
Locality of Reference

If a process access a memory location, then 
it is likely that 


the same memory location is going to be accessed 
again in the near future (temporal locality) 

nearby memory locations are going to be 
accessed in the future  (spatial locality)


90% of the execution of a program is sequential


Most iterative constructs consist of a relatively small 
number of instructions
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LRU: Least Recently Used
Replace page not referenced for the longest time
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Time 0 1 2 3 4 5 6 7 8 9 10 11 12

Trace a b c d a b

0 a a a a a a
1 b b b b b
2 c c c c
3 d d d

Faults X X X X √ √

Pa
ge

 F
ra

m
es

Process can use 4 frames 
(4 pages in memory)



LRU: Least Recently Used
Replace page not referenced for the longest time
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Time 0 1 2 3 4 5 6 7 8 9 10 11 12

Trace a b c d a b e

0 a a a a a a
1 b b b b b
2 c c c c
3 d d d

Faults X X X X √ √

Pa
ge

 F
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Process can use 4 frames 
(4 pages in memory)
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LRU: Least Recently Used
Replace page not referenced for the longest time
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Time 0 1 2 3 4 5 6 7 8 9 10 11 12

Trace a b c d a b e

0 a a a a a a a
1 b b b b b b
2 c c c c e
3 d d d d

Faults X X X X √ √ X

Pa
ge

 F
ra
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Process can use 4 frames 
(4 pages in memory)



LRU: Least Recently Used
Replace page not referenced for the longest time
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Time 0 1 2 3 4 5 6 7 8 9 10 11 12

Trace a b c d a b e a b c d e

0 a a a a a a a a a a a e
1 b b b b b b b b b b b
2 c c c c e e e e d d
3 d d d d d d c c c

Faults X X X X √ √ X √ √ X X X

Pa
ge

 F
ra

m
es

Process can use 4 frames 
(4 pages in memory)

8 page faults



Implementing LRU

On reference: timestamp each page

On eviction: scan for oldest page

Problems:


Large page lists

Timestamps are costly


Solution: approximate LRU

after all, LRU is already an approximation! (of OPT)

exploit Reference (R) bit



The Clock Algorithm
Organize pages in memory 
as a circular list


When page is referenced, 
set its reference bit R to 1


On page fault

if R = 1: clear R

else if R = 0: 


evict page pointed to

load new page

set R to 1


advance hand

1 4

Page 0

1 11 12

0 7

1 2

0 5

Page 4

Page 1

Page 5

Page 2

Page 3

R bit

frame #
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b

0 a a a a a
1 b b b b b
2 c c c c c
3 d d d d d

Faults

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b

0 a a a a a
1 b b b b b
2 c c c c c
3 d d d d d

Faults

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e
1 b b b b b b
2 c c c c c c
3 d d d d d d

Faults X

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e e
1 b b b b b b b
2 c c c c c c c
3 d d d d d d d

Faults X

Pa
ge

 F
ra

m
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1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e e e
1 b b b b b b b b
2 c c c c c c c a
3 d d d d d d d d

Faults X

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e e e e
1 b b b b b b b b b
2 c c c c c c c a a
3 d d d d d d d d d

Faults X

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e e e e e
1 b b b b b b b b b b
2 c c c c c c c a a a
3 d d d d d d d d d c

Faults X

Pa
ge

 F
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1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d
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Clock Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Trace c a d b e

0 a a a a a e e e e e d
1 b b b b b b b b b b b
2 c c c c c c c a a a a
3 d d d d d d d d d c c

Faults X X

Pa
ge

 F
ra

m
es

1 a
1 b
1 c
1 d

Page table entries

for resident pages

Hand clock:

1 e
0 b
0 c
0 d

 152
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1 e
0 b
1 a
0 d

b
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1 e
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1 d
0 b
0 a
0 c



The Second Chance Algorithm
Dirty pages get “second 
chance” before eviction


replacing dirty pages 
is expensive!

1 1 4

Page 0

0 1 11 1 12

0 0 7

0 1 2

1 0 5

Page 4

Page 1

Page 5

Page 2

Page 3

R bit frame #

R dirty
0 0
1 0
0 1
1 1

R dirty
replace page

0 0
0 0*
0 1

Before 

Clock sweep

After 

Clock sweep
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* = remember when evicted must be saved to disk!

dirty 
bit



Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests

0 a
1 b
2 c
3 d

Faults

Pa
ge

 F
ra

m
es

10 a
10 b
10 c
10 d

Page table entries

for resident pages

Hand clock:
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw

0 a a a a a
1 b b b b b
2 c c c c c
3 d d d d d

Faults
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 F
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10 a
10 b
10 c
10 d

Page table entries

for resident pages

Hand clock:

11 a
11 b
10 c
10 d
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw e

0 a a a a a a
1 b b b b b b
2 c c c c c e
3 d d d d d d

Faults
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10 b
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Page table entries

for resident pages

Hand clock:

11 a
11 b
10 c
10 d
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw e

0 a a a a a a a
1 b b b b b b b
2 c c c c c e e
3 d d d d d d d
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11 a
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw e b

0 a a a a a a a
1 b b b b b b b
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11 a
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw e b aw

0 a a a a a a a a
1 b b b b b b b b
2 c c c c c e e e
3 d d d d d d d d
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Page table entries

for resident pages

Hand clock:
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
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for resident pages

Hand clock:
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
Requests c aw d bw e b aw b c
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1 b b b b b b b b b b
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Page table entries

for resident pages
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Second Chance 

Page Replacement

Time 0 1 2 3 4 5 6 7 8 9 10
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1 b b b b b b b b b b d
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Page table entries

for resident pages

Hand clock:
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Time 0 1 2 3 4 5 6 7 8 9 10 11 12
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Back to 

Belady’s Anomaly
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3 frames:

9 page faults
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Taming Belady:

Stack Page Replacement Policies

Given m frames for trace r, let M(m,r) be the 
set of virtual pages in physical memory

A stack page replacement policy has the 
property that, for all number of frames m 
and for all traces r

M(m,r) is a subset of M(m+1, r)

Stack page replacement policies do 
not suffer from Belady’s anomaly:
more frames —> not more misses
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FIFO: m=3 vs m=4
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Theorem: Stack Property 
holds for LRU and MRU
By definition:


For LRU: M(m+1,r) contains m most frequently 
used frames, so M(m,r) is a subset of M(m+1,r)


A similar argument holds for MRU, LFU



Theorem: Stack Property 
holds for OPT

Proof is non-trivial!

You can find more in the paper that introduced 
the notion of stock replacement policies

R.L. Mattson, J. Gecsei, D.R. Slutz, and I. L. Traiger,

“Evaluation Techniques for Storage Hierarchies” in

IBM Systems Journl, vol. 9, no. 2, pp. 78-117, 1970



Local vs. Global  
Page Replacement

Local: processes select victim among frames 
allocated to them


Can lead to under utilization

Global: Select any frame, even if allocated to 
another process


Processes lose control over their own 
page fault rate
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Brother, can you  
spare a frame?

Time 0 1 2 3 4 5 6 7 8 9 10 11 12

Trace a b c d a b c d a b c d

0 a a a d d d c c c b b b

1 b b b a a a d d d c c

2 c c c b b b a a a d

Faults X X X X X X X X X X X X X

FI
FO
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Brother, can you  
spare a frame?

Time 0 1 2 3 4 5 6 7 8 9 10 11 12
Trace a b c d a b c d a b c d

0 a a a a a a a a a a a a
1 b b b b b b b b b b b
2 c c c c c c c c c c
3 d d d d d d d d d

Faults X X X X X

FI
FO
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What’s not to like?

Global page replacement can use more 
efficiently a limited pool of frames…

… but processes lose control over their own 
page fault rate

 How can we manage global replacement to 
minimize page faults?  
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Back to basics: physical 
memory as a cache

Demand paging enables frames to cache part 
of a process VA space

If the cache is large enough, hit ratio is high 


few page faults


 What if there aren’t enough frames to go 
around?


should decrease degree of multiprogramming

a swapped out process can then release its 
frames
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Instead, if we are not 
careful…

When not enough frames...

high page fault rate leads to low CPU utilization

OS may increase degree of multiprogramming!
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Instead, if we are not 
careful…

When not enough frames...

high page fault rate leads to low CPU utilization

OS may increase degree of multiprogramming!


Thrashing

process spends all its             
time swapping pages               
in and out

 174

Degree of Multiprogramming
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Why 
“thrashing”?

“Thrash” dates from the 
1960’s, when disk drives 
were as large as washing 
machines. If a program’s 

working set did not fit in 
memory, the system would 
need to shuffle memory 

pages back and forth to disk. 
This burst of activity would 

violently shake the disk 
drive.

http://royal.pingdom.com/2008/04/08/the-history-of-computer-
data-storage-in-pictures/

The first hard disk drive: 
IBM Model 350 Disk File 

(came w/IBM 305 RAMAC) 
1956  

Total storage =  
5 million characters  
(just under 5 MB).



Locality of Reference

If a process access a memory location, then 
it is likely that 


the same memory location is going to be accessed 
again in the near future (temporal locality) 

nearby memory locations are going to be 
accessed in the future  (spatial locality)


90% of the execution of a program is sequential


Most iterative constructs consist of a relatively small 
number of instructions
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Tracking Locality

When a process executes it moves from locality 
(set of pages used together) to locality


the size of the process’ locality (a.k.a. its 
working set) can change over time


Goal: track the size of the process’ working set, 
dynamically acquiring and releasing frames as 
necessary
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The Working Set Model
Choose Δ page references as WS sliding window


track WS for the last Δ page references


WSSi = # of distinct pages referenced by    in 
latest Δ references

Δ too small does not cover locality 

Δ too large covers many localities 


Thrashing if    WSSi > # frames

if so, swap out one of the processes; free its frames


If enough free frames, increase degree of 
multiprogramming

Σi
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Approximating the 
Working Set

Keep a k-bit tag in each page table entry (say, 2 bits)

Set a timer interrupt to fire every Δ/k page references


if Δ = 10,000, then every 5000 references

can tell if page references in the last 15,000 references (2 bits + ref bit)


On interrupt

Shift tag right one bit

Copy REF bit in tag’s leftmost bit and clear REF

Add to a free list any page whose tag is zero


When a frame is needed, use the free list

if free list is empty, pick any frame

Note: Must scan 
all frames!



Working Sets and 

Page Fault Rates 

As the working set changes, the 
page fault rate increases


a steep increase in the page 
fault rate indicates a shift in 
locality, which may require a 
different WS


Idea: Change the number of frames 

as long as the working sets of all processes that are 
currently in memory does not exceed the size of 
physical memory, no thrashing

allocated to a process in response to changes to its PF rate 



Keep time       of last page fault

On page fault:


if                      ,  then unmap all pages 
not  referenced in 

else add faulting page to the working set

PFF (Page Fault 
Frequency) Algorithm 
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threshold

[tlast, tcurrent]

<latexit sha1_base64="iM8p6DnQdMl1TQGt/DGG5WNf5yo=">AAACBnicdVDLSgMxFM34rPU16lKQYBFdSJmxRbuz4MZlC/YB7TBk0rQNzTxI7gildCm48VfciOhCwaW/4Dfoxj8w0ypYHwcCl3POzb3nepHgCizrxZianpmdm08tpBeXlldWzbX1qgpjSVmFhiKUdY8oJnjAKsBBsHokGfE9wWpe7yTRa+dMKh4GZ9CPmOOTTsDbnBLQlGvuNsAdNH0CXQ5YEAXDffyNobGULICh45oZO2uNgP8vMsfvrxdb9+W3kms+N1shjX3dTfW/qmFbETgDIoFTwYbpZqxYRGiPdNhgFGOIdzTVwu1Q6hfo2Qk74SO+Un3f085kPfVTS8i/tEYM7YIz4EEUAwvoeFA7FhhCnNwEt7hkFERfF4RKrjfEtEskoaAvl9bRrWzuMG/nLPy7+IpePcja+WyhbGWKBTRGCm2ibbSHbHSEiugUlVAFUXSFbtADejQujWvj1rgbW6eMz54NNAHj6QMmhJ4W</latexit>

tcurrent � tlast > ⌧

<latexit sha1_base64="pJoRsOLObWJDyY8xZnqlL+DDXlw=">AAACDHicdZDJSgNBEIZ74hbjFvUoSGMQvCTMmKA5acCLxwTMApkQejqdpEnPQneNEIYcvXrxVTwo4kVBfAWfQS++gT2JgnEpaPj5qrqq/nICwRWY5ouRmJmdm19ILqaWlldW19LrGzXlh5KyKvWFLxsOUUxwj1WBg2CNQDLiOoLVncFJnK+fM6m4753BMGAtl/Q83uWUgEbtdBbake0S6HPANJSSeTDCWfyNCqI0OsI2kLCdzlg5cxz4f5E5fn+92L6pvJXb6We749PQ1W2pbqSalhlAKyISOBVslLJDxQJCB6THorGZEd7VqIO7vtTP00vFdKqOuEoNXUdXxhuqn7kY/pVrhtAttiLuBSEwj04GdUOBwcfxZXCHS0ZBDLUgVHK9IaZ9IgkFfb+Utm7m8gcFK2/i3+LLem0/ZxVyxYqZKRXRJJJoC+2gPWShQ1RCp6iMqoiiK3SLHtCjcWlcG3fG/aQ0YXz+2URTYTx9AK3Xn98=</latexit>

tlast

<latexit sha1_base64="S5piPM06rgi21+RoWZuWDJZPOaM=">AAAB73icdVDLSgMxFM3UV62vUZeCBIvgqszYot1ZcOOyBfuAtgyZNNOGZh4mdwpl6NJvcCPiRsE/8BP8Bb9BN/6BmVYX9XEgcDjn5uacuJHgCizr1cgsLC4tr2RXc2vrG5tb5vZOQ4WxpKxOQxHKlksUEzxgdeAgWCuSjPiuYE13eJ76zRGTiofBJYwj1vVJP+AepwS05JgmOEnHJzDggAVRMHHMvF2wpsD/k/zZx9v1/nPtveqYL51eSGOfBUD1BtW2rQi6CZHAqWCTXCdWLCJ0SPosmead4EMt9bAXSn0CwFN1bo74So19V0+m0dRPLxX/8toxeOVuwoMoBhbQ2UNeLDCEOC2Pe1wyCmKsCaGS64SYDogkFPQX5XR1q1A8KdlFC/8m39UbxwW7VCjXrHyljGbIoj10gI6QjU5RBV2gKqojikboFj2gR+PKuDHujPvZaMb4urOL5mA8fQLT1pRb</latexit>
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<latexit sha1_base64="7iMWY3CZvrynedETn8q4u5HGsaw=">AAAB73icjVDLSgNBEOyNrxhfUY9eBoPgKeyGEL0IQS8eI5gHJEuYncwmQ2Zn15leISz5CS8eFPHq73jzb5w8DioKFjQUVd10dwWJFAZd98PJrayurW/kNwtb2zu7e8X9g5aJU814k8Uy1p2AGi6F4k0UKHkn0ZxGgeTtYHw189v3XBsRq1ucJNyP6FCJUDCKVur0kKbkglT6xZJXducgf5MSLNHoF997g5ilEVfIJDWm67kJ+hnVKJjk00IvNTyhbEyHvGupohE3fja/d0pOrDIgYaxtKSRz9etERiNjJlFgOyOKI/PTm4m/ed0Uw3M/EypJkSu2WBSmkmBMZs+TgdCcoZxYQpkW9lbCRlRThjaiwv9CaFXKXq1cvamW6pfLOPJwBMdwCh6cQR2uoQFNYCDhAZ7g2blzHp0X53XRmnOWM4fwDc7bJ80Rjys=</latexit>

⌧ = 2


