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Crowded memory

o Total memory required by
a collection of programs
running at once on a
computer may be larger
than main memory.

o However, only a fraction
of this memory is actively
used at any given moment.

o Virtual memory allows

rograms to share memory

Y using main memory as a
cache for secondary
storage.
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User protection No room at the Inn
o Each program is compiled o Inthe late 1950s the
into ifs own private leading scientific
address space, a separate computer, the IBM 650,
range of memory had only 2000 words of
accessible to only this memory. Memory was
program. precious.
o Virtual memory translates o Programmers spent spent
the program’ s address a lot of time trying to
space into physical squeeze programs into
addresses. tiny memory
o Italsoenforces o Fortunately, the entire
protection of a program’s program need not be in
address space from other memory throughout its
programs. execution.
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Overlays

o A technique called overlays was used to allow a program to
be larger than the amount of memory allocated to it.

Symbol table 4K

Common routines

Overlay driver 2K

N b

8K Pass 1 Pass 2 10K
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Problems with overlays

o The programmer was responsible for breaking her program into
pieces, deciding where in secondary memory each piece goes . . .

Address space

12287 —
— 4K main memory
8191 ~ — 4005
4096 — - 0=
o Current mapping
o ...and arranging for the transport between main memory and

secondary storage.
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Virtual memory

o In1961agroup at Manchester, England proposed a method for
performing the overlay process automatically.

Address space

12287 — .
8191 — £ — 4K main memory — 4095
4096 — — —
0 —

Current mapping

o A jump from location 5012 to location 9140 causes an automatic page
fault. The operating system is called without the programmer being
aware.
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Virtual memory in action

1. Contents of main memory

would be saved on disk.
2. Words 8192-12287 would be

Address space loaded into main memory.

3. Address map would be
updated as shown

12287 :: T~ 4K main memory — 4095
8191 — I - 5
4096 —

Current mapping

0o —

4. Program execution resumes
as though nothing happened.
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Virtual memory

o Virtual address space is
broken into a number of
equal sized pages.

o Memory is broken into the
same size chunks known as
page frames.

o Some pages in virtual
memory are in physical
memory, some are on disk.

o A virtual memory miss is
called a page fault.

Mapping from virtual to physical address

o The address is broken into
a virtual page number and
a page offset. P 151413 12111088 e 3210

o The page size in this \ il age rumber [ rewons
example is 212 = 4 KB.

o The size of physical pages
is 1 GB, while virtual
memory is 4 GB. Why?

Virtualadress

1514131211 1098 --f---- 3210

[ rovcmmnin | poot

Physical address.
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Page tables

o Each program has its own
page table that resides in
memory.

o The page table is indexed
with the virtual page
number and points to the
actual page in physical
memory (either main
memory or backing store).

Page table register points to page table

I o e ]

Virtual adress
3130 29 28 27 --seeeesereees 1514131211 109 8321 0

\ |

5 2
vaid Physical page number

Page table

g
110 then page Is not

2028 27 wersensssenaeensenen 151413 12 11 109 8-f32 10

Physical page number Page ofiset

Physicaladdress.
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Page faults

Operating
System

Reference

physical
memory
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Page replacement algorithms™

—

Trame  alid/inalid
bit

©
change 10
invalid

)

reset page
Fage— table for pagein
fable new page

backing store

“physical

*When physical memory fills up and a page fault occurs, somebody’ s got to go.
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FIFO*

o When a page must be replaced, the oldest page in memory
sleeps with the fishes.

reference string
701 203042303 21

201 7 01
AR FREEE R [ol o]
EIE Bl ] Bl 2] [ 2 [t o (9] o
00 [l [of ol B] (3 Gl &l [

page frames

*This is the simplest, but requires some form of time stamp.
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Belady’ s anomaly

o FIFO’s performance
isn’ t always optimal.

o It also suffers from an
odd little anomaly.
Consider the reference z
string: 1,2,3,4,1,2,5,1, ;
2,3,4,5. ]

Number of frames
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Optimal replacement

o Replace the page which will not be used for the longest

period of time.

reference siring

701203 042303 21201701

B
o fol [of [ [ O]
guwn o

page frames

*Unfortunately, the optimal page replace algorithm is difficult to
implement since it requires predicting the future.
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Least recently used*

o

Replace the page that has not been used for the longest
period of time.

reference string

70120304 230321 201701

[l 2] [4 o] D
EEE (o (o [o [3 [3l ol ol
Uowi O

page frames

*We try to predict the future, by observing the past.
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o Implementing an accurate

Reference bits

LRU is too expensive,
since it requires updating
a data structure on every
memory reference.

Most systems provide a
use or reference bit,
which is set whenever a
page is accessed.

The OS periodically clears
the reference bits, so it
can determine which pages
have been touched during
a time period.
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What about writes?

o

Werites back to the disk
take millions of processor
cycles, so building a write
buffer is not practical.
Instead, virtual memory
systems must use write-
back, copying the page
back to disk when it is
replaced.
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The translation-lookaside buffer*

s
Virtual page Physical page
number_valiaDiryRe Tog

age table
Physical page
ValldDirtyRef or cisk address.

Disk sorage

*Typical values: 16-512 entries; miss-rate = .01% - 1%; miss-penalty = 10 - 100 cycles.
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TBL hit parade

Virual aderess

TiBmiss Mo
exception

T e
Physical adross

irtual memory 24-23

Raining on our parade

o

When a TLB miss occurs, 3
MIPS hardware saves the B e Pk
page number in a special
register and generates an
exception.

The OS handles the miss in
software by indexing the
page table through the page
table register.

The system places the
physical address from the
page table into the TBL.*

*Takes about 13 clock cycles, assuming the code and page table entry are in the
instruction and data cache respectively.
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Thrashing

o If the working set is larger than the number of available
page frames, no algorithm short of OPT will give good results.

[rwiwee]  [rwiess] [V pee
[Vireust pase 1 Vireal e 0
[Virew puse 2 Vireat poe 2

irtanl e 3 Virtun page 3

Virean age ¢ Virta pge 4 Viral page s
Vireal pioe s Vil puoe © Virto e 5
[t e s| [l s € Virean s 6
Vil e 7 Vireal pise 7

(@) (b) (e}

*Assume a LRU algorithm.
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