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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



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Present

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Present

Swap out VPN =10



Swapping Out

 3

Code

Heap

Stack

Address space

VPN PFN

10 30

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Present

Swap out VPN =10



Swapping Out

 4

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|Disk|Absent



Swapping in

 5

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent



Swapping in

 5

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10



Swapping in

 6

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10



Swapping in

 6

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10



Swapping in

 6

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10

TLB Miss



Swapping in

 7

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10



Swapping in

 7

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10



Swapping in

 7

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10 Page fault



Swapping in

 8

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10 Page fault



Swapping in

 8

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10 Page fault



Swapping in

 8

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10 Page fault



Swapping in

 8

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|30|Absent

LOAD VA 10 Page fault



Swapping in

 9

Code

Heap

Stack

Address space

VPN PFN

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|90|Present

LOAD VA 10 Page fault



Swapping in

 10

Code

Heap

Stack

Address space

VPN PFN

10 90

23 40

40 50

50 30

Physical Memory

TLB

Disk
PTE 

10|90|Present

LOAD VA 10 Page fault



Page Replacement Policies - Optimal 
Replacement 

 11

Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 3 pages
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Optimal strategy: evict pages to be accessed furthest in future 
—> Fewest possible cache misses 

Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 3 pages
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Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 4 pages
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Strategy: evict pages based on FIFO

Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 4 pages
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Workload (page): 1, 2, 3, 4, 1, 2, 5, 1, 2, 3, 4, 5 
Cache size/Physical memory size: 3 pages/4 pages

Cache size: 3 Cache size: 4
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Acces
s

Hit State
1 Miss 1
2 Miss 2, 1
3 Miss 3, 2, 1
4 Miss 4, 3, 2
1 Miss 1, 4, 3
2 Miss 2, 1, 4
5 Miss 5, 2, 1
1 Hit 5, 2, 1
2 Hit 5, 2, 1
3 Miss 3, 5, 2
4 Miss 4, 3, 5
5 Hit 4, 3, 5

Workload (page): 1, 2, 3, 4, 1, 2, 5, 1, 2, 3, 4, 5 
Cache size/Physical memory size: 3 pages/4 pages

Cache size: 3 Cache size: 4
Acces

s
Hit State

1 Miss 1
2 Miss 2, 1
3 Miss 3, 2, 1
4 Miss 4, 3, 2, 1
1 Hit 4, 3, 2, 1
2 Hit 4, 3, 2, 1
5 Miss 5, 4, 3, 2
1 Miss 1, 5, 4, 2
2 Miss 2, 1, 5, 4
3 Miss 3, 2, 1, 5
4 Miss 4, 3, 2, 1
5 Miss 5, 4, 3, 2

Belady’s anomaly
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Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 4 pages
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Random strategy: randomly evict pages

Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 4 pages
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Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 3 pages



Page Replacement Policies -History based (LRU 
and LFU)
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Workload (page): 1,2,3,4,1,2,3,4,3,2,1 
Cache size/Physical memory size: 3 pages

Strategy:  
1. Least frequently used - evict least frequently used page 
2. Least recently used -  evict least recently used page
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LRU implementation

 16

• On each access, update time of page
• When looking for eviction:

• Search for all candidate sets (millions of pages)
• Find least recently used

• Huge overhead!
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• On each access, set reference bit for page



LRU implementation (Appx - Clock Hand Algo)
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• On each access, set reference bit for page
• Clock algorithm - look for nearest page without set 

reference bit



LRU implementation (Appx - Clock Hand Algo)

 18

0 1 2 3 ….Physical  
Memory

use=1 use=1 use=0 use=1

Clock Hand



LRU implementation (Appx - Clock Hand Algo)

 19

0 1 2 3 ….Physical  
Memory

use=0 use=1 use=0 use=1

Clock Hand



LRU implementation (Appx - Clock Hand Algo)

 20

0 1 2 3 ….Physical  
Memory

use=0 use=0 use=0 use=1

Clock Hand



LRU implementation (Appx - Clock Hand Algo)
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0 1 2 3 ….Physical  
Memory

use=0 use=0 use=0 use=1

Clock Hand

Evict Page 2: Not recently used
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0 1 2 3 ….Physical  
Memory

use=1 use=0 use=0 use=1

Clock Hand

Page 0 is accessed
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0 1 2 3 ….Physical  
Memory

use=0 use=0 use=0 use=0

Clock Hand



LRU implementation (Appx - Clock Hand Algo)
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0 1 2 3 ….Physical  
Memory

use=0 use=0 use=0 use=0

Clock Hand

Evict Page 1: Not recently used
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• Assume page is both on disk and RAM
• Do we have to write the evicted page to disk?

• If page is clean?
• NO!

• If page is dirty?
• Yes!
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• When to swap in?
• Demand paging: swap in when needed
• Prefetching: swap in a page ahead of demand 

(anticipating demand)
• When likely?

• Code page P brought to memory, P+1 also 
likely

• When to write to disk
• One at a time
• Clustered writes - preferred - 1 large write quicker 

than multiple smaller writes
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Free space management
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• Advantage of paging:
• Fixed size units. Easier to maintain free space.

• Non-fixed size units used where?
• Segmentation
• Malloc?
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Malloc & Free
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• Interface of malloc and free
• Malloc takes size as argument —> returns pointer
• Free takes a pointer and frees the corresponding 

chunk
• Does not provide the size! How does it know the 

size?
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Free Used Free

0 10 20 30

Request for 15 bytes will fail

Heap
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Free Used Free
10 20 300

Heap

Free list



Free list
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Free Used Free
10 20 300

Heap

Addr: 0 
Len:10

Addr: 20 
Len:10Head Null

Free list
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Free Used Free
10 20 300

Addr: 0 
Len:10

Addr: 20 
Len:10Head Null
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 34

Free Used Free
10 20 300

Request 1 byte

Addr: 0 
Len:10

Addr: 20 
Len:10Head Null

Addr: 0 
Len:10

Addr: 21 
Len: 9Head Null

After
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Addr: 0 
Len:10

Addr: 20 
Len:10Head Null

Addr: 0 
Len:10

Addr: 20 
Len: 10Head Null

Addr: 10 
Len:10

Free 10 bytes

Coalesce
Addr: 0 
Len:30Head Null
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Tracking size of allocations

 36

• Freeing —> give space back to heap

Ptr
Header used by malloc library

Space returned to the caller

HPtr Size
Magic #
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Space returned to the caller

Size
Magic #

Previous allocation  
should end here
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Space returned to the caller

Size
Magic #

But, instead ends here …



Why magic numbers?
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Space returned to the caller

Size
Magic #

assert(hptr->magic == 2939239)
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Let’s use hexdump
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Size: 4088

Next: NULL
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Size: 4088

Next

After 1 
 allocation
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Size: 3980

Next=NULL
After 1 

 allocation

VA = 16K

Head

Free 3980 bytes  
chunk

100 bytes  
Allocated

Size: 100

Magic: …
Ptr
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Size: 3764
Next=NULL

After 3 
Allocations

VA = 16K

Head Free 3764 bytes  
chunk

100 bytes  
Allocated

Size: 100

Magic: …

Ptr

100 bytes  
Allocated

100 bytes  
Allocated

Size: 100
Magic: …

Size: 100
Magic: …
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Size: 3764
Next=NULL

Freeing an 
allocation

VA = 16K

Head Free 3764 bytes  
chunk

100 bytes  
Allocated

Size: 100

Magic: …

Ptr

100 bytes  
Allocated

100 bytes  
Allocated

Size: 100
Magic: …

Size: 100
Magic: …

Want to free
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Size: 3764
Next=NULL

Freeing an 
allocation

VA = 16K

Head Free 3764 bytes  
chunk

100 bytes  
Allocated

Size: 100

Magic: …

Ptr

100 bytes  
Allocated

100 bytes  
Allocated

Size: 100
Magic: …

Size: 100
Magic: …

Want to free

Free(16K + 
 8 + 100 + 8) 
 = Free(16384 + 
 116) 
 = Free(16500)
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Size: 3764
Next=NULL

Freeing an 
allocation

VA = 16K

Head

Free 3764 bytes  
chunk

100 bytes  
Allocated

Size: 100

Magic: …

100 bytes  
Free

100 bytes  
Allocated

Size: 100
Next: 16708

Size: 100
Magic: …
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10Head Null30 20Before

Best Fit

Allocate 15 bytes

Worst Fit

First Fit

Next Fit

10Head Null30 5
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10Head Null15 20

10Head Null30 5

Exhaustive  
search

Exhaustive  
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10Head Null30 20Before

Best Fit

Allocate 15 bytes

Worst Fit

First Fit

Next Fit

10Head Null30 5

10Head Null15 20

10Head Null15 20

10Head Null30 5

Exhaustive  
search

Exhaustive  
search

Quicker 
search

Search pointer

Quicker 
search + 
Spread 
out
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Assume free list = 2^N 
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• Pros: Can transparently handle more memory than PA space 
• Policies: to optimise what to keep in cache

• Free space managament



Next time —> Memory Virtualisation in Linux 
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