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Storage M anagement

Chapter 9: Virtual Memory




Observations

dTheentire program doesnot haveto bein
memory, because

“*error handling codes are not frequently used

“rarrays, tables, large data structuresare
allocated memory mor e than necessary and
many partsarenot used at the sametime

“*some options and cases may be used rarely

If they are not needed, why must they bein
memory?



Benefits

dProgram length isnot restricted to real

memory size.
belarger than

JCan run more

That is, virtual addr ess size can

ohysical address size.

Or ograms because those space

originally allocated for the un-loaded parts can
be used by other programs.

dSave load/swap I/O time because we do not
have to load/swap a complete program.



Virtual Memory

dVirtual memory isthe separation of user logical
memory from physical memory.

dThispermitsto have extremely large virtual
memory, which makes programming large
systems much easier to use.

J Because pages can be shared, thisfurther
Improves performance and save time.

dVirtual memory iscommonly implemented
with demand paging, demand segmentation or
demand paging+segmentation.
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Address Translation

dThetrandation from a virtual addressto a physical
addressisthe same aswhat a paging system does.

JHowever, thereisan additional check. If thepageis
not in physical memory (i.e., thevalid bit isnot set),
a page fault (i.e., atrap) occurs.

1f apage fault occurs, we need to do the following:

“*Find an unused page frame. |f no such page
frame exists, a victim must be found and evicted.

“*Writetheold page out and load the new pagein.
“*Update both page tables.
*Resumetheinterrupted instruction.



Details of Handling a Page Fault

Trap to the OS /[ a context switch occurs
Make sure it Is a page fault;

If the address is not a legal one then

address error, return
Find an unused page frame // page replacement algorithm
Write the page back to disk // page out
Load the new page from disk // page in
Update both page tables /[ two pages are involved!
Resume the execution of the interrupted instruction



Hardware Support

dPage T

able Base Register, Page Table Length

Register, and a Page Table.

d Each entry of the page table must have a
valid/invalid bit. Valid meansthat that pageis
In physical memory. Theaddresstranglation
har dwar e must recognize this bit and generate

a page
] Secono
1 Other

fault iIf the valid bit Isnhot set.
ary Memory: use a disk.
nar dwar e components may be needed

and wi

| be discussed later in this chapter.



Too Many Memory Accesses?!

J Each addressreference may cause at least two
memory accesses, one for pagetablelook up
and the other for accessing theitem. It may be
worse! See below:

A

How many memory accesses are there?
 ADD A B c | Maybemorethan eight!




Performance Issue: 1/2

dLet pbetheprobability of a page fault, the page
fault rate, O£ p £ 1.

 The effective accesstimeis
(1-p)* memory accesstime + p*page fault time

JThe page fault rate p should be small, and
memory accesstime is usually between 10 and 200
nanoseconds.

1 To complete a page fault, three componentsare
Important:

“*Servethe page-fault trap
“*Read In the page, a bottleneck
‘*Restart the process



Performance Issue: 2/2

d Suppose memory accesstime is 100 nanoseconds,
paging requires 25 milliseconds (softwar e and
hardware). Then, effective accesstimeis

(1-p)* 100 + p* (25 milliseconds)
= (1-p)* 100 + p* 25,000,000 nanoseconds
= 100 + 24,999,900* p nanoseconds

If the page fault rate s 1/1000, the effective access
timeis 25,099 nanoseconds = 25 microseconds. It is
250 times dower!

dIf wewish it isonly 10% slower, effective access
timeisno morethan 110 and p=0.0000004.



Three Importa

nt Issues in V.M.

A pagetablecan bevery large. If an address
has 32 bitsand page sizeis4K, then thereare
232[212=220=(210)2= 1M entriesin a pagetable per

process!

dVirtual to physical ac
fast. Thisisdonewit

dresstrandation must be
n TLB.

d Pagereplacement. W

nen a page fault occurs and

thereisno free page frame, a victim page must
be selected. If thevictim isnot selected
properly, system degradation may be high.



Page Table Size

virtual address

index 1 index 2 index 3 offset

page table 8 6 6
baseregister | | |
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Other pagetableswillbe | pfgftfbl_e_

paged_in when they are May bein virtual memory
referred to.




Page Replacement: 1/2

A Thefol
+*FIno

+*FInd

owing isa basic scheme
thedesired page on the disk
a free page framein physical memory

*|f thereisafreepageframe, useit

= |f thereisno free page frame, use a page-
replacement algorithm to find a victim page

= Writethisvictim page back to disk and
change the page table and page frametable

“*Read thedesired page into the frame and
update page table and page frametable

‘*Restart theinterrupted instruction



Page Replacement: 2/2

If thereisno free page frame, two page transfers
(.e., page-in and page-out) arerequired.

JA modify bit may be added to a pagetable entry.
Themodify bit Isset If that page has been modified
(1.e, storing infointoit). Itisinitialized to O when a
pageis brought into memory.

dThus, if apageisnot modified (i.e.,, modify bit = 0),
It does not haveto bewritten back to disk.

d Some systems may also have areference bit. When
a pageisreferenced (i.e.,, reading or writing), Iits
referencebit isset. Itisinitialized to O when a page
IS brought in.

dBoth bitsare set by hardwar e automatically.



Page Replacement Algorithms

dWe shall discussthe following page r eplacement
algorithms:

*First-In-First-Out - FIFO
*ThelLeast Recently Used —LRU

*The Optimal Algorithm

*The Second Chance Algorithm

’__

»»The Clock Algorithm

dThefewer number of page faultsan algorithm
generates, the better thealgorithm it is.

J Page replacement algorithmswork on page
numbers. A string of such page numbersis
referred to asapage reference string.
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The FIFO Algorithm

dTheFIFO algorithm always selectsthe “ oldest”
pageto bethevictim.
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Belady Anomaly

dIntuitively, increasing the number of page frames
should reduce page faults.

dHowever, some page replacement algorithms do not
satisfy this*intuition.” The FIFO algorithm isan
example.

dBelady Anomaly: Page faultsincrease asthe
number of page frames increases.

JFIFO wasused in DEC VAX-78xx series because it
IS easy to Implement: append the new pagetothe
tail and select the head to be a victim!



The LRU Algorithm: 1/2

dTheLRU algorithm always selects the page that

has not been used for the longest period of time.
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The LRU Algorithm: 2/2

L Thememory content of 3-framesis a subset of the memory
content of 4-frames. Thisistheinclusion property. With
thisproperty, Belady anomaly never occurs.
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The Optimal Algorithm: 1/2

dTheoptimal algorithm always selectsthe page that
will not be used for the longest period of time.
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The Optimal Algorithm: 2/2

dTheoptimal algorithm always deliversthe fewest
page faults, if it can be implemented. It also satisfies
theinclusion property (i.e., no Belady anomaly).
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LRU Approximation Algorithms

JdFIFO has Belady anomaly, the Optimal algorithm
requiresthe knowledge in the future, and the LRU
algorithm requires accur ate info of the past.

dTheoptimal and LRU algorithms are difficult to
Implement, especially the optimal algorithm.
Thus, LRU approximation algorithms ar e needed.
We will discussthree:
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The Second-Chance Algorithm: 1/3

JThe second chance algorithm isbasically a FIFO
algorithm. It usesthereference bit of each page.

dWhen a page frameis needed, check the oldest one;
If itsreferencebit i1s0, takethisone

+Otherwiseg, clear thereference bit, moveit tothe
tail, and (perhaps) set thecurrent time. This
gives it a second chance.

J Repeat this procedure until aOreference bit pageis
found. Do page-out and page-in If necessary, and
move it to thetalil.

dProblem: Page frames are moved too frequently.



The Second-Chance Algorithm: 2/3
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The Second-Chance Algorithm: 3/3
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The Clock Algorithm: 1/2

1f the second chance algorithm isimplemented
with a circular list, we have the clock algorithm.

dWeneed a“next” pointer.

dWhen a page frameis needed, we examinethe
page under the“ next” pointer:

lfitsreferencebit IsO, take it

<+ Otherwise, clear thereference bit and advance
the“next” pointer.

dRepeat thisuntil a O reference bit frameisfound.
d Do page-in and page-out, if necessary



The Clock Algorithm: 2/2
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Enhanced Second-Chance Algorithm: 1/5

dWe have four pagelists based on their reference-
modify bits(r,c):
Q00 - pages were not referenced and not
modified. The best candidates!

Q01 - pages wer e changed but not recently
referenced. Need a page-out.

Q10 - pages wererecently used but clean.

Q11 - pages wer e recently used and modified.
Need a page-out.



Enhanced Second-Chance Algorithm: 2/5

dWestill need a* next” pointer.
dWhen a page frame s needed:

*Doesthe“next” frame has 00 combination? If
yes, victim isfound. Otherwise, reset the
reference bit and movethispagetothe
corresponding list.

“*1f Q00 becomes empty, check QO01. If thereisa
framewith 01 combination, it isthe victim.
Otherwise, reset thereference bit and movethe
frameto the corresponding list.

“*1f Q01 becomes empty, move Q10 to Q00 and
Q11to QO1. Restart the scanning process.



Enhanced Second-Chance Algorithm: 3/5

Q00 Q01
1 11| [s 10
2 10 6 11
3 11 7 10
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Q10 Q11
8 11 10 11
9 11 11 11
12 11

Q10 Q11
8 11 10 11
N 111 11 11

2 00|: 1142 .. 111
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3 01
4 01




Enhanced Second-Chance Algorithm: 4/5

Q00 Q01 Q10 011
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Other Important Issues

d Global vs. Local Allocation

L ocality of Reference

1 Thrashing

dTheWorking Set M odel

dTheWorking Set Clock Algorithm

1 Page-Fault Freguency Replacement Algorithm




Global vs. Local Replacement

d Global replacement allows a processto select a
victim from the set of all page frames, even if the
page frameiscurrently allocated to another process.

L ocal replacement requiresthat eac

N process selects

avictim from its own set of allocated frames.

dWith ag
allocatec
local rep

obal replacement, the num

ner of frames

to a process may change over time. With a
acement algorithm, it islikely a constant.



Global vs. Local: A Comparison

dWith a global replacement algorithm, a process cannot
control itsown page fault rate, because the behavior of
a process depends on the behavior of other processes.
The same processrunning on a different system may
have a totally different behavior.

dWith alocal replacement algorithm, the set of pages of
a processin memory is affected by the paging behavior
of that processonly. A processdoesnot havethe
opportunity of using other less used frames.
Performance may be lower.

d With a global strategy, throughput isusually higher,
and iscommonly used.




Locality of Reference
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dDuring any phase
of execution, the
processreferences
only arelatively
small fraction of
pages.



Thrashing

A high paging activity iscalled thrashing. This
means a process is spending mor e time paging
than executing (i.e., low CPU utilzation).

dIf CPU utilization istoo low, the medium-term
scheduler isinvoked to swap in oneor more
swapped-out processesor bringin oneor more
new jobs. The number of processesin memory
ISreferred to asthe degree of
multiprogramming.



Degree of Multiprogramming: 1/3

dWe cannot increase the degree of multiprogramming
arbitrarily as throughput will drop at certain point
and thrashing occurs.

dTherefore, the medium-term scheduler must
maintain the optimal degree of multiprogramming.

A throughput

optimal F‘nghnh thrashing -

N

degree of multiprogramming

s SEE

_



Degree of Multiprogramming: 2/3

1. Supposewe use a global strategy and the CPU
utilization islow. The medium-term scheduler
will add a new process.

2. Supposethisnew processreguires more pages. It
startsto have mor e page faults and page frames
of other processes will be taken by this process.

3. Other processes also need these page frames.
Thus, they start to have mor e page faults.

4. Because pages must be paged- in and out, these
Orocesses must wait, and the number of processes
In theready queuedrops. CPU utilization is
ower .




Degree of Multiprogramming: 3/3

5. Consequently, the medium-term scheduler brings
IN mor e processes into memory. These new
processes also need page framesto run, causing
mor e page faults.

6. Thus, CPU utilization dropsfurther, causing the
medium-ter m scheduler to bring in even more
PI OCESSES.

/. |f thiscycle continues, the page fault rate
Increases dramatically, and the effective memory
accesstimeincreases. Eventually, the system is
paralyzed because the processes are spending
almost all timeto do paging!



The Working Set Model: 1/4

dTheworking set of a processat virtual timet,
written as W(t,q), Isthe set of pagesthat were
referenced in theinterval (t- g, t], where g isthe
window size.

Jg=3. Theresult isidentical to that of L RU:
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The Working Set Model: 2/4

JHowever, theresult of g =4 isdifferent from that
of LRU.
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The Working Set Model: 3/4

dTheWorking Set Policy: Find a good g, and keep
W(t,q) iIn memory for every t.

dWhat isthe best value of g? Thisisa system tuning
Issue. Thisvalue can change as needed from timeto
time.

Fion

Page Fault Rate

Window Size 0



The Working Set Model: 4/4

dUnfortunately, like LRU, the working set policy
cannot be implemented directly, and an
approximation is necessary.

JA commonly used algorithm isthe Working Set
Clock algorithm, WSClock. Thisisa good and
efficient approximation.
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The Page-Fault Frequency Algorithm: 1/2

dSincethrashing isdueto high page-fault rate, we
can control thrashing by controlling page-fault
rate.

If the page-fault rate of a processistoo high, this
Or ocess needs mor e page frames. On the other
nand, If the page-fault rateistoo low, this process
may have too many page frames.

dTherefore, If we can always maintain the page-
fault rate of a processto certain level, we control
the number of page framesthat process can have.




The Page-Fault Frequency Algorithm: 2/2

dWeestablish an upper bound and a lower bound,
and monitor the page-fault rate periodically.

dIf therateishigher (resp., lower) than the upper
(resp., lower) bound, a new (resp., existing) pageis
allocated to (resp., removed from) this process.
‘page—ﬁmitmte

increase #of

page frames

upper bound

decrease #of
page frames

lower bound

nimber of page frames



