11 & B Rk RIE
RV $5.7 [BI{F(EES
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FERA

v COD5: &5.71
v/ SCHEAE vs FEtE

Cache Mapping

Virtual Memory Mapping

BBBBBB

PPPPP

AT
v R R ETRRE
vPWR
RREFEERI: Tl
v'TLB
vMMU
‘/I

Il'r

=X{t: Cache-TLB-Memory-Disk 4 ;,
VIR R KW~




EXEFERER: iGFRIE?

Virtual Memory Mapping CPU
Cache Mapping /\ I
JE— R AT
Cache
Secondary ﬁﬂjj;ﬁﬁ:
< > -« < g Storage T 3 1
fegisters | Words Blocks Pages el
Cache HHEAE AR
Processor Main Memory T s
Cc Meamory
a
. c v Memory VO devicse
| Registers | h
e
- meamaory
Register Cache Memory referanca
reference refarencs referanca
Size: 500 bytee 64 KB 1 GB
Spead: 250pa ina 100 ns 10 ma



otk

Physical Memory

STHEHEBTE : TR AESRE

Ay G, _Y_g StaCk
Ay —:% SP _%
[ J———— —q9G cam
MREQ Ay Cz" Y, . _ J/
Ap B
Au A T
AW
A,
A,
Ay dooe v la Ay
2K8 fr 1Kxd B 1Kxd i1 Data Segment
_I__ ROM RAM RAM
[ A
D': D? h fDo D? L “.‘I D-o DJ o Dﬂ PC _%’ T tS t
ext segmen
D, g
Di
D,
WR Operating System

AHIFZAES CHTRLERI R & P P12 6 D B =



AR (Vitual memory) @

- B 196 1FSATHMS KSIREL

- NEEE: BEREXKIF 11%%%&“5—'_]@_55'5 A
- R—: EF=-EF+ R
- OverlayfRN: BBRFDER, BREK < AfFA/)N;, BFRRAEEARH

- ZiEtER: ASHIEUERRIFSHEFE

- BRI FFEHTF (EfF) BJCache S
- U EIIFEERS: ] |
— MRE: —MISEHAHEABENEFNRAR |
- BT, EERBTEE, EEMRE — T

- ZRAFZIHIE
— AMMUFIOSTHE ETESEHEEE . WEEiERRE-H

« REATIVIATF: EEXEL (relocation) K, 1EREHBLRRESZI4/PIEEE
- Il (BK) , B (AIZK) |, BRI




FERRRIIEIEES (A

Virtual address space

0x00000000
Ox00010000 ©

text

Ox10000000 |

data

— — — — -

stack

Ox PAFFAFFS

REMBLZ

Physical address space

Ox Q0000000

P Y

Ox DOFFFfTT

: | page belonging to process
|| page not belonging to process

i [2]

MainMemory

T

~_

swapout | O[] 1[] 2[] 3[]

o | 40 50 60 70

A 8[ ] 9[ J10[ J11[]

12 ]13[ ] ]15[]

[ ~swap in 15D1?[_T_]13[g19[g

7 program 20 |21 J22[ 23 ]

B

~

JEAF: BEELZCH X (swap space)
NS AL ?

Demand Paging 5 #%

Bring a page into memory only
when it is needed

1. Less I/0O needed

2. Less memory needed

3. Faster response

4. More users



F+FE/IEFRYCache:

G U1 AW N =2 O

7

logical memory

A|m|m|O|lNn|w | P

H

frame

N O R W N = O

0
1

2
valid-invalie3

bit

NP4 A
4 |V
I
\"}
I
I
\")
|
I

6

w o N o A

10
11
12
13
14

15
PhysicalMemory

Fog A% 7 48 [X
swap space
N
N

PWR

REAE: {E4fAF

] [ef B O O
(1 [= o] B O
L [=E =] = L

s RESEIUR/IMHEE
P BN RN E
RS . $% TR AR
K ERNFF. K2
HEE: 5
When ? —2(#47?
B

OSTEQIZEFER), AR HEFEE
AL TR LA VAR (8] o
HOS+MMUE #, X2 i Flgm 1%
ESAl N

*\/alid-Invalid(PRESENT, pagefault), reference (¥#:) , dirty



VPN (fETH5) isthe index|of PT

N\

N OOV A W N = O

RESCHELIGEHR . RESCERET,

31 30 29 28 27

Virtual address

..................... 15141312111098 ---------- 3210

Virtual page number Page offset

Frame | Valid | Count | Di

~<

ocljlo|jlo|=|Oo|Qo|o|O

Sle|oe|=|Q|e|e|9|3

RE UK/ = WA= #AER (n BHEO

Block/frame/page/sector

L i

(Translation)

......... oooioenees 15141312111098 -+-f-o- 3210

Physical page number Page offset

Physical address
CODF|5-26



Fiss: SRy, AR

Virtual page

« HOSHHERIZRFOER number RV FIGURE 5.28
. o ] Page table
— Z?{ﬁEFPEIT?EPOSi&iJJ:ﬁilEU Physical page or Physlcal memory
%J‘E = F' %/flﬁlﬁ—'_l Valid disk address
- TUREUFFSRPTBR ] —
1 — |
- PTE#&I{: page table entry 5 -\_,.ff 2
- FIVCD: e —r
. Valid: L= 0 ol
" o | —=a Diskstorage
« Ref/used/Count: $5.7.2 0 g(_% R
- Dirty 1 ¢ > | |
— Access Rights: IEERESS.7.8 wremm e s 1 |
« read/write/modify/exe : : : : | |
. TUHSRIP (RIS ABHZRIR) —— e
L I
— YIS (Hedr) 1
» page frame number (PFN)
+ Disk address SpTaZE (disk map)
« VPN (EJL5) isthe index of PT M: AN (mount) , FETEEENE "4

7 (B%) F=A



® &FMsize=4K.,
® EZEH161 (64k)
& REWMHENMFIH (16K)

o X

164> , ‘
° f&ﬂt%%%lﬁﬁ—ﬁ/l‘x
® Framel®: YFHMIES

S

A5, BEFRIZE0N:
¥R HH0000H~0FFFH

ﬁ ENFRLS TR, YFEH
1000H~1FFFH

/
. Rz LA HBAIE = OxxxH

A A%
JE 5

1 m O O m P W 0 N O 1 A W N —=|0O

Frame Valid [ Count | Dirty
Jo 1) 1 |1 of o
0 0\] 0 |]OOfO
0 O|N\O |OO]| O
oo|] & |00 o0
1 1 1NO 1] 1
00 0\900
00| O &@ 0
00006\0
0 0|l 0 |0 OO
00| o0 [0o0]Y
ool o|oof o
00| O |OO]|] O
00| 0 |OO| O
00|l 0 |0O]| O
00|l O ((O0OO0] O
ool 1 ]oof o

U R Vi [ fE 17 page “A” ?
AT — KU

(@)

B A ==
ERo

(a) NAFR

(b) AR N A7

N T

Eﬁ@i 3FFFH —
3000H age
2 Zzgggn Unused
. OFFFH |
0 0000H Page F

Vi ] JLIRAF it o ?

(b)




Single-Level Page Table

«31 1211 0

Virtual evalue = x evalue =
Address 4

32 bits
B . $5.7.3 « .

LSO A
HEEESLHGER (7)) —yT

220 age
entries fable

»

212
entries

\ 4

o
QD
—t
QD

A4

Size of page table _
= 220* 32 bits = 4 Mbytes Size of page
= 212* 8 bits = 4 Kbytes
#12: 48-bit canonical form virtual addresses and 4 KB pages. On such a system, it would
take 2748 B/ 22 B * 8 B = 239 B = 512 GB of storage just for the page table alone!



Two-level Page Table

31 «2221 e12+11 .0
A\él&trueasls evalue = x evalue = Yy *value = z
\:‘ .X
0 ; —-yli“_ 210
2 _pa%e antries 4
entries | | directory e 1
A 4 a e 212
T lable T | Ertries
1 ’ rgr%%
| . v
Size of page directory T 32 bits
= 210* 32 bits = 4 Kbytes ‘ 8 bits '

Size of page table
= 210* 32 bits = 4 Kbytes
ZRHIFK: $5.7.3 Size of page
D #&HRNNAF—— T ZE5 18 B ! = 212* 8 hits = 4 Kbytes
2) Ao BT HARESL WA AR X -12/111



ZHIEEE

OS /I MHIE IR TR

. $5.7.8

A virtual address

— PC+GPRs+SP+PTBR

HIE TR

— BEF71: PC+GPRs+SP+PTBR

User 1 VA1l

User 2

|

VAl

o .—

Page Tabl

m

Page Tabl

page number

offset

WIN | = O

Address Space
of User-1

Page Table .

Physical

Memory

WN=O

Page Table
of User-1

free




Multiple
Process
Virtual
Address

One Virtual

Address Range
Per Process

BB BT TR AR S b b AL ( PTBRO
PRI L : Page Table

1) CPUEE TIR: HFE, REE:;

2) DURALTOSHuhE=EE], Bk P i FEAE

3) i RIALFRAL (Access rights) : HAEOSHE M. FRiEVT R FH . TWIL=E?

NN




’H&i@TLB(Translaﬂon Look-aside Buffers) / $

Physlcal memory

TLB
Virtual page Physical page
number Valid Dirty Ref Tag address

| |

1]10]1 .

1]1]1 @

111

1]0(1

0/0]0

1]0]1

Page table

Physical page

1011 -
i(0|0 e«
1]0]0 o
1]0][1 o
0[0[0 —
1]0][1 o
1]0]1 o
0[0]0 77
1011 v
111 N ~
0[0[0 e
1]1]1 v
‘RV[&5-30

Valid Dirty Ref or disk address

Disk storage

TLBZIN
— tag+PTE(VCD, PN)+Access
« Tag = VPNI—ZE%>, p306

. rﬁi%%*&ﬁi% = EEEEE&)’E'—?&
75 “TLB control bits” ? ? ?

— H%%j‘fj‘_t fully associative
— B MH/FIFO (H8)
=ik: RbtikTag

- ER: TLB@AtEAEvalid
hit

— EFfreffldirty{iz

ARESIERA—H, RIURLASHR
Z5[avCD

miss: {4 (MMU)/OSEE
— TLBmiss or PageFault?
— CPU stall or Ctx Switch?

LR SEEEFRTLB



TLBSCH (488%? )

14E 41

TLBI R

=

=VPNtag+PTE(VCD, PN)+Access’*

Py PP

a0 |__ I e o
1 = = '}'L'.lm -~

FEASEH | o e g A | A

(FIFO)#% - - = =

— 300 TR
Crated ¢ d Y Y y
L rr— g2 SRAM | SRAM?2| 2}
(] it i CaM = SRAMI 5 oRAMA &
O i 3228 |3 32%20 |3 32*20 |3
= j
KA i 7 e lr’ T 7 I T
L 2R T
No flush ™ & Y v
X ey | = X I8 B
+  Hit time: 0.5~1 clock cycle B S ey B

* Miss penalty: 10~100 clock cycles

e Miss rate: 0.01%-1%




CPUITFRIRE: |

« SCHuhiFCache: #47—%%loadt

. ElthfCache . &, FJE (aliasing) /olEd

Y)F Cache:
JIf 2175 [/l TLBAI Cache
Al KAL
W4ECache:
TLBfECache)5 ?

TLB miss: MMU=LOS & &
RV$5.7.6: MIPS f &4 4 F

RV?
BRUl:. OSH'H
Ak OSHH
accesstry i3

PPL: cc¥/¥?

data data
virtual physical
addr. addr. v
hit »| hit mMissp—» ]
Processor TLB Cache Main
m{ss Memory
L - —--—> [<—DMAC
Page Disk
Tabl -
e Memory
page fault/
protection violation
. HInst | | Inst. Data
PCIRBN | Cache [P Pecode Cache [1W
/N /\ /\

Protection violation?

TLB miss? Page Fault?

577, TLB. Cathg

EA =

5%, m=ne/LIX (BC, WC) ?

TLB miss? Page Fault?
Protection violation?




313029 ..iiviainaans 15141312 111098 .. ...
Virtual Address Virtual page number Page offset
J 20 J 12
Valid Dirty Tag P hysical page number

TLB D
o>

TLB hit «—te (= )t .
- ®‘_
64 entries, (=)=

fully = -
associative T

3210 DECStation 3100/

MIPS R2000
KMIRVE5-31
FastMATHRTLB
e ME L=

TLBZR 6447 :
=20+20+VCD
+V+Access+ASID

i ASID ($5.7.8)
_ Physical page number Page offset Huhk-2= (8] 1D
Phy5|Ca| Address Physical address tag Cache index @&ﬁ%ﬁt}ﬁﬁ%ﬁ}ﬂf}‘ﬁ
_“15 ,\14 +2 xt
Valid Tag Data
Cache
16K entries, | "1 1 1
direct
mapped NE2
®  cache it | Q Data 1999 ©UCB




HTERAEE]: TLB (MMU) , Cache, Q

Virtual address

TLB access

TLB hit?

LB miss™, No
exception

Yes

No

.| Try to read data
from cache

Cache hit?

Cache miss stal No
\1@9 read blog)

-,

Yes

Deliver data
to the CPU

Write prolectif)ﬁ\~|

exception

Physical address

Write access
bit on?

C

Cache missm\
while read block

RVIE5-32: 4} %fFastMATH

TLB

- &
« PR (accessrights) $5: OSAEXEAIRE
— TLB miss: FoVPN Tag, G454
- HIEFXR: OSHRE
— B%&S: IREIPN, EFHTLB (FENER)
»  "#913 cycles” ——p307
— [EXRInvalideliifRs: OSti/ARARESE

RS =1

- IWERIRIESRG T (TTHRAFE)

Try to write data
to cache

data data
virtual physical
addr. addr.
—t hit hit miss .
Processor TLB Cache Main
miss Memory

No

Yes

'y I

L -]

Page 0S Fault Disk
Table - Handler Memory

page fault/
protection violation

FastMATH Cache:
Hi%, H45rRC, writebuf

Write data into cache,
update the dirty bit, and
put the data and the
address into the write buffer

——> CPUZk4E:




HESE (RVES-33)

+ —RIpFARERE=Mmiss data data
— TLB miss: MMUZ{OSHE=E I virtual physical
— Cache mlss. Cache};.;%ﬂ.%%ﬂ?ﬂ Processor TLBMt N g; c"I:ZS T Main
— mem miss: page fault (invaild) __miss Memory
. SHMASTATRY L =
_ TLBRh, MRETAERE ) Disk
— TLB miss, NJAa]gECachesiy e iy~ Memory
° §\. Jtti%jj&rﬂ]fgcache protection violation

Page
m Possible? If so, under what circumstance?

miss | Possible, although the page table is never really checked if TLB hits.

miss hit hit TLE misses, but entry found in page table; after retry, data is found in cache.

miss hit miss | TLB misses, but entry found in page table; after retry, data misses in cache.

miss | miss miss | TLB misses and is followed by a page fault; after retry, data must miss in cache.

hit miss miss | Impossible: cannot have a translation in TLB if page is not present in memory.

hit miss hit Impossible: cannot have a translation in TLB if page is not present in memory.
miss | miss hit Impossible: data cannot be allowed in cache if the page is not in memory.




TLBIE #2111 ?

Cache Hit
Mark Cache Ready (

Compare Tag

If Valid && Hit ,
Set Valid, SetTag,
if Write Set Dirty

-
-

Valid CPU request

- 5l

— a Direct mapped Cache Controller?

Cache Cache

Miss Miss
and and
Old Block Old Block
o TLB is Clean is Dirty
— 1HEK?

- EiR?

Write-Back

Write Old
Block to

Allocate Memory Ready

Read new block
from Memory

4]5-39



MMU (Memory Management Unit)

- FEINEE: MAPPER
— RESCHEEEHR: AEARENETSERES
- MMU#ZEEIERY, EibirEEmHEp IRt E %
— hiaEE . R
- HERNZF: EESXYTIARITANARNIR, 34
— KIEMMU faultBE153K
« TLBmiss, ®RIQ, IEZGIA], &HEEE
- fApk: TLB, TIEENIE7ZEEPTBR, AccessPermisionControl

CPu physical memaory
CPL casing phsical address 41
phiyhical addreas 42 el F |l 0 |l ex [plaTie vem [l we
virtual addross phiysical address 3

F— MU . TLB hit Page tables
. VA | 1B PA L1 L2 — I:/Ianln -
P cache [Pl cache P memory
phorsical address i
', walking TLB
£ MMU || Fsm miss
CPL: Central Processin E Linit

MBMLU: Bl mdey hanagemen 1 Linit
TLB: Translation lookaside buffer



15iN

~

A

_




OS Involvement with Paging

Four times when OS involved with paging

1. Process creation

- determine program size

- create page table

- set PTBR

- HEFDRAS: PC+GPRs+PTBR (1)
2. Process execution: Context switch

- MMU reset PTBR for new process

. TLB flushed: TLBRYV{i?

LB E R H: Process ID

- CoxUlHe oty 4 FE?
ZRFR: Vi EHAF?
3. Process execution: Page fault time

- determine virtual address causing fault
- swap target page out, needed page in

4, Process termination time
- release page table, pages

data data
virtual physical
! addr. addr. ¥
hit »| hit miss .
Processor TLB Cache Main
miss Memory
+
1 + -==
Page Disk
Tabl -
anie Memory
page fault/
protection violation

FriaAT




EFEENEEE: AUhENE

EAT: effective memory access time

—ﬁrw@*uP)+ﬂﬁkﬁw® P
- TROTAMERT ]2 AT 8]+ 5 [B]RE]*g
» FROTZRP, Dlrty%ﬁq

— J5FAYE10ns, WERIGIAASES5ms

| 1]

0 EREMNFPORE

L1 cache reference 1 ns

Branch mispredict 3 ns

L2 cache reference 4 ns B RS
Mutex lock/unlock 17 ns

Main memory reference 100 ns e
Send 2KB over commodity network 250 ns

Compress 1KB with zip 2 us load Ml

Read 1MB sequentially from main memory 9 us

SSD random read 16 us

Read 1MB sequentially from SSD 156 us

Round trip in datacenter 500 us

Read 1MB sequentially from disk 2 ms

Disk random read 4 ms

Packet roundtrip from CA to Netherlands 150 ms

PEAREF



A HAEANM

Hfree -mEEHIZER.

[rooti@localhost ~J# free -m

total used free  shared buffers
em 918 7aba a7 0 7228
-+ buffers/cache 493 7424
Swap 4996 0 4996

« FH used JaiZ buffer ] cache, A 2=
HOFE FRFT th FRRYZSE]

cached
143

_ffj_-l::l



IhgE

. ST, SR P
- EART, SMEEHCHNESE e ]
- BEBEARZREEEEER? Page Frame Valid
- BMEE— (B) IR, HOSEIZEHEI Bl el s L2
- EREREEENESE, TR B e
— HERZE: PC+GPRs+PTBR (TR) 0101 10 .
- ZHIERIPRE SIRIFPHLE . access right
’ igﬁi@ﬂglﬂﬁg Physical address: ; Frame Off‘set
° N l
- TEFRIEMIRI SRS EAMARES? swapXZaNAERRY? To physical memory

—  Cache SMMUSCII# &I LR ?
— TEFHITEI, OSEMUtA?
- RAEERELtsR, Al ARA? VI AETHA?
- EFEIEWPLLHRR{4sCIl, B OSEHL?
«  MMURREEHRLEtEiR?
—  TLB missffRTIRFEa{aIabTE?
—  Hf7—%load/storeiESFEIFFILAR? NaRATE?

—  QN{EISEIACRIMNV?
. 4R

— RV: 5.16.1, 5.17.2



Everything Is a cache of other

On the ]
datapath Registers | cycle | KB Software/Compiler
Level | Cache 2-4 cycles 32 KB Hardware
Level 2 Cache 10 cycles 256 KB Hardware
SHIChr Level 3 Cache 40 cycles 10 MB Hardware
Main Memory 200 cycles 10 GB Software/OS
Other
chips [P 10-100us 100 GB Software/OS
Mechanical SEFREESH |Oms | TB Software/OS
devices

secondary
memory

CPU |— &0
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