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2toyol Ewkovikne Mvnunc: 3 oel

1. Ewovikl Mnxavn / Mpootaocia (Virtual Machine — VM,
Protection): kaBe Atepyaoia (Process) voullel OTL €XEL
OAn tn pnxovn (to xywpo dteuBuvoewv) kN NG,
aveéaptnta (MPooTATEVUEVN) ATt TG AAAEC

2. Eminedo lepapyiac Mvriunc mpwv tnv AntoBrikevon/Ailoko

3. EmtAuvon Fragmentation: o SLoBE0LOC XWPOC UVANG
yLa vea Slepyaoia eival KOPUOTIOOMEVOC, ETIELON
aAAeC OLepy. HLKPEC Kot AAAEC peyalecg (“working set”)

e Ataxelplon oo AELTOUPYLKO 2U0. e BonBeta amo to YALKO
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Address Space

2 DDy IXIXIXDA e 1o DXL e IXIXT 2 XX

Y

per-block

indirection (Translation) Table

Data blocks (pages)  ["ey K OOUN Elkovikne Mvnunc

e Ye avtiBeon pe TNV opy. TWV KPUOWV

LVNUwv, omou Paxvope otig urtodn-

dLec B€oeLc yLad TNV emBupnTA YPOUUA
* Mivakog tou deixvel, yua kaBe block (“page”),
niov Bploketal otnv (Mkpotepn) Guoikn Mvnun
* Edpkto emeldn edw ta blocks («oeAidec») eival
TTOAU HEYAAUTEPQ OTTO TLC YPOLUUEC KPUDWV V.
* KaL emeldn n Staxeiplon tomoBETNONC / avTLKa-
TaotTaong elvall o€ AoyLopko (Aettoupyko — OS)

* KoL yLd e€alpet. Mikpo miss rate (~fully assoc.)

1Za - Ewovikr)y Mvriun (Virtual Memory) - HY-225 © U.Crete 3



Address Translation

Fixed-size pages (e.g., 4K)

Virtual address

Virtual addresses Physical addresses A7 46 A5 A4 43 «-vvvvnvenennanannn. 1514131211 1098 «-covcvvv-- 3210

o Address translation

— . | Virtual page number Page offset

’\

*— |

o !
( Translation )

-~ /

O‘f<

o«

*— 393837 ...................... 1514131211 1098 ...... 3210

Disk addresses !

Physical page humber Page offset

Physical address

Page size is power of 2, all pages aligned on their natural boundaries
==> page offset = address mod page-size = LS address bits,
page number = integer quotient... = MS address bits
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Page size is power of 2, all pages aligned on their natural boundaries
==> page offset = address mod page-size = LS address bits,
       page number = integer quotient… = MS address bits


Page Fault Penalty

On page fault, the page must be fetched
from disk

Takes millions of clock cycles
Handled by OS code

Try to minimize page fault rate
Fully associative placement
Smart replacement algorithms
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Process A
Virtual Memory

Physical

Physical Memory

Page Number—0

0
private data
e
= 2
g 2 | rw-
3 3
3 __
Q e | ="+ on disk
- 4
o private stack
a4 —W— g
2 5
S 5
6
6 output-only
7
7 , | rw—
8
Page Table of A >
V Prot D R Phy.Pg# 9
0l0| ——-
—1[1 ] ==X 8
2|1 | rw— 1 A
310 | r—— <disk addr>
41 | —w— 6
5|0 | ——- B
6|0 | ———
711 rw— 4

Two Processes, A and B,
instances of a same program,
1solated from each other,

except for a shared data page

Process B

Virtual Virtual Memory
Page Number——0
——x 1
_ 2
on disk < =% -
- r—— 3 L ]
shared data (input-only)
4
5
shared text (non—writable) 5
hysical address: B1C T
ie M T~

virtual address: 71C
private stack

1C is the offset—-within—page




Page Tables (per Process!)

T e . .
Stores placement information

Array of page table entries, indexed by virtual
page number

Page table register in CPU points to page

table in physical memory (to the page ta_tble of the
currently running process!)

If page is present in memory
PTE stores the physical page number
Plus other status bits (referenced, dirty, ...)

If page is not present

PTE can refer to location in swap space on
disk
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(per Process!)

(to the page table of the
currently running process!)


Translation Using a Page Table

Page table register

Virtual address
47 46 45 44 43 -« ociiiiiiiiiiii 15 14 13 12 11 10 9 8 -+-«--- 3210
Virtual page number Page offset
436 \12
Valid A Physical page number
— Problem:
Index / Very Large Size
within ; : of single-level
Page  rpagetabie Page Table;
Table Solution:
Multi-Level
128 Page Tables.
If 0 then page is not
present in memory
39 38 37 ............................... 15141312 11 1098 ...... 321 0
Physical page number Page offset

Physical address
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index
within
Page
Table

Problem:
Very Large Size
of single-level
Page Table;
Solution:
Multi-Level
Page Tables.


Virtual Address

Virtual Page Number |5

—
o
o

One-Level Page Table

R G N N R Y T QT QT G Qi G Y
a0 a0 0000
—_ ek ek L OO OOt —
el oleoYSYeleo YY)

Physical Page Numbery

00000:
00001:
00010:
00011:
00100:
00101:
00110:
00111:
01000:
—01001:
01010:
01011:
01100:
01101;
01110:
01111;
10000:
10001:
10010:
10011:

Virtual Address

Two—-Level Page Tables

0100 A 5 C 0100 A &5 C

12 {32 12
B/ Phy.P# © 000: R1°°t F:Q 1Dl pointer to second-level
28] oow |5 001:[0 page table
1T 5C 1 |000 - 010:1]_o+— .
0 S 011:[0 00-.0
0 group 10110 10:[1] 3C
0 001 110:[0 11:[0
0 1114
B+ |orow

! 00:[1]_EE

1 05 010 —>01:[1]_B7 ¢
8 - 10:{1] 05 D
2 group 11:10 N
0 011 O
0 o ()
0 00:[0 &
0 group 01:[0 o
0 100 10:[1_8D
0 PR 11:(1] FA
8 group
0 101 ! !
8 B 7 A5 C
8 ?qo(t;p Physical Address
0 o .
8 group 5 In this ex.ample:
1T 8D 111 o o Page size: 4 KBytes

(@) .
11 FA 1) 3 e Virtual Address Space: 128 KBytes

v => 32 virtual pages per process

. sica ress Space: te
B 7] A5 C | Physical Address Sp 1 MBy

Physical Address

=> 256 physical pages



Mapping Pages to Storage

Virtual page
number
| | Page table
Physical page or Physical memory
Valid disk address
1 .\
1 o—
1 —
1 — |
0 «
~1 / .
1 — <7 ]
0 ol 7
1 ¢« </ Disk storage
1 « / N
1 . \\| |
S
I |
RS
I !
N
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] Yo "K.2." (3nA.
Replacement and Writes no "ihrashing’)

e — ol oeAidec LRU
To reduce page fault rate, prefer least- rmou

recently used (LRU) replacement dwwxvoupe

Reference bit (aka use bit) in PTE setto 1 on
access to page deV €XOUV XpnotluorionBeil edw Kat

Periodically cleared to 0 by OS AeTta TG wpag

A page with reference bit = 0 has not been
used recently

Disk writes take millions of cycles
Block at once, not individual locations
Write through is impractical
Use write-back
Dirty bit in PTE set when page is written

TL.X. KAO¢e
1 second
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Υπό "Κ.Σ." (δηλ.
no "thrashing"),
οι σελίδες LRU
             που 
διώχνουμε

Manolis GH Katevenis
δεν έχουν χρησιμοποιηθεί εδώ και
                                 λεπτά της ώρας

Manolis GH Katevenis
π.χ. κάθε
1 second


Fast Translation Using a TLB

——
Address translation would appear to require

extra memory references
One to access the PTE (and more for multi-level tables)

Then the actual memory access

But access to page tables has good locality
So use a fast cache of PTEs within the CPU
Called a Translation Look-aside Buffer (TLB)

Typical: 16-512 PTEs, 0.5—1 cycle for hit, 10-100
cycles for miss, 0.01%—1% miss rate

Misses could be handled by hardware or software
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(and more for multi-level tables)


Fast Translation Using a TLB

: PID L4
& protection -
p (rocess D) TLB (often/usually fully-associative)
Virtual page as well? Physical page
number ValidDirty Ref / Tag address
I |
1(0[1] / .
1 1 } / .~ Physical memory
® >

~(1]0[1 [ virt. page num. [ phy. page nun:
0[0]0
110(1 o~

Page table
Physical page

Valid Dirty Ref or disk address

~ 1101 o~
110(0 e .
11010 o M
110(1 —
0/0]0 —< —
1101 - 7 / i |
110(1 o~ >
0[0]0 o~ I |
111 ¢« ~ / i |
1111 v / ~—
0(0]0 e
1111 v
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(often/usually fully-associative)

virt. page num.

phy. page num.

PID
(process ID)
as well?

Manolis GH Katevenis

Manolis GH Katevenis
& protection

Manolis GH Katevenis


TLB Misses

T .
If page is In memory

Load the PTE from memory and retry

: Page Table structure
Could be handled in hardware i ad in hardware

Can get complex for more complicated page table
structures

Or in software
Raise a special exception, with optimized handler
If page is not in memory (page fault)

OS handles fetching the page and updating
the page table

Then restart the faulting instruction
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Page Table structure
fixed in hardware


TLB Miss Handler % cedin sotware)

-—
TLB miss indicates

either

(Iiage present, but PTE notin TLB
Page not present

Must recognize TLB miss before (in stage 4
u . " . f . I.
destination register overwritten ;. stage o

Raise exception

Handler copies PTE from memory to TLB

Then restarts instruction
If page not present, page fault will occur
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(when TLB misses
are handled in software)

either

or

(in stage 4
of our pipeline,
before stage 5)


Page Fault Handler

—_—
Use faulting virtual address to find PTE

Locate page on disk

Choose page to replace
If dirty, write to disk first

Read page into memory and update page
table

Make process runnable again
Restart from faulting instruction
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Virtual address

31 30 29 ccerevrreiiiiiiiiiiiiieaaa, 14 13 12 11 10 Q-vvvvv--- 3210
l Virtual page number Page offset
+12
Valid Dirty Physical page number
TLB Q
[©)
TLB hit <—e o
(Ol
[©)
o—
420
Physical page number |
Physical address
Physical address tag I Cache index |
\\8
412 Data
Valid Tag

Cache

r:
Cache hit

—

This is why we want

large pages, else
forced to increase Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 80
associativity of L1

{32

Data

TLB and Cache Interaction

If cache tag uses
physical address
Need to translate
before cache lookup
Alternative: use virtual
address tag

Byte

e Complications due to

aliasing
Different virtual
addresses for shared
physical address

Often we want: physical addr. cache, and TLB
access in parallel with tag read from cache.
This requires cache index to be fully contained
in page offset bits, which means:

Cache Way Size = Page Size


Often we want: physical addr. cache, and TLB access in parallel with tag read from cache. This requires cache index to be fully contained
in page offset bits, which means:

Cache Way Size ≤ Page Size 

This is why we want large pages, else forced to increase associativity of L1


