA 
space earlier?

1. Segmentation
2. Paging



 13

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?
• PA where segment resided

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?
• PA where segment resided

• What would Base refer here?

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?
• PA where segment resided

• What would Base refer here?
• PA of PT for segment

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?
• PA where segment resided

• What would Base refer here?
• PA of PT for segment

• What would Bounds refer to here?

Reducing Memory Overheads of Paging - 
Segmentation + PT



 13

Idea: use different page tables for heap, stack, etc

• Each PT can be different size
• Each PT has base & bounds

• Base & Bounds stored in :
• MMU

• What did Base store in regular segmentation?
• PA where segment resided

• What would Base refer here?
• PA of PT for segment

• What would Bounds refer to here?
• Number of valid pages/End of page table

Reducing Memory Overheads of Paging - 
Segmentation + PT
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VPN

32 bit VA space with 4KB pages for 4 segments

OffsetSeg

VPN

32 bit VA space with 4KB pages

Offset

12 bits

2 bits
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• Pros:
• Leads to memory saving (Large gaps between 

segments)
• Cons:

• Uses segmentation
• Assumes certain usage pattern of address space
• Sparsely used segments (sub-segment internal 

fragmentation) have same space waste issue
• How to address this?

• LinkedList! Getting complex now.
• Variable size page tables —> Can lead to 

fragmentation

Reducing Memory Overheads of Paging - 
Segmentation + PT
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Idea: break PT itself into pages

• A Page Directory refers to pieces
• Only have pieces with >0 valid entries
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PT + PT (Multi-level Paging)
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• Multi-level paging allocates memory proportional to 
requirement
• Sparse address spaces well supported

• Previously, we needed 4 MB contiguous space for PT 
memory
• Now?

• Can place Page Tables anywhere in memory with 
multi-level paging…
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• Address space = 16 KB
• Bits needed = 14 bits

• Page size = 64 bytes (Offset)
• 6 bits

• # Pages = 2^(14-6) = 256 (VPN)
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30 bit VA space

21 bit VPN 9 bit Offset

14 bit PD Index 6 bit Offset7 bit PT Index

512 byte page, 4 byte PTE

128 PTE per page

7 bit PD2 
Index 6 bit Offset7 bit PT Index7 bit PD1 

Index
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VA PA
Code

Heap

Stack

Out of PA space

NO space found!

1. Fail - Kill 
the process

2. Create 
more space 
- Preserving 
memory 
contents
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Out of PA space - Virtualisation

1. Does the user know whether the PFN came from 
TLB or memory?

• No!
• Does the user even know if paging is used?

2. Should the user know if the page came from 
memory or TLB or disk?

• No!
• The last time the process used the virtual address, 

it behaved like memory.
• The next time the process uses the virtual address, 

it behaves like memory.
• In between, whatever data was stored at that 

address must be preserved.
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Swap in 
Disk —> Memory

Swap out 
Disk <— Memory

Done well : Memory as large as disk, as fast as RAM
Done bad : Memory as small as RAM, as slow as disk
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Disk

RAM

Cache

Registers

VPN

Page Fault

- Every page fault preceded by a TLB miss
- Every TLB miss does not generate a page fault


