
Page Replacement 
Algor ithms

Demand Paging

Load pages in memory only on page f ault

Find locat ion of de sired page on disk

Find a fr ee fr ame
if o ne is available, use it
othe rwise, use a page r eplacement a lgor ithm 

select a vict im among act ive mappings
fr ee cor responding fr ame, and load new 
page in i t
local vs. global vict im select ion

Restar t!

How do we pi ck a vi ct im?

We want: 

low page f ault -r ate

page f aults a s inexpensive as possible

We need:

a way t o compare the relat ive perf or mance 
of di f f erent pa ge r eplacement a lgor ithms

some absolute not ion of w hat a ÒgoodÓ page 
replacement a lgor ithm should accomplish

Compar ing Page 
Replacement Algor ithms

Record a tr ace of the pa ges accessed by a 
process

E.g. 3,1,4,2,5,2,1,2,3,4 or  c,a,d,b,e,b,a,b,c,b

Simulate behavior of pa ge r eplacement 
algor ithm on the tr ace and r ecord the 
number of pa ge f aults g enerated



Opt imal Page Replacement

Replace page needed fu r the st in fu tu re
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FIFO Replacement

Replace pages in the o rder the y come int o memory
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Assume:

a @ -3
b @ -2
c @ -1
d @ 0
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For e xample...

3 fr ames - 9 pa ge f aults!
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BeladyÕs Anomaly

4 fr ames - 10 pa ge f aults!
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+ Frames
- Page Faults?

Yes, but o nly f or stack page r eplacement p olicies, tha t 
assign a pr ior ity t o a page tha t is independent of the 
number of pa ge fr ames
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LRU: Least Re centl y Used

Replace page not r eferenced f or the l ongest t ime
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Implement ing LRU

Maintain a ÒstackÓ of r ecentl y used pages 
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Implement ing LRU

Add a (64 -bit ) 
t imestamp to 
each page t able 
entr y

HW counter 
incremented on 
each instr uct ion

Page t able entr y 
t imestamped with 
counter w hen 
referenced

Replace page with  
lowest t imestamp

Implement ing LRU

Add a (64 -bit ) 
t imestamp to 
each page t able 
entr y

HW counter 
incremented on 
each instr uct ion

Page t able entr y 
t imestamped with 
counter w hen 
referenced

Replace page with  
lowest t imestamp

Approximate LRU thr ough aging
keep a k- bit t ag in each t able entr y

on every c lock t ick, shif t r ight o ne bit

copy R bi t in mo st sig niÞcant bi t

replace page with l owest t ag
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The Clock Algor ithm

Organize pages in 
memory as a cir cular l ist

When page is 
referenced, set i ts 
reference bit R t o 1

On page f ault

if R = 0: e vict the 
page

if R = 1: c lear r

advance hand
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Clock Page Replacement
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The Second Chance Algor ithm

Dirty pa ges get Òsecond 
chanceÓ before evict ion

replacing dir ty pa ges 
is expensive!
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Clock Page Replacement
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Local vs. Global 
Page Replacement

Local: Select vi ct im only among allocated 
fr ames

Equal o r p roport ional fr ame allocat ion

Global: Select an y fr ee fr ame, even if 
allocated t o anothe r p rocess

No contr ol over pa ge f ault r ate

Brothe r, can you 
spare a fr ame?
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Brothe r, can you 
spare a fr ame?

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

Requests a b c d a b c d a b c d
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So, whatÕs wrong with gl obal r eplacement?

A Vicious Cycle
When not en ough fr ames...

high page f ault r ate

low CPU ut ilizat ion

OS may increase degree of m ult iprogramming!

A Vicious Cycle
When not en ough fr ames...

high page f ault r ate

low CPU ut ilizat ion

OS may increase degree of m ult iprogramming!

Thrashing

process spends all i ts ! ! ! ! ! ! ! ! ! !   
t ime swapping pages!! ! ! ! ! ! ! ! ! ! !    
in and out

Degree of Mu lt iprogramming
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The Pr inciple of Lo cality

90% of the e xecut ion of a p rogram is 
sequent ial

Most i t erat ive constr ucts c onsist of a 
relat ively small n umber of ins tr uct ions

When processing large data str uctu res the 
dominant c ost is sequent ial p rocessing on 
individual str uctu re elements

Locality c an be both spat ial and t emporal



The Working Set M odel

Choose ! page r eferences as WS window

WSSi = # of pa ges referenced by    in l at est !

! t oo small: does not c over l ocality

! t oo large: covers many l ocalit ies

Thrashing if    WSSi > # fr ames

if so, suspend one of the p rocesses

which one?

pi
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WS Page Replacement 
! = 4
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Comput ing the WS

Use inter val t imer  , the R bi t, and   e xtr a bits  
per pa ge

 

When   el apses, shif t   bi ts r ight, copy R bi t in 
MSB and r eset R bi t

If o ne of the    bi ts is 1, the c or responding 
page is in WS

Sensit ivity ?

!

! = ! ×k

k

k

! k



When t oo high, increase WS; decrease when 
t oo low.

Keep t ime       of l ast pa ge f ault

On page f ault:

if                       , then unmap all pages not 
referenced in [                 ]

else add f ault ing page t o the w orking set

Tracking Page 
Fault F requency

tlast

tcurrent ! t last > τ
!

t last − tcurrent

PFF Page Replacement
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