11 &Rk RIE
RV $5.7 EHIFiiEzS
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FZ=AE: COD5 $5.7%5

v/ SO vs EEHbE
REFFIZ AT

v

Cache Mapping

BBBBBB

PPPPP

v EFEERE
v'PWR

v B EIEIR: Sf
v'TLB
vMMU
SRR

-

v'Cache-TLB-Memory-Disk
VRS




EXAEFERSR: iGFRIE?

Virtual Memory Mapping CPU
Cache Mapping /\ |
JE— AT
Cache
Secondary ﬁﬂjj;ﬁﬁ;
B < r < > Storage T Y 3
Registers Words Blocks Pages ] T4
Cache HABHTE AR
Processor Main Memory ‘ .................... fﬁﬁ
Cc Memory
CPU a bus
c Memory 1O devicse
| Registers | h
e :
Cisk
: memory
Register Cache Memory referanca
referencs refarencs referancs
Sze: 500 bytee 64 KB 1 GB 1TB
Spead: 250pe ina 100 ns 10 ms



SCHEAIETE . TEAESE IR

Physical Memory

Ay G, _Y_g StaCk
Nmma o
—|MREQ Ay gz" Y, . _ i,
Az B
Ay A T
Aiﬂ
A,
A; A
10 LE R ‘II'. r‘% Ag"...
2Kx8 b 1Kxd & 1Kxd fr Data Segment
-I-_ ROM RAM RAM
A A
D, D, v 'yb | D ¢4p, | D |, PC —
5 Text Segment
D,
D,
WR Operating System

RRTF2AES (BRI & 17 36 D B =



-

FaE: EREXIIFMESESE 5EA
« RI—: EF-EF +BF

A

S FEES (Virtual memory) .

BHR: 1961FEMEMTKFIRE

CPU

NI

o ﬁﬁ

 OverlayfeKN: BBFDE, BIK < XN, BERFRRASHRALRN
— 573_*3'_‘_- 1’bﬁ£ﬁﬂ SZJ EI:F' '5/ \?ﬁﬁ%

- R FERENHEHTF (EF) ACache

M EIURER R

—57

F' HiE

- MERE: — M EFEARFHYVEFRISON
. 1‘%:‘:%:, REFHETHE, BEPERE

MMUFIOSTEiEEIEssHEEE . W@

End
user

Programmer

*EJ

¥ 517508

- EATVATF: BB (relocation) %K, EREMBUEARESZI4HPIR BN

- Il (FBK) BV (A K) , R



@}%— AVt ?Ii"Eﬂ: J

Virtual address space

Ox 00000000

Ox00010000 *

text

Ox10000000 |

data

— — — — -

stack

Ox P

BiRaSa] <=> PP 2 ) <==> 5L %5 A

Physical address space

0x 00000000

Py

Ox OOfFFf

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

SHbiZS|a]

swapout | O[] 1[] 2[] 3[]
| e[ s e[ 70
program

A 8[ ] o[ J1o[ ][]
12[ 13 ][ ]1s5[]

 ~swap in 16[ | 1?[_7_] 13Q 19[?

MainMemory

7 program 20 J21[ J22[ J23[ ]

B
-~
JEAF: WEELACH X (swap space)

BN I AL ?
Demand Paging %1%
Bring a page into memory only
when it is needed
1. Less I/O needed
2. Less memory needed
3. Faster response
4. More users




+FEAREFHICache:

G v A W N = O

7

logical memory

A|[m|m|O|Nn|wm| >

H

frame

N O R W = O

0
1

2

valid-invalie3
bit

|
AN

w 00 N O A

10
11
12
13
14
15

PhysicalMemory

TR TR =iz 72 [A) T AR
TUIRAS: Valid-Invalid(PRESENT, pagefault), reference (¥#t) , dirty

T A7 4 [X
swap space
N
N

PWR

REAE: (EHAF

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

SrI: ESEUUR/ANESE .
AR BN EEME
RESERLGS: %R
TR fENAFH. K/N?
H¥E: HlA
When ? —20#4?
i

OSTEG HIEFERT, NEAHEFEE
S TR AR VAR E]
HOS+MMUE H, XL i flgm ik
RIE



RESCib AL -

RESCRRET,

Virtual address

3130292827 - +vrevrerernraranennns 15141312111098 ---------- 3210
Virtual page number Page offset
oy . o o ‘
VPN (75 ) is the index|of PT BTk = WIETl= Bt (n BED
\x Erama | Wit Gouns | sty Block/frame/page/sector
; 3 2 Z 2 Z 2 (Translation)
\29{327 ......... SEREERRLTEE 15141312111098 -} 3210
Physical page number Page offset

Physical address
RVE|5-25



3R

OSBRI :

~ FETAFHOSHEIIZSA]
- BBAPTLAN
— DERENEFRRPTBR

VPN (FETi5) is the index of P[T
PTEF&T\: page table entry

ZHMIVCD:
« Vald: EAN, IRFE
— SRENIT: diskithit (JMRER)
« Ref/used/Count: $5.7.2
* Dirty
- YIENS (L&)
« page frame number (PFN),
» Disk address

— Access Rights: JEEFE$5.7.8
 read/write/modify/exe

HERP (BREIEAHIZENR)

RESCHRET, TMPRTH

Page table
Physical page or
Valid disk address

\

Sa= =g =aEa]a]=]=

RV FIGURE 5.27

Physical memory

Disk storage

JphEazE (disk map)
M: ZA{Z (mount)

. B bk
. IBrREEMNE L4

7 (B, WMHFEH) PEAN

\J




® HTisize=4K,

® EZFEAN/NI6R
& RARLVENFIT (16K)

® TH: 16Wi=jB=%% A

(64k

® A entryXt iR 2 Rl ) —

MR

® Framelk: PER

do

E ENFHLSH

A5, BEFRIEON:
¥ HH0000H~0FFFH

1000H~1FFFH

L, PrELHh

/

Bl RE A HbE = 0xxxH

Sl
=

A A%

-1 m O O w P W 0 N O 1 A W N —=(0O

F/raqe Valid | Count | Dirty
Jo 1) 1 |1 of o
ool o[oo] o
o ofNo [0 o] o .
ool & |00 o0 (a) AWK
(b) A%t LIV N
11 1N o 1] 1
oof o [vofo
oo o |o\of o
ool oo 6\ 0
ool oo oNo
oofo|oo|§
ool oloo| o }_ﬁgﬁifég SFEEH T o
ool oo of o 3000H age
o 2FFFH | yroced
00| 0 (O0OfO 2000H NUSE
0 0[]0 oofo 1 Gooon | Page0>
. OFFFH
0 0 1 0 O 0 0 0000H Page F
(@) (b)
WYy Inl i AFpage “A” 7
PAT — K VI FTE L T V7 M JLIRAF i 28 ?




Single-Level Page Table

31 e]12e¢11 o0
V| I’tua| evalue = x value =
Address value=y
32 bits
H&h: $5.7.3 « .
FALZR TR KR, 4 o~
H F BN (7 ) ST
220 page ‘ 212
entries | | 7€ JICEE| entries
Y age
> rﬁrﬂ.e_v v
e
Size of page table _ 8 bits
= 220* 32 hits = 4 Mbytes Size of pege

= 212* 8 bits = 4 Kbytes

#12: 48-bit canonical form virtual addresses and 4 KB pages. On such a system, it would
take 28 B/ 212 B * 8 B = 2739 B = 512 GB of storage just for the page table alone!



Two-level Page Table

«31 22021 e1211 *0

A\éllcrzltrueasls walue = X wvalue = y ~value = z

=

—f-y 4 210
_210 .pa%e @ntl’ies 1
entries | | directory e " ‘ N
'L i page 212
/ “32bits able —ICEERN || entries
- v age
| - rame il
Size of page directory 32 bits [ — |
= 210* 32 bits = 4 Kbytes ‘ 8 bits '

Size of page table
= 210* 32 bits = 4 Kbytes
ZHIFK: $5.7.3 Size of page
D T RHANNGE—— T 2E0 1880 ! = 212* 8 bits = 4 Kbytes
2) Aoyl E T ARES WA X -12/111



*n /rlr

ZiH

OSHET
HIERTE

$5.7.8

A virtual address

TR IR

— PC+GPRs+SP+PTBR

R :
- RELTX, KE

User 1 VA1l

User 2

— -

VAl

o .—

il 374

Page Tabl

1]

Page Tabl

Page Table .

page number

offset

WIN | = O

Address Space

of User-1

Physical

Memory

W N=O

Page Table
of User-1

free




AZ 3 *I:I . BE—>‘<—
ZIHME. PREEA
e —

: HIH! Virtual Address
Multiple  H ML ™ Virtual Address
Process — Virtual Address

Virtual | Virtual Address
Address - :
Ranges M .
HIHI™ Virtual Address
HIH!  Virtual Address
UH! Virtual Address
One Virtual oL
Address Range
Per Process

BB BT TR MR S B HLd (PTBRD
DRI -

1) CPUBTII: HAIES, REE;
2) TIRALTOSHuNEZSTE], Bk R B,

3) s RIALRAL (Access rights)
. OSTEPIR LR —MERIP2IHIPTE, FPLVRIP2. ASID (iHfEid)

L=

/
(R, He 2
/ l 1 ZN—7F L
0 1516 31 0
Virtual Address
0 1516 3 :
Physical Page | Offset Rederenced Data
¢ Physical Address
0 31 : $
Page:
[ Index:
S ’;Pn;sw ;@s\ --------
»,m ‘ 3_* Physical Memory
Page Table
HAEEHOSHEY;

HEEOSH . AFAVT A 7



[RZLTLB(Translation Look-aside Buffers), $

- TLBZEIR
|xr? W — tag+PTE(VCD, PN, Access)
/ / e Tag = VPN
N mber Vel Dirty Ref Tag e - ZRIGR: ERKREEE—RIER
| A - — BRETAT: fully associative
i S M s RUFIFO ()
Tior s : - Bk & Tag+Vv?
O g - TLBhit: EFfreffldirtyfi,
Valid Dirty Ref or disk address > _ 7‘5]?:{51?[@-%% |_5,|.§ %EZ:_EQ
A —— ik storage - SE: RIURHIFSEVCD
a0 ——— _| «  TLBmiss: TLBZIFinv
LRI | ~ CPU stall
(1] [1) (}] ?7/7‘ ] — BE% ( Table walking )
K - I . PageFault: 123FIfinv, Ctx Switch
- CPUHZEE<ET ($5.7.9)
‘RV[E|5-29

- HIELDHR: SEFETTLB

= mAal B ? . So= ey s 3 =
%2R Al B 3 ATLB — BT ASID (GHEEID)



CPU;;

B =
HYX

ST 2. TLB. Cafhg

o SCHutiFCache: $47—2%load?

- JZithffCache. &, £ (aliasing) /Ggd

H=ZIFF/LUX (BC, WC) ?

data data
Y)FCache: [ virtual physical
JI§i Vi i1l TLBAICache poge__pddr L+
A KA ($5.7.7VEAR) Processor TLB Cache Main
#@HECache: —miss Memory
TLB7ECache /5 ? L -----»]<—DMAC
] Page OS Fault Disk
TLB miss: MMUOS &% Table  J= =*\ Handler Memory
RV$5.7.6: MIPSH #Fab R page fault/
RV/? protection violation
BRUL: OSHH - P
JRiZ: OS%% sty | Inst. || || Dacsde L |Data | | Data
access{rriE PCILB Y | cache [P E MR8 | cache [1W
/ \l 1 /\ /\ ./,/‘\ I /\

PPL: i & v i 2

TLB miss? Page Fault?

Protection violation?

TLB miss? Page Fault?
Protection violation?




Virtual addrass

L B VI DT TP 14 1312 11 10 Geeeennns 32490
Virtual page number Page offsat
FastMATHKITLB
Valid Dirty Tag Physical page number
L8 D
TLB hit =— — .
TLBZR 6441 : —
=VPN20+PN20+VCD D 15
+V+Access+ASID |
Physical page numbar | Page offsat
: Prysical sddress g | e index | BIOK Byte
TLBh't: '[ag+V ys g I offeat + offset
418 18 J4 2

T P E A
PN A DR/ {8 i —
CacheBt K/ Valid Tag

Cache

YIRBE5-1289Cache | ;
(B IEET)

Cache hit ~—{__|° CT)

g 5'30: iiil:gclé/f/lz 43z

Data




|

BTEARRE: TLB (MMU) , Cache, OS

Virtual address ° T L B

~

TLB access ¢ *25& (aCCGSS r|ghtS) %jét OSE'E?%U?[@E%
— TLB miss: VPN Tag, aL4Ex(7

- EJi8FK: B (MMU) ? & (MIPS) ?
— 8%k JREPN, EIRTLB (BEHEH)

No TLB hit? Yes » MIPSEELIE "#J13 cycles” , $5.7.6
X I - . S S N
Physical address — 1EFRInvalideliifRsE: IEEDARE
- =
No Yes SZFR /A E S =
- RBRIRIEEGT (THRREE)
_| Try to read data data data
from cache virtual physical
Write access addr. addr.
it on? — hit hit miss -
e S Processor TLB Cache MMaln
DR Sl miss emory
~ { Wnéeéjéo:%c;lon ) Try to write data : ; ---—=1
Cache miss stal No Cache hit? Yes & _p_'_ o to cache -
i roa g ' rr Lo (gam) | ik
Memory
Deliver data g?gtztf:?fgg violation
to the CPU
Cache miss stailly,  No Yes
while read blo%
CPU4k%: FastMATH Cache:

5i%, H4rEd, writebuf

Write data into cache,
RVE5-31: 4 *%fFastMATH spdatethedybitand | oy

address into the write buffer




L A Y

HESE (RVES5-32)

-+ —RIPFARERE=Fmiss data data

— TLB miss: TLBZXRIT (entry) Jginvalid I virtual physical

— Cache miss: Cacheiz4iS84bs —hit—s[ hit_miss—] r_.

. }IF&EJ.%%L. = Processor TLB t c;;ﬁ;s Main

— mem miss: page fault (invaild) _miss Memory
* —*EPQ a ”Z__.I-Ab" 1 ¥ - -

— TLBaT, NIAEIHERIT ) Disk

— TLB miss, MABgECachedpth pagmtw — Memory
° %l\_ ltt%jjﬁlr@IECaChe 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.




e YApk: TLB, TiEREUIETFEEPTBR, AccessPermisionControl

. MAPPER (Table walking)

- EESCHBUMESHR: AEAEMNEZERE
+ MMUBEEIERY, Rttt BTt BRI ek

— iplEEd . AR

- HERTF: RERESXIRAHENRE, 518
— MMU faulti®&E153k: &R, JEXIDAE, i, ..

wirtwal address

T B

CPL

CPU
casing

MMU

bus

b

physical address

physical memdory

pliysical address 41
phiysical address 42
phsical addrass i3

CPL: Central Processing Unit
MMU: BMemary Management Linit
TLB: Translation lookaside buffer

MMU (Memory Management Unit){-.
. T8

, FSM
F-TLE | IF = ID |—p EX d—TLB—b|MEM —p WB
TLB hit Page tables
A s PA L1 L2 By
T2 | cache cache P m:InI:Dry
Table
walking TLB
MMU FSM miss
Dubois, (FATIFHEANARKR 5% , 2017




- MMUSCER: Z0EE

i,

i . b
—VPNtag+PTE(VCD, PN)+Access’t 7 5 s S 1] E!_I
WA Y BEpip -~ 5 4,
(FIFO)& - = - =
—pby BRSNS T
Crated ¢ d Y Y Y
[ ey i i = SRAMI 5 - =
L e - 32*28 v 32%*20 o 32%20 o
- = |
Ll 2 I
No flush > & Y
Virtual page number -{‘.:Ir"'""f ﬁfj 51 j "I ” Ul I:r"JI
Valid Dirty 5 <20 Tag Physical page number _{Eii |:|_[: l‘j::" o ' +)"i HE'T I. I|J|]
LB —]
@J.._.
rLent e %‘“ - Hit time: 0.5~1 clock cycle
5— ~ « Miss penalty: 10~100 clock cycles

Miss rate: 0.01%—-1%




MMUSLIR: Table walking FSM
. TLBEUM4HP: B5i8%, VCDEH, &if

— £%a Direct mapped Cache Controller?
Ale, | N
- =B R, IFE
- IBRER

« ¥[: CPU. Cache

il

Cache Hit

Compare Tag
Mark Cache Ready

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

Idle

Valid CPU request

data data
virtual physical ache
I addr. addr. + K:nissh aias:e
hitl—| hit _miss |—» : o ook | o Block
Processor TLB Cache Main Ol ok | ey
miss Memory
3
[ ¥ -==r
Page OS Fault D i S k Allocate Memory Ready ﬂ:?;zk
Table =*»\ Handler Memory Read ”J:r:;fr’;k Block to

page fault/
protection violation

%]5-38



- OSHysrTiAbEE (paging) -

Four times when OS involved with paging

1. Process creation

- determine program size

- create page table

- set PTBR

- HFERA: PC+GPRs+PTBR (T13R)
2. Process execution: Context switch

- MMU reset PTBR for new process

- TLB flushed: TLBRYV{iZ?

kD AR HT: Process ID (ASID)

- CoxDI#eysrft: A NE?
LRI Vi nHTr?
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
3 addr. addr. +
hit *| hit miss .
Processor TLB Cache Main
miss Memory
+
[ 4 -==r
OS Fault Disk
able Handler Memory
page fault/
protection violation
N\
\

FHERAT



EoEmnne: swsenEgC)

« EAT: effective memory access time

— i5fFRTE* (1-P) + BROTRLE

2 * P

- TATAMERYB)=EAR AT R+ S BT A g

- TRTAZRP, Dirty=q

— i5fFRY{E10ns, BAER5aAYE5ms

L1 cache reference 1 ns
Branch mispredict 3 ns
L2 cache reference 4 ns
Mutex lock/unlock 17 ns
Main memory reference 100 ns
Send 2KB over commodity network 250 ns
Compress 1KB with zip 2 us
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

o B EIMNFPORE

RERR
REASIAE

load M|

PEAEF



A RRTEA

Hfree -mEBHIZER:
[root@localhost ~J# free -m

total used free  shared buffers cached
Mem 7918 f8B5 22 0 7226 143
-+ puffers/cache 493 rd424
Swap 48906 0 4906

 FH used &z buffer ¥ cache, Z2i={TH

HFR AR G RO ZS|E)




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
ONIetD Level 3 Cache 40 cycles 10 MB Hardware
Main Memory 200 cycles 10 GB Software/OS
Other
chips NP 10-100us 100 GB Software/OS
Mechanical EEEREEIT [0ms | TB Software/OS
devices

secondary
memory

CPU |— K=l




vt

° ;Ej’j_:_l:t_lt, *Er%?irﬁj:#@fi?irﬁj Logical | Page | Offset |
- EART, SN HEEECHESE e .
— @ﬁ{z’g%ﬂ’gigﬂfﬁﬁ? Page Frame Valid
_ EAEE— (B) TmE, HOStIEEaE T
- ERHEFPREHENESTE, EFEAETENESRE SRR
— HEIAE: PC+GPRs+PTBR (IT) o101 | 10 1
o ZHERIRESRIPHF: access right
* %g&ﬁiﬁglbﬁg Physical address: } Frame Of;set
- BE l
- FEFRAEIITE SRS EAEIRET? swapXZ2aN{aA2R97? To physical memory

— Cache 5EMMUSCIIN#IELE?
— TEFITEI, OSEMMHA?
- ZRREoiEXcisita, ARSI RS THA?
- EFEEWLEEASCIl, BREEROSSEIN?
- MMUAE SHpLbiER?
—  TLB missFIfATI R H AL IE?
—  PT—%Kload/storetESTELF/LIR? NaNATE]?

—  W{EIsEERACRONV?
. fRlL

- RV: 5.16.1, 5.17.2



[IXxx@ustc.edu.cn 28/94



