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Overview

* Address Translation
— Process &3, FAMMLLERRZ virtual address
— HiEipintEtar, FEE¥ N physical address

— #ir— M virtual address space % physical
address space HYBRET



Overview

* Address Translation & GEHIRERT A7

— Transparent
* EFRLEROY)IERILE
— Efficient
* HEER®R, RABESNMER ILBIRIE
— FREA, ZEERARIERIREH
* MMU : Memory Management Unit
* Load/store ¥R, CPU #F MMU A1 address translation
* HEOSHFtESS, Ay MMU Mttt 8EENERF
%), XIRAEZTEIE OS EIEMIEH (MMU Z CPU BY—3B
- HIERENPRIFIE PA , BEHARZEMER system call [N
RIZSKREPR (HAXKIE) , ME CPU BizRE 4

/




Overview

* BRRVREHRE ARG SR
— 1950’s : base and bounds/dynamic relocation
- F— M #HENREFT 8RS B —EE 4 i EENF L
- EERm MBS FES.

* Base
* Bounds

— BESI BN N AYIERTE, MBEFRSIRF RaEihin B
cEREZE (bound ZA)




0KB .

130
133

1KB

Overview
3KB

Base=32KB, Bound=16KB KB

Physic
al
Addre
N

0KB

16KB

32KB

48KB

64KB

Operating System

(not in use)
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T

Stack

(not in use)

Relocated Process

Virtual *®
Addre «s

SS
16KB

movl| 0x0(%ebx),%eax
addl 0x03, %eax
mov! %eax,0x0(%ebx)
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(free)

3000
Stack




Overview

* An example

128: movl 0x0(%ebx), %eax

— PC=128

— EX#§<: PA=PC+base = 128+32K = 32896
- BEEIRER PA EE3ES, WEI CPU BRVTE<EF 728
— CPU H1TI%1E<

— BN F a9ttt =0+ %ebx+base




Overview

* WFEAFB bounds
- E@#T‘ﬂ’ilﬂ?\]@ﬁu, %5‘&1‘ BEehER

- QD%@??, i CPU i exception , FAFIHEAN
exception handler B4R

- —RRIZABEIRRILE




Overview

* Example Translations
— process Byt =S a2 4KB
— U F4IERIE 16KB

Virtual Address 0 — Physical Address 16 KB
VA 1KB — PA 17 KB

VA 3000 — PA 19384

VA 4400 — Fault (out of bounds)



Segmentation
(OSTEP Section 16)
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Segmentation

* BI@EFMAR base-bounds A%
Y [A]) &R
— heap # stack XiZZ [alAI K fE
RA=<EME SRAYIERAE
- mERE

0KB

16KB

32KB

48KB

64KB

Operating System

(not in use)

Code

Heap
!

(allocated but not in use)

Stack

(not in use)
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Segmentation

* RTE

- FEBRE process HAHER

[B]BREY A —EEERRIYIE R TF
— MRS XI5 51 TIRET

* Code OKB
¢ H ea p Operating System
* Stack 16KB
(notin use)
Stack
30KB (not C|cr)1d :se)
Heap
48KB .
(not in use)
Physic
al
64KB

AdAdAd v

Virtual
Addre
SS

OKB

1KB
/

Program Code

Heap

(free)

14KB

15KB

Stack

16KB




Segmentation

* Example1l: VA=100
— 1£ Code Xig
— PA=32K+100=32868

* Example 2: VA=7K e
— AEEfE—1 segment 7

— Segmentation fault 16KB
32KB
Segment Base Size
Code 32K 2K
Heap 34K 2K 48KB
Stack 28K 2K

64KB

Operating System

(notin use)

Stack

(not in use)

Code

Heap

!

(not in use)

OKB

1KB

2KB

3KB

4KB

5KB

6KB

14KB

15KB

16KB

Program Code

Heap

(free)

Stack




Segmentation

* Example 3: VA=4200
— £ Heap Xig

— VA=4K+104=heap X1 {# % 104

* <2K (size) , &%

— PA=34K+104=34920

Segment Base Size
Code 32K 2K
Heap 34K 2K
Stack 28K 2K

OKB

16KB

32KB

48KB

64KB

Operating System

(notin use)

Stack

(not in use)

Code

Heap

(not in use)

0KB

1KB

2KB

3KB

4KB

5KB

6KB

14KB

15KB

16KB

Program Code

Heap

(free)

Stack




0KB

Segmentation

2KB

* P EFHIFHREATLITE VA->PA

4KB

* B4 CPU ZE|—1 VA, EALRE

e T segment e ? |

OKB

Operating System

16KB
(free)
(notin use)
Stack
39KB (nOtCI:d:SE)
Segment Base Size NN
Code 32K 2K l
Heap 34K 2K 48KB \ 14KB
(not in use)
Stack 28K 2K
15KB
Stack
16KB

64KB



Segmentation

* #1. explicit approach
— £ VA FF&8 11 bits trid/E FHi1 segment
— {540 VAX/VMS &#£;

- 18R A 3 1 segment , BBAEE 2 1 bits
* Fx=mfil 00->code;01->heap; 1x->stack

13121110 9 8 7 6 5 4 3 2 1 0

Segment Offset

16



VAX/VMS

* VAX/VMS (Virtual Address eXtension/Virtual
Memory System) & DEC AT AN— 121 FZESE
MENAFIRIERSE, i=1TEHEHMAAR VAX /NEIYL E

* DEC 1998 &# Compaq Wlts, Compaq 2002 F#
HP Ug3

e \/AV -é.-.'TE nD s FFU AN , Unix E%EWEIEEE PDP-11 ng:_

PDP-11/20 at EPFL,
1970s

17



Segmentation

* 14 i1 VA :

— g 2 iiN segment, f[§12 i A
segment AHY offset

* Example:

— VA = 4200 = 4K + 104

_ ﬁﬁﬁ1ﬁx55 01 ’ IEE heap Segment Base Size

OKB

1KB

2KB

3KB

4KB

5KB

6KB

— —_ Code 32K
F)/ﬁ\ I E;'Zl|<:-+- ]l.()“l Iﬂk}a}’ 341B(
Stack 28K
13121110 9 8 7 6 5 4 3 2 1 0
01 000001101000

Segllnent

Offset

2K
2K
2K

14KB

15KB

16KB

Program Code

Heap

(free)

Stack




Segmentation

* Code
— SEG MASK would be set to 0x3000
— SEG SHIFT to 12
— OFFSET MASK to OxFFF.

1 // get top 2 bits of 14-bit VA

2 Segment = (VirtualAddress & SEG MASK) >> SEG SHIFT
3 // now get offset

4 Offset = VirtualAddress & OFFSET MASK

5 if (Offset >= Bounds|[Segment])

6 RaiseException(PROTECTION FAULT)

7 else

8 PhysAddr Base[Segment] + Offset

9

Register = AccessMemory(PhysAddr)

19



Segmentation

* F 2 1~ bit, 3 segment
E%T /\llklb\

- FEtk, BYERSE code M heap BE—
segment , FLLXAH 1 4 bit

Explicit segmentation 3ttt =FiElFI ARG+ 7200?



Segmentation

* #2. implicit approach
- @ FMUE ARz RS, KAIBE TR

segment
— {540, @3 PC AZpkpyttit, BABFLETE code BN
— 1R @ET stack pointer , BBFLETE stack E&
E gyt ER7E heap &

21



Segmentation

* Stack EZEAT?
- ERNTEIEIEE K
— &/ ERE
* Solution
- BREEREGZ—RF, 18R segment BY
R A g
- WMREHNIEK, B4 PatBEREELEXS

Segment Base Size Grows Positive?
Code 32K 2K 1
Heap 34K 2K 1
Stack 28K 2K 0

OKB

1KB

2KB

3KB

4KB

5KB

6KB

14KB

15KB

16KB

Program Code

Heap

(free)

Stack




Segmentation

Stack BYECEaHE 16KB-1 (Ox3FFF)

B9 Va

1(1(1(1(1(1|1(1|1{1(1|1|1(1
Stack F%E n (n M1 8 ) IFT
0x4000-n , 08 2 MFFTHI Va A
1(11|1(1(1|1(1(1|1(1|1/1]0
Va B intra-segment offset 5 n BYx
E2%
* n = MaxSegSize - offset
AN IEET
e NA _— DAarA nh — DAar~A
Segment Base Size Grows Positive?
Code 32K 2K 1
Heap 34K 2K 1
Stack 28K 2K 0

OKB

1KB

2KB

3KB

4KB

5KB

6KB

14KB

15KB

16KB

Program Code

(free)

Stack




Segmentation

* Example: VA=15KB Fyf g Kt ERR
15KB =11 1100 0000 0000 (O0x3C00)
- e 11 HE R stack segment

- intra-segment offset = 1100 0000 0000 =
3K

— max segment size /3 4KB
— 32BRAY stack fRFE= n = 4KB-3KB = 1KB
— PA=28KB-1KB=27KB

Segment Base Size Grows Positive?

Code 32K 2K 1
Heap 34K 2K 1
Stack 28K 2K 0

( 32f5 L base & 28KB-1, Pa &
27KB-1)

24



Segmentation

* Support for sharing

— HREZBHRE—EDAF
* GlINMREDE (HERD)

— Sharlng EEEHIRE—SEIMIZ
* #7ic segment BIRPE ( R/W/E)
* #5140 code segment AIIEAIHIT, ERAIE; heap

stack RARIHIT
Segment Base Size Grows Positive? Protection
Code 32K 2K 1 Read-Execute
Heap 34K 2K 1 Read-Write

Stack 28K 2K 0 Read-Write

25



Segmentation

* Fine-grained vs. Coarse-grained
Segmentation

— Coarse-grained
* Code, heap, stack
— Fine-grained
* {5140 Multics
* EEFKXRTHICE segment IS
* Segment table , £ memory |

* ANEHBITEA] Burroughs B5000 #%F EF1 segments,
compiler ;R code M data HEXLE segments

26



Multics

* Multics & MIT, GE, AT&T DI/RILEESYER OS IR IN
B

* 1964 £ -1970 &£, RETIEZXIN OS EMRITTAVI
A

* DURSCIGZETE Multics i E, F 1969 E£FHIBHH A Unix
* Unix BY epoch time & 1970-01-01 00:00:00 UTC

* Unix =Bi=177E PDP 1 VAX /NEUHEH E

* 1970s, fEHE Unix 3327, AT CiES

27



Segmentation

* OS Support

— #1. context switch
* EPNHENS segment B base, bounds FEEEEHFY]
RETREFENME
— #2. free space management
* fEEHIZCIENSGR, =EIERNTEFR external

fragmentation [A]&

« EERTYIERNFMN Compaction &1, XEESILFIE#
FERIHIT, HEBIZDNHIEFM base # bounds

28



Segmentation

* OS Support

— #2. free space management

* Compaction 2. expensive

OKB

8KB

16KB

24KB

32KB

40KB

48KB

56KB

64KB

Not Compacted

Operating System

(not in use)

Allocated

(not in use)

Allocated

(not in use)

Allocated

=

0KB

8KB

16KB

24KB

32KB

40KB

48KB

56KB

64KB

Compacted

Operating System

Allocated

(not in use)

29



Segmentation

* OS Support

— #2. free space management
* HIPYIIRNTER Free list (malloc 22 a)1 )
— best-fit
— worst-fit
— first-fit
— buddy algorithm
— - FEPERE

30



Segmentation

* Segmentation F/ER%:
- SEET S
- FMZRE

* NR—MHFEM heap segment JEE sparse , HRAEH
FRIE KRN —IRANTE

31



IRELRS]

* —MIENEIMRETEIAR/NG 1IMB , ¥ERETIEK
INF 8MB , EEZTIEIMKRRTT /Y 4 1 segment ( code,
data, heap, stack) , EF segmentation NEEIE,
F3 Va =&MW AIfRIC segment , BEERICR IS

" i
4KB

code 1MB 1
data 7MB 2KB 1
heap 2MB 8KB 1
stack 3MB 16KB 0

— 1) Va #itik% /M2
— 2) VA=2KB, 520KB, 1010KB, KXt PA (EtljiJrg%ii
12, FNEREPE segment RS, offset)



- el

code
(00)

* 1) VA: 20-bit oy ™°
© 2) HEHEIFE heap  2ue

— VA=? (10)
VA=2K, segmer stack 3MB

PA=1MB+2KB  (11)

2KB 1
8KB 1
16KB 0

— VA=520K, segment=10, heap £,

offset=8K , RFIHIAHA
— VA=1010K, segment=11,

stack E&, faigi,

segment sx X AJgEK/\E 1MB/4=256KB ,

—n = 256K-(1010-768)K=14KB ,

PA=3MB-14KB

33



Paging: Introduction
(OSTEP Section 18)

34



Paging

* VA->PARE—HMAEI (segmentation Z4M)

* Page:

=]

XN, FRBRETRYERAL

— e.g., 64B ByHHL=S|8], page KX/)\J7 16B

B B

0

16

32

48

64

(page 0 of the address space)

(page 1)

(page 2)

(page 3)

11t 8 Atlas (1962, RERE

paging B9itE , HEEH )

35



Paging

Va 8] 64B ,

0

16

32

48

64

80

96

112

128

reserved for OS

(unused)

page 3 of AS

page 0 of AS

(unused)

page 2 of AS

(unused)

page 1 of AS

Pa ==8] 128B

page frame 0 of physical memory

page frame 1

page frame 2

page frame 3

page frame 4

page frame 5

page frame 6

page frame 7

£ paging &%, ¥

IBAFEHE page —RETR

73 page frame &
physical frame

36



Paging

* Paging IfiL=:
— #1. Flexibility
* BEMSN T ARIRIBERT B AI, FREVIERTRE
— #2. simplicity (free-space management)
* DECAREEE page 3175, REEAR/NDAMNEY free space
* ELEN VA REEXROELH PA
* FRLl, REBHIPFIEMN free page , TAAEE compaction

37



Paging

* Paging B9tk

— VA->PA S5 2% (Et segmentation Z1RE

%)
— Page Table
* (Virtual Page 0 » o
*(VP1->PF7) 16
* (VP 2 - PF 5) 2
* (VP 3 - PF 2) 48

128

reserved for OS

(unused)

page 3 of AS

page 0 of AS

(unused)

page 2 of AS

(unused)

page 1 of AS

page frame 0 of physical memory

page frame 1

page frame 2

page frame 3

page frame 4

page frame 5

page frame 6

page frame 7

38



Paging

* Page Table
- 57 HEE—
- —N4H, index 3 VPN (virtual page number),
content /9 PA (linear page table)

— VPN:
* E.g., VA8 64 bytes, VA 6 i
* Page XK/V16B, offset 4 i
*VPN: 2, —H44

VPN offset

0 1 0 1 0 1

39



Paging

* Address translation
— VPN -> PFN (physical frame number)
— Intra-page offset R

VPN offset
Virtual
Address 0 1 0 1 0 1
Address
Translation
bbby
Physical
Address1 11|10/ 1]0/|1

PEN offset



Address Translation

PTrocesso
Y

age
fault
fautt

7 ,lhandle

a

/

virtual
address

|

Hardware @ .
|Addr Trans|— econdary
Mechanis JMe‘r?or <_’smemory
m o

physical performs
part of the ;qgress this
on-chip _ transfer
memory mgmt unit (only if

(MMU)

miss)
41



Address Translation

* Basic Parameters
— N = 2" = Virtual address [imit
— M = 2™ = Physical address limit
— P = 2r = page size (bytes).

42



Address Translation

N—1 P P-1

virtual page number

page offset

address translation

M—-1 P P-1

v

physical page number

page offset

virtual
address

physical
address

43



Address Translation

* Basic Parameters
— N = 2" = Virtual address limit
— M = 2™ = Physical address limit
— P = 2° = page size (bytes).
* Components of the virtual address (VA)
— VPO: Virtual page offset
— VPN: Virtual page number

* Components of the physical address (PA)
— PPO: Physical page offset (same as VPO)
— PPN: Physical page number

44



Address Translation via Page Table

page table base

register virtual
(FTBR) N—1 address p p_j
virtual page number (VPN) page offset
Aacces physical page number
S (PPN)
VPN acts
as
table
index
if valid=0
then page
not in M-1 v P P-1 v
memory physical page number (PPN page offset

physical

45
address




[Elfii - CPU register

* AJLU#% CPU EH#zA0R), 81T load/store 5 main
memory IREIE

* &> CPU core #HBIHIIHM register

g1 process / kernel-level thread #3Jd 5 —24H
SERH register

* hyper-threading / simultaneous multi-
threading : —{> CPU core %A HY

register ( LI& exception SHEXEH ), BILL
IFZA process / kernel-level thread F¥E7E

CPU |1, HI3&E T context switch

b\

46



Simple Memory System Example

* Addressing

— 14-bit virtual addresses
— 12-bit physical address
— Page size = 64B (6-bit page offset)

13 12 11 10 9 8 7 6 5 4 3 2 1

0

VPN VPO
(Virtual Page (Virtual Page

NUTT]RGI’?LO 9 8 7 6 (5)ffse4t) 3 2 1

0

PPN PPO
(Physical Page (Physical Page
Number) Offset)

47



Simple Memory System Page Table

* Only show first 16 entries

PPN Valid PPN Valid
00 28 1 08 13 1
01 - 0 09 17 1
02 33 1 OA 09 1
03 02 1 OB - 0
04 - 0 0C - 0
05 16 1 oD 2D 1
06 - 0 OE 11 1
07 - 0 OF oD 1

48



B4 >]: Address Translation

Virtual Address: .
Ox93224 12 10 9 8 7 6 :5 4 3 2 1 0

VPN j VPO

VPN: VPO: ~ Page Fault?

11109876%543210

o
U
2
X

PPO

49



IRESIESR

Virtual Address:

Ox93124 11 10 9 8 7 4 3 2 1 0
0 0 0 0 1 1 0 1 0 0
VPN VPO

VPN: Ox0f VPO: 0x14

PPN: OxOD VPO: 0x14

11

10

9

8

7

0

0

1

1

PA: 0x3°4

PPN

ey

50



IRESIESR

* Only show first 16 entries

PPN Valid PPN Valid
00 28 1 08 13 1
01 - 0 09 17 1
02 33 1 OA 09 1
03 02 1 OB - 0
04 - 0 0C - 0
05 16 1 oD 2D 1
06 - 0 OE 11 1
07 - 0 OF oD 1

51



IR EHR ]

* G 32 (URYEIA LS B A —1 24 LRV
Ent=sE], HWEA/N P 25179 1KB ,
2KB, 4KB, 8KBHJ, 15#iE VPN. VPO.
PPN . PPO BYi%X

52



IRESIESR

* P=1KB
— VPN=22; VPO=10; PPN=14; PPO=10
* P=2KB
* VPN=21; VPO=11; PPN=13; PPO=11
* P=4KB
* VPN=20; VPO=12; PPN=12; PPO=12
* P=8KB
* VPN=19; VPO=13; PPN=11; PPO=13



VA: virtual address
PTEA: page table entry address
= PTE: page table entry
Page Hit PA: physical address
g":l:) PTEA
i
3 : PTE
CPU s, MMU 9 Cache/
3 ,, Memory
Data

1) Processor sends virtual address to MMU

2-3) MMU fetches PTE from page table in memory

4) MMU sends physical address to cache/memory

5) Cache/memory sends data word to processor

54

page hit is fully handled by

hardware



Page Faults

Except

|- ---dan- - — — I page fault handler

| 4

I

I

I J L
CP!J ' PgA Victim page
Chlp o > e —

CPU L » MMU ¢ PTE Cache/ Disk
O (3] Memory
New page

1) Processor sends virtual address to MMU

2-3) MMU fetches PTE from page table in memory

4) Valid bit is zero, so MMU triggers page fault exception

5) Handler identifies victim (and, if dirty, pages it out to disk)
6) Handler pages in new page and updates PTE in memory
)

7) Handler returns to original process, restarting faulting
Instruction



Integrating Caches and VM

CPU L1/L2/L3 cache (SRAM) #APIEFZEH, T2
CPU EH4E]

CPU cache MiZi1EWE? A VA £2 PA?

VA PA ‘ — miss

L&l2/3 Main
Céache Memory

CPU MMU

hit

data

56



Integrating Caches and VM

* Most caches are "physically addressed"
— Accessed by physical addresses

— Allows multiple processes to have blocks in
cache at same time ( 402 cache A VAIE? )

— Allows multiple processes to share pages
* Cache Coherence

— Cache doesn't need to be concerned with
protection issues

* Access rights checked as part of address
translation

57



Integrating Caches and VM

* Perform address translation before cache
lookup

— But this could involve a memory access itself
(of the PTE)

— Of course, page table entries can also become
cached

58



Integrating Caches and VM

PTE
CPU STER PTE
Chip hit
PTEA PTEA| PTEA
R > miss
CPU VA MMU
1 PA PA PA
miss
PA Data
hi§ 2/
3
Data cach
e

Lookup page table 7]

miss

N =lI
Be=~F

H—REIMY cache

Memory

59




Paging

* Page table FFHitE
— {590 32 it &N, page K/ 4KB
— FREA VPN 20 fiI, offset 12 {iI
— 8> page table entry (PTE) & 4B
— RigE 100 MHERNEETT
— NIl page table 2 K/\J8 100%4B*220=400MB
il |3

60



Paging

* Page Table
0 page table:
3752
16
(unused)
32
page 3 of AS
48
page 0 of AS
64
(unused)
80
page 2 of AS
96
(unused)
112
page 1 of AS

128

ZIMETE MMU B EF6E, REERTE main memory A2

page frame 0 of physical memory

page frame 1

page frame 2

page frame 3

page frame 4

page frame 5

page frame 6

page frame 7

61



Paging

* E3M page table entry (PTE)

— valid bit

— protection bits (R/W) (r/w/e #[E)

— present bit (P) (on disk/ in physical

memory )

— dirty bit (D) (5 disk lRAE2E—E)

— reference bit/accessed bit (A) (&I page BIHIT
E, 5replacement X)
— U/S: user/supervisor , AFRFASEE LA

— PAT/PWT/PCD/G: 554 cache 8%

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7

PFN ®

us [
R/W |-
P o

PWT |

PCD |~

5
<

6
(]

PAT




Paging

* IR SCA
— Movl 21, %eax (B#xIFHuk21) [2Bp%k$21)
— {R1% 8 page-table base register , fFi&Za1HIE
page table E#hit

— ¥KREY PTE thiit

* VPN_MASK = 0x30 (hex 30, or binary 110000)

* SHIFT = 4

(FB1z=5|8 64B , Page X/)v16B)

(VirtualAddress & VPN _MASK) >> SHIFT
PageTableBaseRegister + (VPN % sizeof (PTE))

VPN
PTEAddr

63



Paging SHEIMIRITEHIE

* s FENIE S

1 // Extract the VPN from the virtual address

2 VPN = (VirtualAddress & VPN MASK) >> SHIFT

3

4 // Form the address of the page-table entry (PTE)
5 PTEAddr = PTBR + (VPN * sizeof (PTE))

6

7 // Fetch the PTE

8 PTE = AccessMemory(PTEAddr)

9

10 // Check if process can access the page

11 if (PTE.Valid == False)

12 RaiseException(SEGMENTATION FAULT)

13 else if (CanAccess(PTE.ProtectBits) == False)

14 RaiseException(PROTECTION_ FAULT)

15 else

16 // Access is OK: form physical address and fetch it
17 offset = VirtualAddress & OFFSET_ MASK

18 PhysAddr = (PTE.PFN << PFN SHIFT) | offset

Register = AccessMemory(PhysAddr)

j—
O



Paging

* Pros:

— B E]AY fragmentation (3% page KINTF; B
MK FERY page table 235, VA 4= AHEZE PA
ELE)

~ Flexibility, VA SRS R SES

* Cons:
— Page table T FFHEAK
- BIMNRTFIAIR], SEIEETE

65



Paging

* Y{EfE R Page table BYFA[A)RA
- B1TXIE (MXRiARAE)
- GBARETIEIARK

66



Page Table Jl:%

* B¥R:

— B ANR paging AEAFIHIR?
e HZE

- B4 BRE®E?

— FZ hardware AT 43257
- FE OS A7

67



Faster Translations w/ TLBs

(Translation Lookaside Buffer)

68



Faster Translations w/ TLBs

* Translation-Lookaside Buffer (TLB)
— Part of memory-management unit (MMU)

— Hardware cache of popular virtual-to-physical
address translations (VPN->PPN)

— TLB REEFEE— /IR, XY RRK
— TLB f# R 7T paging I Er)@#, 1k paging TE5H




TLB Hit

CP_U TLB
Chip
g PTE
VPN 9
3 PA
CPU »y» MMU
| 0O
Data
(5

Cache/
Memory

A TLB hit eliminates a memory access



TLB Miss

CPU
TLB
Chip (4]
(2] PTE
VPN
3 O
] PTEA
CPU MMU Cache/
PA >, Memory
| o
Data
6

A TLB miss incurs an additional memory access
(PTE) 71

Fortunately, TLB misses are rare. Why?



Faster Translations w/ TLBs

* Tiny Address Space Example
— VA space: 8-bit, one page: 16B

— Array: starting at VA=100 (VPN=06)

— VPN: 4-bit, VPO: 4-bit
— IWHETHICEBAY TLB pF

int sum = 0;

for (i = 0; i < 10; i++) {

}

sum += a[i];

I\
T

VPN =00
VPN =01
VPN =02
VPN =03
VPN = 04
VPN =05
VPN = 06
VPN = 07
VPN =08
VPN =09
VPN =10
VPN = 11
VPN =12
VPN =13
VPN = 14
VPN =15

Offset
00 04 08 12 16

R

/2




Faster Translations w/ TLBs

* Tiny Address Space Example
— VA space: 8-bit, one page: 16B
— Array: starting at VA=100 (VPN
— VPN: 4-bit, VPO: 4-bit
- IETFHTIEAY TLB dpHH

I\
T

int sum = 0;

for (i = 0y 4 < 10y d++) {
sum += a[i];
}
;[i(:_’];.a[B], a[7] (Spatial
B pit. fchs locality)

_ Page &KX,
=70% Spaft_ aEiETL

=0)

VPN =00
VPN =01
VPN =02
VPN =03
VPN = 04
VPN =05
VPN = 06
VPN = 07
VPN =08
VPN =09
VPN =10
VPN = 11
VPN =12
VPN =13
VPN = 14
VPN =15

Offset
00 04 08 12 16

R

/5




Faster Translations w/ TLBs

* Who Handles The TLB Miss?
— Hardware, or OS?

— BB, #B82 hardware %18 (R 0S) , TLBEH
458 page table BY4IEHit
* E.g., intel x86 architecture
— L, software-managed TLB
* 3 TLB miss BY, #li—> exception
* fG\ kernel mode , 7£ handler &2 TLB miss
* Z2EEEIRIESHR, EidigS, TLB hit
* E.g., MIPS R10k, Sun SPARK v9 (RISC)
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Faster Translations w/ TLBs

* ERHALIE TLB miss FTlBILR:

— Flexibility: OS can use any data structure it
wants to implement the page table, without
necessitating hardware change.

— Simplicity: hardware doesn’t have to do much
on a miss
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Fully Associative TLBs

- BB TLB : 32, 64 5 128 entries
— RIS AAEMEZEMST (fully associative)

— TLB entry &=t :
* VPN | PFN | other bits
— Other bits:
* A Valid bit: 1% entry @& A MBI HUEERIF
— BFiricERFERR TLB entries
— Flal#HEYIREY, E—M#FERY TLB entries #%
invalidate, Z¢{& TLB entries P& B HEIRIC
* Protection bits
* A Dirty bit
— page fault-> ¥AIBRET -> W{BLX page table-> &5 A
TLB
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Associativity

* Fully associative
* — cache item FJLABRSTEERRY data item

* Direct mapped:
* — cache item ReEMRGIRIEEAIETHY data item
* {590 Cache K/hAn, Mc=d%n

* Set associative

* ¥ cache 3 /9% set, setZ|data 28/ direct
map , set AP AZ way .. XA fully
associative

77



TLBT A4S

= ™ A Y TLB
SEt-ASSOCIatlve ( éﬂ*ﬁﬁ ) TLBS et | TLBTl | PTE |
0 [v][Twer] [ ptE ]
. [v][TweT] [ PTE ]
[v][TeT | [ pE |
request from CPU: n-bit virtual address
split to access TLB: TLB Index| Page Offset
(on TLB miss) access PT: Virtual Page Number Page offset
TRANSLATION
m-bit physical Physical Page Number Page offset
address: Y 5 l 5 l
split to access cache: Cache Index| Offset

BeiKZ85 CPU B9 TLB R AAE%E, HASHERSS. LM
AN
b2
78



Address Translation

* Components of the virtual address (VA)
— VPO: Virtual page offset
— VPN: Virtual page number
— TLBI: TLB index
— TLBT: TLB tag

* Components of the physical address (PA)
— PPO: Physical page offset (same as VPO)
— PPN: Physical page number
— CO: Byte offset within cache line
— CI: Cache index
— CT: Cache tag 79



Set-Associative TLB + CPU Cache

TLB
hit

cache
hit

n-— P p- 0
tirtual page numbefage offset virtual ~N
address
vali ta physical page
P nuumbor >TL
B
:@ J
' A v
physical page humbepage offset physical A
address
ta index
g
vali ta dat
o < a > Cach
e T e
e
3
4—(] v dat J 80
a



Simple Memory System: TLB

* TLB * Addressing
~ 16 entries o — 14-bit virtual addresses
B ﬁi',é’;’ay set associative (2- — 12-bit physical address
. — Page size = 64 B (6-bit)
TLB TLBI >
13 12 11 1o 9 8 7 6 i 5 4 3 2 1 0
VPN VPO
TLB
SRAPTIOGE T aa | Tag | PPN | Valid | Tag | PPN | Valid | Tag | PPN | valid
tolo3| - o [oo[oo| 1 [oo] -] o Jo7]o2] 1
1 (o320 1 [o2| -] o Joa| -] o [oa| -1 o
2 lo2] -] o [os] -] o [o6] -] o o3| -1 o
3lo7] -] o [o3]op] 1 [oa[3a] 1 Jo2] -] o




IREE ] 2-4

Virtual Address

0Ox93D4 11 10 o 7 6 4 3 2
0 0 0 0 1 1 1 1 0 1 0
VPN VPO

VPN: ___ TLBI: __TLBT: __ TL;B Hit? __ Page Fault? __

TLB

gaap%g%'PN Valid | Tag | PPN | Valid | Tag | PPN | Valid | Tag | PPN | Valid

tolos| -] o Joo|oo| 1 Joo| -] o Jo7]o02] 1
1 03 2D 1 02 - 0 04 - 0 OA - 0
2 02 - 0 08 - 0 06 - 0 03 - 0
3 07 - 0 03 oD 1 OA | 34 1 02 - 0
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IRESIESR

Virtual Address

0x93D4 11 10 9 8 7 6 4 3 2
0 0 0 0 1 1 1 1 1 0 1 0
VPN VPO

VPN: OxOf TLBI: 3 TLBT: 0x03 TLB Hit? Yes Page Fault? No

TLB

gaap%g%'PN Valid | Tag | PPN | Valid | Tag | PPN | Valid | Tag | PPN | Valid

tolos| -] o Joo|oo| 1 Joo| -] o Jo7]o02] 1
1 03 2D 1 02 - 0 04 - 0 OA - 0
2 02 - 0 08 - 0 06 - 0 03 - 0
3 07 - 0 03 | OD 1 OA | 34 1 02 - 0
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IRESIESR

Virtual Address
Ox030A4 117 120 9 8 7 6 5 4 3 2 1

0|0 |O 0 |1 111 |1 0 |1 0|1 |0 0

VPN § VPO

VPN: OxOf TLBI: 3 TLBT: OXOQ: TLB Hit? Yes Page Fault? N

11 10 9 8 7 6.5 4 3 2 1 0
o | o|1 |12 |l0|2/0|1]|01/2|01]0

PPN i PPO

PPN: OxOD PPO: 0x14 PA:
0x354
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Simple Memory System: Cache

* Cache o
. C (o{0)
— 16 lines T
_ , 11 10 9 6 5 4 1 0
— 4-byte line size
— Direct mapped
PPN PPO
L1 cache
9napshodEli | Bo | B1 | B2 | B3 |Idx | Tag | Vali | BO | B1 | B2 | B3
d d
0 |19 | 1 |99 | 11 | 23 |11 | 8 |24 | 1 | 3A | 00 | 51 | 89
1 | 15| 0 - - - - 9 | 2D | o0 - _ _ _
2 | 1B | 1 |00 | 02 | 04 | 08| A |2D| 1 |93 | 15 | DA | 3B
3 |36 | 0 - - - - B |0B | O - - - -
4 | 32| 1 |43 |eD | 8 |09 | Cc | 12| O - - - -
5 |ob| 1 |36 |72 | Fo |1D | D |16 | 1 | 04 | 96 | 34 | 15
6 | 31| o0 - - - - E |13 | 1 | 83 | 77 | 1B | D3
7 |16 | 1 |11 | c2 | pbF| 03| F |14 | o - - - -




86



PA:
C C <— CO —>
0x354 |
11 10 9 8 7 6 5 4 3 2 1 0
o|lo0o|1/|12 01|10 o |10 0
PPN PPO

CO: 0x0 CI: 0x05 CT: O0x0D Hit? __ Byte: __

87



Simple Memory System Cache

C C <—CO —
* Cache T

— 16 lines
— 4-byte line size
— Direct mapped

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

PPN PPO

CO: 0x0 CI: 0x05 CT: 0x0D Hit? __ Byte: __

Tag | Vali | BO Bl B2 B3 Tag | Vali | BO Bl B2 B3
d d

0 19 1 99 11 23 11 8 24 1 3A 00 51 89
1 15 0 - - - - ) 2D 0 - - - -
2 1B 1 00 02 04 08 A 2D 1 93 15 DA | 3B
3 36 0 - - - - B (1] 3] 0] - - - -
4 32 1 43 6D 8F 09 C 12 0 - - - -
5 oD 1 36 72 FO 1D D 16 1 04 96 34 15
6 31 0 - - - - E 13 1 83 77 1B D3
7 16 1 11 C2 DF 03 F 14 0 - - - -




Address Translation Example

PA:
C C <— Cco —
0x354 |
11 10 9 8 7 6 5 4 3 2 1 0
o |o|1]|12 /01|10 0o |10 0
PPN PPO

Offset: 0x0 Cl: 0x05 CT: Ox0OD Hit? Yes Byte:
0x36
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Faster Translations w/ TLBs

* TLB Issue: Context Switches

— TLB H7EfiEEY 2 =7 process BY page table
— A4 context switch FIRTE, |HBYETFINAE]HET

i

— E.g., #HIEM P1 J#2%| P2 , VPN=10 AR

entry

— B{RMNZUAITE context switch BY4ME TLB?

VPN

PEN

valid

prot

10

10

1
0
VPN HZE8 TLB entry , RESF

translation 155

100

170

1
0

IrwX

Ir'wX

24

90



Faster Translations w/ TLBs

* TLB Issue: Context Switches
- #1. EREMBET TLB, EFHIE
* OS: FIRFIESRIZHIEZ TLB
* IE%: PTBR ?iEE&TETH TLB FAIBUBEE
* B TLB apHEMEE 0, MEERE
— #2. address space |dent|ﬁer (ASID)
* ATLUIRER PID RIRfR
* IJUUXADARE VA TiE), FBT TLB , AR EHEIR

VPN | PEN | valid | prot | ASID
10 100 1 rwx 1

0 _
10 170 1 r'wx 2
0 _

91



Faster Translations w/ TLBs

* TLB Issue: Context Switches

— WP AR[ED

HFEHY VPN I gEIE MR —

— AEE) A

™ PFN (PPN)

NN HEHEHITTRERE

* H=—%F4% code page ( ¥ kernel #1 shared libraries)
* Fork G F#HIZZ (8]
© HIZENRE -> HERE

VPN | PEN | valid | prot | ASID
10 101 1 r-X 1
_ _ 0 _ _
50 101 1 r-X 2
_ _ 0 _ _
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Faster Translations w/ TLBs

* Issue: Replacement Policy
— least-recently-used (LRU)
— random
— LRU R4 P ELEL random &
* FIEN#HFZEIE switch , LRU SEEMNHEVIAGPRER
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Faster Translations w/ TLBs

* A Real TLB Entry
— MIPS R4000: 32-bit virtual address, 4KB pages
— Software-managed TLB
— A TLB entry: 64 bits
— VPN: 20-bit, offset: 12-bit
— LR VPN 19 i, RARBRFRRER—%F, 5—-
kernel
— PFN: 24-bit , ¥IERNFXZFFEI 64GB (23°B)

[ ES
B
o

0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
VPN G ASID
PEN C |D}JV
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Faster Translations w/ TLBs

: bi )
* A Real TLB Entry in MIPS R4000 3gpit pa.
- ASID: 8-bit , 8% 256 Mg aKB

- A global bit (G): 2BH=wpE#HE, MEEgs,
ASID #7228

— Coherence bit (C): 4 cache ¥8x

— Dirty bit (D) : page BE#IEHGT

— Valid bit (V): translation 8B

— TLB —f%A 32 = 64 M entry , ‘LEFNEL OS (R
iF kernel BY4EE )

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
VPN G ASID
PEN C |DJV




MIPS

MIPS R4000 & 1991 & MIPS A% 1—Rfb 22
XERPERIF 64bit word B9 1823 2—, XA RISCIESE,
lum IZ

MIPS R4000 HIC¥F 32bit 1 64bit e ZAER
OSTEP secl19 i EfFEMA 32bit VA, wikipedia iiE#EH
64bit VA Virtual address
T 64l " \:ﬁh'l g";’TLBr%‘é’“ etk el e — VPN Offset I

2. If there is a match, the page frame G ASID VPN
number (PFN) representing the upper
bits of the physical address (PA) is TLB

output from the TLB. Entry

PFN I

3
3. The Offset, which does not pass through
the TLB, is then concatenated to the PFN. PFN | Offset I 96

Physical address




MIPS

MIPS REBHNERAFEH LK —# RISC I5SERN
1984 & MIPS RiL Y fabless #SFigitAF], 1§ MIPS 29k

44
1990s & MIPS LUEGFIEREIER, Z2/EHTF RISC FEKE, g

&=
MIPS LbEFIN, RSKEMARVDEBHE MI n
y) Ao

2001 FHEPRIT RIS iR 4A

2002 F, ks 1 5, KA MIPS 1l 32 (iig<HE

2003 F, oth 2 5, KA MIPS 11l 64 ii5<$& (1 R4000 #H
&)

ZBEMHET MIPS $#1

59}21%&“&%6& Bl Rt bon el SSRRES), AT R

2021 EE L= 1ooanArch 1845 5040




Faster Translations w/ TLBs

* A Real TLB Entry

— MIPS Y TLB E

— RMHENIES, LUE OS 12{E TLB

TLBP: & TLB @& FE—T4FEHRY translation
TLBR: ¥— TLB entry }%:2|&F23

TLBWI: B AN— TLB entry

TLBWR: [FENE#— TLB entry

N =1

£

/7 8 9 10 11 12 13 14 15 16 17 18 19

20

21 22 23 24 25 26

27 28 29

30 3

VPN

G

ASID

PFN
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Faster Translations w/ TLBs

B EIER RAM

— Random-access memory (RAM) , B}t Lifia)&it

— {BLFR L

A

7B cache. TLB BNTETE, 1Al [E)HE

HEREZEEREER A
— RAM RERYIIRIARREEA—EEFED
— NSRS —IEE 64bit , Bl—ETShEIHAIE 8B
— HLEARSZ82A0 ECC PNERA 256bit 1ER—MRIGH (i
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HIE S bR

* (Linux) 81121 B SR EMIE (8]
— P HIZRTRERE— 1 RE At
* X
- §MHIEECHRIUNIIR (RRINATFXE)
- MMU EXNE#HTES (PID) , A BEHRFIXIRZAITIZR
— FrEA MMU EREAFINIEDTIRRYIAIE), BIIRANBTEE 0S £EHE,
FA#HIEZ OS T AEN#E (WF MMU 22 ID-> TIRXFZ
PIRIVITHEIN, FEZMNEHENHZ
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HIE S bR

° TLB
- BRI RIREER PR Va->Pa, Va->Pb (RE#
R EIILERE Va , {BXThBV4IEIEARE])
— %@, BMEREERENASR
* HIEBYIEHIE A, invalidate TLB HFrEEBE, MLFUA
— ASID (Address Space ID)
* §P#HIE—1 ASID , EMNES|{EE 2 ASID+VPN

101



Paging: Smaller Tables

102



Paging: Smaller Tables

* [o]fi Paging 5BV R
- REIE (TLB iZE)
- HARE=TIEKX (7))

* 32-bit address space, 4KB pages, 4-byte page-table
entry

« — M#FE: 1M*4B=4MB
* 100 MHEAHFE: 400MB

* MIPS R4000 I T &5 40bit BJ VA space , & MHERR
RAGEBEZK?
* 2728 1 PTE, &4 PET 8Byte, 2GB

103



Paging: Smaller Tables

* Given:
— X86: 32-bit address space
4KB (2'?) page size, 4-byte PTE
— X86-64: 48-bit address space
4KB (2'?) page size, 8-byte PTE
* Problem:

— X86: Would need a 4 MB page table!
* 220%4 pytes (20bit = 32bit - 12bit)

— X86-64: Would need a 512 GB page table!
* 236 %8 pytes (36bit = 48bit - 12bit)

104



Paging: Smaller Tables

* Simple Solution : Bigger Pages
— Page size: 4KB -> 16KB
— —NHFE: 232/214 = 218 = 256K N entry , 1MB

=)

— Al internal fragmentation
* ARELDSDE—1 page , BrIgERATHPH—/NEB, R

* Page K, HIF5E paging 52 flexibility L%
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Paging: Smaller Tables

* Hybrid Approach: Paging and Segments
— Paging: fiE, TEIFEK, EETAZMIIZT8]
— Segment : fHAE, TEFHE/D, EEHEIIETE]
— Hybrid: FAZHMNE
- &P Multics /fE¥& Z— Jack Dennis 12

Hybrld IR RSP EMELIR

HE— iRl AEFE RS B4 RGN, i
Hybrid
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Paging: Smaller Tables

* Hybrid Approach: Paging and Segments

— E.qg., 16KB address space, 1KB pages

PEN wvalid prot present dirty

10 1 r-X 1 0

- 0 — - -

: 0 — - -

- 0 — - -
23 1 rw- 1 1

- 0 — - -

- 0 — - -

: 0 — i i

. 0 — . y

- 0 — -
pagetta ble EIF ) *ﬁ ﬁ ’ IEE =
= L ]

! 0 — . .

- 0 — - -
28 1 rw- 1 1

-+ | rW- 1 1

Virtual Address Space

code

heap

stack

COoO~NOOP,WN=-O

P G Gy "y
P WN—=-O

Physical Memory

CO~NOOP,WN=-O

h ik ik b ok ek ek ek -k -k

PN NN N
OprWON—=O

NN
~N o

N
[e5)

wnN
ow

w
ui




Paging: Smaller Tables

* Hybrid Approach: Paging and Segments

— Segment: base+bound , BIEEINFESRF

* Code, heap, stack =4 segment , FHIttE =3
base+bound F1E28

* FEREFREEHIEN =1 segment &
— 81 segment EiII—iKIi1k, bound AEEREHEHH
HNEAREF
* EERENENZTEIARITAN page table , AILUTEZ|8]

* {iRi1% code segment RIEATERI= page (0, 1, 2) , ABA
code segment page table Ri2R=" entry , bound=3
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Paging: Smaller Tables

* Hybrid Approach: Paging and Segments
- BRIIZ\NFEE
— WIFER]:

* NR=TEHE (T, MAREERST) ,» XEBWAS
© SHEIMY fragmentatlon

109



Paging: Smaller Tables

* Nft4 Page Table § %
— &1 VPN #3Thz—1~ entry
— B Pr EZBHEIEH SEEL
/> PPN

EEEP ¥

IEfERA%Z/L VPN IH5B%

— i.e., Page Table F1¥2%HE, BEREZ entry =

B, ANERATRESE]

— Solution: ZZ{TiR, E4E=H entry FiGBI=|E]

110



Paging: Smaller Tables

Level 2

* multi-level page tables Tables

— e.g., 2-level page table

* Level 1 table: 1024 entries, Level 1
. . eve
each of which points to a Table
Level 2 page table. "

* Level 2 table: 1024
entries, each of which
points to a page

111

HaiRZiHEIRS, 11 x86 , #B{FEA multi-level page

+ahla



Paging: Smaller Tables

* Multi-level Page Tables

Linear Page Table

PTBR| 201 |

=%

€ S8 PFN

1] rx 12 -
1] rx 13 &
0 - : &€
1] rw 100 i
0 - . o
0 &
0 &
0 o
0 o
0 &
0 m
0 o
0 <
0| - - &
1] rw 86 &
1] rw 15 e

Multi-level Page Table

PDBR| 200 |

O
©
> PFN

. 1 201

~ (0 -

£ [0 :

ol B 204

The Page Directory

= ®
$ S8 PFN

> 1] rx 12 -
1| rx 13 &
0| - : &
1] rw 100 s

[Page 1 of PT: Not Allocated]

[Page 2 of PT: Not Allocated]

rw 86
rw 15

PFN 204




Multi-Level Page Tables: Hjas] I H %[

Virtual
Level 1 Level 2 memory
=0
page page VPO | )
table —tables
5TE O / PTE O 2K allocated VM
VP 1023 > pages
PTE 1 for code and
PTE 1023 VP 1024
PTE 2 (null) data
PTE 3 (null
(null) VP 2047 |
PTE 4 (null) PTE 0 )
PTE 5 (null)
PTE 6 (null) PTE 1023 6K unallocated VM
PTE 7 (null) Gap > pages
PTE 8 -
1023 null
(1K - 9) PTEs /
null PTEs PTE 1023 1023 1023 unallocated
\L nallocated pages
pages 1 allocated VM
32 bit addresses, 4KB pages, VP 9215 page

4-byte PTEs

for the stack



Paging: Smaller Tables

* A Detailed Multi-Level Example

— 14-bit virtual address space
— 8-bit for VPN, 6-bit for offset

— 4-byte PTE

0000 0000
0000 0001
0000 0010
0000 0011

— A linear page table: 256 entrie oo 0100

— Page table: 1KB (256*4B)
— Page 0, 1 -> code

— Page 4, 5 -> heap

— Page 254, 255 -> stack

0000 0101
0000 0110
0000 0111

1111 1100
1111 1101
1111 1110
1111 1111

code

code

(free)

(free)

heap

heap

(free)

(free)

... all free ...

(free)

(free)

stack

stack
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Paging: Smaller Tables

* A Detailed Multi-Level Example
— —{\page & 64B, #EHK 16 4 PTE
— BRLl—4RTiRE 16 P entry , {15 16(=256/16)
N VPN
— Page-directory index (PDIndex) /u VPN BYg] 4
I, AREMARETF—HKIIXRFTHIFE entry

VPN offset

1311211 [ 10| 9 8 7 6 5 4 3 2 1 0

Page Directory Index
115



Paging: Smaller Tables

* Page table index (PTIndex)
— VPN BY/EPEL, RZZRIIFKRAY index

VPN offset

13 (12 (11 |10 | 9 8 7 6 5 4 3 2 1 0

Page Directory Index Page Table Index

116



Paging: Smaller Tables

* TERDIRE

Page Directory = Page of PT (@PFN:100)

Page of PT (@PFN:101)

PFN  valid? | PFN  valid prot PFN  valid prot
100 1 10 1 r-x - 0 —
— 0 23 1 r-X = 0 —
— 0 = 0 = = 0 —
S 0 = 0 — — 0 —
— 0 80 1 TW- — 0 —
— 0 59 1 IwW- - 0 —
— 0 - 0 —: - 0 —
— 0 = 0 = = 0 .
— 0 = 0 = = 0 o
m— 0 - 0 — - 0 —
— 0 - 0 = —~ 0 .
— 0 - 0 — - 0 —
— 0 - 0 — - 0 —
— 0 - 0 — - 0 —
— 0 - 0 — 55 1 IW-
101 1 - 0 — 45 1 IW-
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Paging: Smaller Tables

* More Than Two Levels
— £ VPN g1@E %9 Z 1 PD Index ( SiF#F N ZEL VPN)

VPN offset

29(28|27(26|25|24|23|22|21|20({19|18(17|16(15|14(13|12(11|10({9 |8 (7 |6 (5|4 |3 |2 | 1

L Il Il |

PD Index O PD Index 1 Page Table Index

118



Paging: Smaller Tables

Address translation with a k-level
paae table

Virtual address

n—1 p—1 0
¢ VPN 1 ¢ VPN2 - ¢ VPN k VPO
e —
Level 1 Level 2 Level k
page table | page table page table
> -
[ PPN |}
m—1 ¥ p=1 0
PPN PPO

Physical address

%/XH page table i5R2E &ilk address translation &
FR1E?



Paging: Smaller Tables

* BHF TLB BYN0E, 7£ TLB hit UIBER T, ZZ4km
RIVEEKRIARR, 5—RKIIREEAK

* BIIREFELAE TLB miss , MFEHRZRX
memory access , LiiEig

120



Paging: Smaller Tables

* Inverted Page Tables

~ VPN -> PPN, LLiRfRER, SNHHE => iaFrey

— 1B Pa E&&) *Uﬁﬁglgl%_) LEARFERR =>
— Inverted page tables (PPN->VPN)
- IRRERFEXZ VPN->PPN H&E#

— ZEREFHEAKN, FTUFEERTINNEMRKINER

=, 5190 hash 25443
* e.g., IBM PowerPC

— Page table is just a data structure. You can do

lots of crazy things on it
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PowerPC

PowerPC (Performance Optimization With Enhanced
RISC) 2 MIPS. ARM. RISC-V ZiM—1EH RISCIESE
£

1980s, IBM 5% RISC {5 SRR SR

1991 4, IBM. Apple. Motorola RiZEXEE, S1ER%.
PowerPC

1994 £ -2006 F£Z5]AHF MacBook (2006-2021 A Intel
x86)
e HAFEE XBox. PS 3. BRiIgHE

Bri IBM AIX (Unix) I{Eik{n7X#EHR PowerPC
RN 4THtEE PowerPC BIN A (fik2E. ¥HZ)
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°* P :04B
age:
. n
[ ]
JEERLE S VA:14-bit
oyt S .
* PA:12-bit
n
. k2B AR E item
L
TLB: [MEXZHAHE, 16 items
- i 0
n
Cache: H#ZMET, 16 T4,
heline 4B
il 13 12 11 10 ‘8 8 6 5H 4 3 2 1 0 G Cl cO —
irtual
11 10 9 8 e 6 5 4 3 2 1 0
address |‘ ‘ | | | ‘ | | | | | ] ‘ ‘ Physical | ‘ | | | | | | | ‘ |
VPN VPQ ———— address \ ‘
« PPN >4 PPO >
Set Tag PPN Valid Tag PPN Valid Tag PPN Valid Tag PPN Valid
0 03 - 0 09 0D 1 00 - 0 07 02 1 ldk Tag Valid BIkO Blk1 Blk2 Blk3
1 03 2D 1 02 - 0 04 - 0 0A A 0 0 19 1 99 54 | 23 1
2 02 - 0 08 - 0 06 - 0 03 s 0 1 15 0 —_ —_ —_ —_
3 07 - 0 03 0D 1 0A 34 1 02 - 0 2 1B 1 00 02 04 08
3 36 0 —_ —_ —_ —_
(a) TLB: 4 sets, 16 entries, 4-way set associative 555 ] 3 == 5 o8
VPN PPN Valid VPN PPN Valid 5| oD 1 36 72 FoO iD
00| 28 | 1 08| 13 | 1 6] 31 0 il M W B W
01 -y, 0 09 17 1 7 16 1 1 c2 DF 03
02| 33 | 1 oAl oo | 1 8|24 | 1 | 3A | 00 | 51 | 89
9] 2D 0 — — — —
03 02 1 0B — 0
04 | — 0 oc | — 0 Al 2D 1 93 15 DA | 3B
05 | 16 | 1 ob |20 | 1 | ML .. S Wl Ml M i
6| — | o oE | 11 | 1 o W S Wl Ml Ml i
07 — 0 OF oD 1 D 16 1 04 96 34 15
E 13 1 83 77 1B D3
(b) Page table: Only the first 16 PTEs are shown El 14 0 — o — —

(c) Cache: 16 sets, 4-byte blocks, direct mapped




IR EHR ]

* Page:64B
* VA:14-bit

PA:12-bit

* TLB: POE&<H
}iE, 16 items

* Cache: E#ZMA5T,
16 ~2H, cacheline
4B

Virtual address: 0x03d7

A. Virtual address format

13 42 11 10 9 8 7 6 5 4 3 2 1 D

B. Address translation

Parameter Value

VPN

TLB index

TLB tag

TLB hit? (Y/N)
Page fault? (Y/N)
PPN

. Physical address format

. Physical memory reference

Parameter Value

Byte offset

Cache index

Cache tag

Cache hit? (Y/N)
Cache byte returned

124



HIER

e

00 0011 1101 0111
Parameter Value
VPN Oxf
TLB index 0x3
TLB tag 0x3
TLB hit? (Y/N) s g
Page fault? (Y/N) N
PPN 0xd
0011 0101 0111

Parameter Value
Byte offset 0x3
Cache index 0x5
Cache tag Oxd
Cache hit? (Y/N) Y
Cache byte returned Ox1d 125
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