1 iFBENRFEEE

THEVRESE: MTEN. BT, RIS, SR, KAEERBRESEANIEEMRBE
ERH.:

o FHERNEE, EUHENNER-BR (T ERiraiEr)
o BRITENE TN EIAEECEY
o BRI DRRNZINEEBIREE. BRTE

1946 FE—EBARFITEN ENIAC, Z/FFE—EVonNeumannit&EHl EDSAC, $—&/NEH
PDP-1, SE—1&FIiHEHIBM 360
THENIINRERR =N+ RS+ SRR (THER) +=He8
1 (CPU=4MEEE=1EH e +HEHIEE)
(12F7)

» Datapath: TR EAFIZEIE
B, BEEEEPNSFS

o

» Control: CPURY4ERLERSS,
. BIRIEIEFIES SIS
- Put \ S
datapath, memorylLAN1/O1=
17, ERETSAIERINEE.

Datapath Memory » Memory: Froz{Thi iR R
HATEENEIRERIAAT.
O Output v Input: (SEHNITENANRS
\ N\ . R, BRE,
» Output: FiTEEREREH
PRIRE, NErEE. WE
. FTEDMN. I\,

Control

: TS AN
12 itB8INNIESER
IBSESR
SIERSLEETEN: FHEERITEN EF-18<-FER) | IMEITIES (PCFiEsE-189)
o TFMETREFHLE stored-program concept: FESHIEIEESA S HFIETE A FETETFERS.
o IBSHIEIRFER—FEXE - DBIKEEN, DHFE-IRFREM.
o (—ENE: “TFAERER XA ZIAE R RE BB IKEEEIRTR)
HENERS = 85 + 4
o M4 1B (HIBSFFIAER)
TENIES=VES=-018 « [[LRES=-PICHF — BREFES
(iC4me8) (4mi¥88)
58S HENIETHSR/INDEERTT, BIETENEEETIRS. —aitEVRENS
ERIESHARL EHE S RS,
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o MWEff: hRALIERR. TFfifER. SMEIRES, INRERMA &EH &R &TFEEGRE
BORH: WUHRFMRERFZE, BFE. KGZERNEARRD.

BEORFENE: EFIESECISC, BEHESERISC, BEKIESFE (Hlilintel ZEESE)

(| BEEBE
% i
B | | CRESE
z ]
g | [ BiERAE
i S| B RLGE

i
| | mEREHE
# I

4t WTEEE
HEALRGREIRGEW

I8

15SThEED L SEEEIES. HURERIES. THliES. ANBEiES. Hittig<S
5180 instruction format: #2{FRD. BREEUBHIR —HFINECHE

o BFEEIIFRAEFERHOCERTRNRNRSNT AT RSN, QBANRHES
ZRY 170 IRFHIA HiROEE, @RFMERI—MEERIT (B— /0 1R%E) RIMELE

(#EE]
o 1E9F: —FIESHTHFIFRT
o 1I5SFK: 18 TIHFIRIIEL
o [X%#3]) #es=iK: ITEN BRI IBR HEIEIEAIRIEL (32-bit / 64-bit) ;
IESFIALIR0.5/1/2, ... MSBFE
o RIFIESFRERKERTRKN N EK / BKIESFEN
. VA -l =1 ) =7
=L E T T
HMER . EMZATE. MIPS, CPI. CPU Time. CPU Clock, &Z&NLXTER

CEE] A—ECPiE\VEREMYT, FEGESEREM. FEESCENE—I2FErESFREEFRA
=

13 BERTRASEMEE
BIRNRRSRT

FHRMEEEENANSE, FAEMISME: ASCI, UNICODE, UTF-8

T.ASCIl, SR—MFH (I5FElbyte? ) |, 7 N THABIRIDES 128 NEXLFHF

2. UNICODE, 16 fiIZ:7% 65536 1N, iSRS AR (16AIBEME) |, (BRATEES
ESEZS

3. UTF-8 fwfi3, TR, BFHAKE, MEFHIHLL10 R, JERE; 7 RitE
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4. RPN ARERBNE (MARREH) | XFRE->ERFRU-> R R P> B
5. REFR: BHERTFR, BREERTRER (PRFEB)

IZIRRIENE . oFM
HEBRHIE: o8 (BRESFIER/NY, BRERLVE) | FAH
o BHERR: MSBIATEN, HAEEN
o [FfY: ERYLETE
o EE: IEHAE, L#iBuAEXHERR
o #MB: IEEAZE, REEBMAVEIHERRH
e [facts]
o ORYEFBFIREBERE 2R (FFS{upYo/1, +0/-0) , {B#BRE—

o FMBEUR., RIBZFRINIANEL, HlN32fzint, FTERZLINT MAX, INT MAX], #M5
Z[INT MIN, INT MAX], ERINT MIN = —INT MAX - 1

o TEERMAMAR. kM. *MIAR, flan—2%0, FIBAMIEE
1100, 0000, . . . . , 0000.
o EREINENHELEEE
o SFAHMFS: (—1)°M -2F, HthBias = 281 — 1 (kexpHHEE) .
o Mt&iZmEE = Exp — Bias, M = l.xyzw; Bt
Ezp = 01111...111 = Bias BfE=0, 28=1; &fradfi£0, NFRTAEF 1.
o IR (Exp20) E =1 — Bias,

Dynamic Range (Positive Only) v=(-Iym2*

exp frac E Value nE= Exp — Bias
0 0000 000 -6 0 d: E=1-Bias
0 0000 001 -6 1/8*1/64 = 1/512 closest to zero
Denormalized © 0000 010 -6 2/8%1/64 = 2/512
numbers
0 0000 110 -6 6/8*1/64 = 6/512
0 0000 111 -6 7/8*%1/64 = 7/512 largest denorm
0 0001 000 -6 8/8*1/64 = 8/512
smallest norm
o 0 0001 001 -6 9/8*1/64 = 9/512
0 0110 110 =il 14/8*1/2 = 14/16
0 0110 111 -1 15/8%1/2 = 15/16 closest to 1 below
Normalized 0 0111 000 0 8/8*%1 =1
el © @il e g 9/8%1 = 9/8 closest to 1 above
0 0111 o010 0 10/8%*1 = 10/8
0 1110 110 7 14/8%128 = 224
0 1110 111 7 15/8%128 = 240 largest norm
0 1111 000 n/a inf

=L b=

fOEE: IEAIDIREEIREIGTEREN].

o TEIRTUARIRIGCRC (ER1TEUES)

o BRI (FHT) : kLZEUERD + 105083, fBEE%EI92,

o BEAREE (FHT) : KUEGERD + rURIGRS, ITEEIEUERDAINE>=3, RILEDE2MMER
B,

o W—tE, MFAE k+r ffiE, FEEBHURICHBIERASES (MUKREs
2" #eEE, HAPfw, ®T2" — 1#48) , Bl k+r <27 — 1, LAJFEREA3
(FEEIRE+Z=D2BERNIE)

o U—(E&EMNIE, BTEBRRIGRIE-14, RE1LIEFERE, 5Lk
Bir-1BDE], IERIABEEAN L B ERI6 /04
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o THEREETLUNERAEFE— NI LUME— (HiE: Single Error
Correcting) AY;XARRS,

1. MFHREEFNEUEMN (WERA) IREFS, 1, 2, 3, 4, 5.

2. BXEHIRMN B RSERATHE, 1,10,11,100, 101,55,

3. BB BFSHIEN2MBRAIM (FRS1, 2, 4, 8, &, BEIE
BAMEFSHNTHIIRTIFRE—N) SBI8(L.

4. FFEECMBIIEIEN BUBRMMNERSH_HEIRRFEL2IMEN) B
EURAL,

5. FrERe N EE 7 ER EFIZEI A BRI —HFIFRFANDSEINER
FORIEL, NRRIENIN BE T B RUEMME RS IR EISE—
S10EUE, 2- BEIBEETRL, 4- BIEESAI, 8 - FIEEEIUL,

© BlF (s=
¥$1100001 047X BE%RRS, FERIBEATEF.
15IHFEE, WA (SNAEL) EAST, B2R0X 5N EARE.
8 1]/2 3/4|5/6(/7|8|9/10/ 11|12
iz 1 10/0 000 1 0

2 [EEUR TR P IRMEES .

= 12 3 4 5 6/7/8 9 10 11 12
#iE 1 1 00 00 1 0
il 0011 0101 1011

SWEFRE eIk, k&ak. 0011 ¢ 0101 ¢ 1011 = 1101
43B10MRRIBEANFASH2NRHIE (RAITA) .

g |12 3 45 6(7/8(9(10|11 12

iz 1 1 00 00 1 0
ik 0011 0101 1011
B (10 1 1

5 FrUmEBERIEE 2101110010010,

14 SRS R AR
—HESRERFRRRE (—)

HERE S 7R A64-bitfF32-bit, IREEZ[E); ALUBIR6A-DItIERB—HUBRL, IREFITERES.
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T |
JRASFERISCR (—)
v 64-\IKSREN BT f7en, 64-[UALU, 64-[UBlDTRE e
. 2GRS TFRR
WREAER, (555 REREDINRS R

| Shift Left ZI{LZXTHY

Multiplicand —

64 bits RHAS, LURALIE
| o K
A4

64-bit ALU

ALU: sfzomrmm) |
v U

| Product Write

I 64 bits

Multiplier = datapath + control

Control

1 0 O O
x 1 0 0 1
I 0 O
1, MLES, sh
O O 0 0, A0, shi
O O O OO. DA, shl
0 0 01 mras E221000<<3)
O 0 1 0 o0 o0

FRaski% (2)

(—) BOERY EXOR, SRIN—EE26407, FTLA32-bit#iaeEiFn32-bit ALU, EXRBERININE32-bit,
ST ZEFRAGH.

[RIBAYSRIESEIN ()
» UNIIEIRENSFEE, 32(UALU, 64\ ERHTREST7E

Multiplicand
—l l 32 bits
Multiplier@ Shifit Right
32-bit ALU 32 bity
| Shift Right
64 bits

[FiskiE (=)

TERNS TR, BERNEERIES2N, EABEZREEae®, RNARASTTER!
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FRSFEAEI (=)
» DTRTEEITE, RUIALY, HEBIREEFE (
0-fIFRAE 728

Multiplicand

32 bits

Shift Right
Producté Multiplier | |
64 bits i

MBEEMRE: REIEE
;E =3

tMBRIEE

Py
L T4

[X*Y] _[x]%*( 2n1 V,_ 1+Zl 2) mod 2/An

i=0

o = [x]?b ) [zn—l (Vpoa = V) + 2" (Vs = Vyp) +oot 2° (V. —¥)]
S ESSmMENF (FA2MNn-1}=2%2A{n-2}, EELE—)

¢ = [x]y 22 (Vi = 1) L y,=0

[yl#=y_{n-1}y_{n-2}..y0

o [xp=X, [yxpl=Y, BIOOGZADMAHY =0, BRDTRAMEERE (B12n) HSFE=R, [{FLFY

e BRI, REYWRE—N v I E—#BHy; 1 (FEWING) , &y 1 — v BT
J“B PF+=X, OARZE, -1UERDIR-=X CEEEMIIG-RA! ]

o EHTNAR, B y; FEINGL, i=n-1BTLLE, NFRETE i+1 5

[F53 B%iﬁ: MR ESE

BXERY-YAI+Y 2B -V O+ Y ek, SRR ES TR M, RT&RE—

1B
24
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21 =HERENE, RS

EHIRREIER: RIEESEXEMSSIBENEHIES,

TT—%ES

BERE(RED

001011 FHIEEE
+) 110011 Y
111110 <0, 70
111100 E#Bi1fr
+) 001101 +Y
001001 >0, H1
010010 E#1fr
+) 110011 Y
000101 >0, H1
001010 E#1fr
+) 110011 Y
111101 <0, {0
111010 K1
+) 001101 +Y
000111 01101 >0, i1

IEERSEM RIS,

BBV BRIFRD | BRIEAUtiE, HPBR{FRAER SRS

fui%

[§+I(T L1

T—MRIBATET R BEE, J38RY R
HFNREBROAEE, BEAY RIIESSEE
AZS . Bl FHRRIESF S, TLUERIT
AEZF=MHHES. THuHES, —HIHsSHF
HatE< 14, 30, 31, 16%%:

J0= 16ty

22 RISC-V;

Iw / swEEMIFTHRIFT,

»
b
2l=1ht1L.»
»

R ALIBECEMRT, REFREANRBIEE
TR ALETFEZRIES,
EFROARFEU IR . "k, A

(7 RZA] RIESSERERN AR, ERZKEFD (Bl R) STl

(EIEINT FRFIDHTHERS ;

BSRA

EORMG

FTHAR: K vs g

145 =34 0000~ 1101 ({REB111L0,_ 1111 FE1NE)
30 HBHER: 11100000 ~11111101 ({REE2M3) 9990 ~ 11|
31—HEHEA: 111111100000 ~1ITTTITITIO (REBIANG) 2 1
|6ZHBHEA: THIITIITITTI0000~ I ELNELETIETINT G

Bz

Ib / sbAF; EUSER—PFHEUERTLARIW + #8813, thaTLAAIb,
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» Kimfll: BESNFHEREAMEIL, FAEiST
ReF T HIMBHE

y ANt RIRAFTERRAMIE, FABEIET
RIEFTRMEIE

BHEE « ($s0) = 0x00000180 PRttt
80 01 00 00
Big Endian
00 00 01 80
Little Endian

FHHIEERISS: sbiESWE24MERRE, IbIsSHE2A TSN B, £FhttEE (516
1) ;

BEARIESHaddi: immETS B
23 ISR S EEEERIT
BESEN

74 St s 3 St M

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
funct? ‘ 152 regsource 181 | funct3d | rd dest | opcode | R-type
imm[11:0] | sl | functd | rd | opcode | I-type
imm|11:5] } rs2 [ rsl1 | functd | imm|4:0] [ opcode | S-type
imm[12] [ imm[10:5] | rs2 | rsl1 | funct3 |imm[4:1] | imm[11] | opcode | B-type
imm[31:12]  xFKRimm, 20fufd%E | rd | opcode | U-type
imm[20] | imm[10:1] [ imm[11] | imm[19:12] | rd | opcode | J-type

(EE]

o I BEHFalr, BIEREALEIMm[11:0], jalr rd, rs, immIREHHFREAR, rERBEEMTE
HER Pc<=Reg[rs]+imm . FIAIMMESSM12(UFEI BR324, FrLFIZ Bluig&addigyis
—HEE T Esign extension trick (ELANSE£8IUIRIE 204200 1)

# Call function at any 32-bit absolute address
lui xI, <hi20bits>
jalr ra, x1, <lo12bits>

# Jump PC-relative with 32-bit offset
auipc x|, <hi20bits> # Adds upper immediate value to
# and places result in x|
jalr x0, x|, <lo|2bits> # Same sign extension trick needed

___________________________________________ #aslO
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o JEMRE—al, jal rd, inn EHEEHBLHFEr, BUEHEIEY PCcPCrinn , ELEZED
HESMRImm20ESE32(, AEHRRI20, 1001, 11,19:12], ATHIVIE XJ‘,., 5ot
T BRI MO, AIURER201ML, immBE——ER0 (KHBIES

o BEAUETIMM[12:1], FKAIHO

o UZRZimm[31:12], B&7 lui Fl auipc, EA20[ITEIEEIZ206L (5fihex) , K12

5%, uifladdiEEEANETS I REBMST R (WTE) , 0xE=1110(binary),
addiS TS RALOXFFFF FEEF, fN_-OxDEAD BOOOFHZ4F-0xDEAD BEEF - 0x0001 0000, Hf

Z5RY 7 OXDEAD AEEF, fERINERIUIZBISELAE201+1

Toib =412 205
ﬁﬁﬁlng{yj; 3X4=0>. '
y Iuny_ﬁTnZO{_L, LLadduE—E‘f 1237
» il : 1B EB0x87654321 &—
lui x10,0x87654 # x10=0x87654000
addi x10,x10,0%321 # x10=0x87654321

28512 i§BOXDEADBEEF
lui %10, 0xDEADB f\ 10=0xDEADB000
addi x10,x10, 04EEF ‘@&10 OXDEAFAEEF
B 1ui B2of (LY A% 715 ?T Pfﬂﬁif’%fi
HiES 11 x10, OXDEA[;FEEF BEERFRIES -)t;pzm

- K?LTE\ +-1))
SO - Y — ) ]|
. B 7%

B ESit
BAFEHACPU: CPI=1
ZEHICPU: CPI=4, RAKXRZEIESIRBMEM

TRIKELCPU: RIECPI=1 (?)

24 EREJHACPU

w 4 -
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SoEEHYEREEACPU

4
RF L],
1 bp] DataD
. PC Inst{11:7] AddrD o1
Iust[19:15
A 2 saara DM 0
Inst[24:20] L Addr DataR]
M »] AddrB 2%
- Dataw
A r Y A
Insl[}l’_]h
A y
PCSel Inst[31:0] ImmSel RFWEn BrUnBrEq BrLt  BSel ASel ALUSel MemRW VWBSel
Controller
TR BERERMRIFI RS, Nt EAREERENTIEGEIIESHNEK

CPUMRELTE: IFBEIM (35%F) . IDIAIEIRF (IAAE57FE8) « EXfERALU. MEMZESload /
storelXEiFEIDM (BRIFTE) . WBEIEstore / branchiAEBRIRF (iha)Z57F788)

AI R EIHA=max(FRIRYE M BRI RS R 2 F0)
DOIEREE: EEREEHS / SR EHRRTHI TR E)

25 ZEJHACPU

w 4 -

B AIF. ID. EX. MEM, WBANSE, 8N MERAB— M II#EH
EHIRRRARM: PC. IR (95 FRR) . EOMTSBINCERE (- AGEEEHER, RIEELE
HIEE, FATimerfEP—MNRFS) or IBRIESFHELEE (MERFEHIES)

Z[EJHACPURYDatapath

Instruction
PC Address Register T P2t A
. T=ga 52
Instruction | ﬁzﬁﬁ%ﬁﬁﬁ | Register# | ALUOuUt |_|
v or Data || RF F Registers >ALU
emory
—| Register# | |IB
Memory data
| Register | H Register#

Data
Bﬁi;lwl\, [2. L3f0E7=
HOHE S FOEEERIE—i

FINPRESES: TR D5E
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BAHE B F G B ALUSE 306 42K

ecllo] | =
A fif D

! 8
T

Clo

5 )*PC a4t bk Pewrie N N\ '
o
\ —\
PCsre
\ - N\ |
NemWrite fiaginl i \ ALUsrcB
\ IR Write \\ ALUop Wi RS
H R (i
MemtoReg  SE RegWr ,\ AT Tsred :;%:g;u;
\ opcode A& T \ \
funct \ \
\ 1
- \ > 0
A
PC 1 ||
. s z

" A

7 L

— 19

R o

s

I

26 /KA LA

|L,7J<f)%E’J§SZ¢ELE§iZJ

- | I

BUE (IF)

=R (ID)

1T (EXE)

|S[H]
5% (MEM) |(WB

MddrB DataH

A

L.

h

1

e h
C 0
I‘/
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> >4ty =

32s <1
KIS HIRVSCER

[ . 1 1 1 .

I RE/ID i EX I MEMI 1 :. WB

I 1 I | E

1 1 1 1

Q. ExtOp Q. Exiop Q. iel

AT USrc ALTUSrc
= -

- ALUOp —| ALUOp 5 =

= Main | o.n. 12 5o, = =

= N RegDst = | RegDst = =

g MemWr %‘7 MemWr = | MemWr =

]: Ve —— L] :

Z Branch Z'| Branch .1 Branch ,E

MemtoReg MemtoReg B MemtoReg 5 MemtoReg
RegWr RegWr RegWr RegWr
o af o _ex o _mem o _wh
TKERIRIN A
o EEE: ?
o HITE: ARMELE, HEHERZENE t, IHPTLARIESHITINER, BrILARRERIITINF
€i=g=27))

TK&ESFEE: RF T E—MERIEAT—MEROEEIE. EHES

TKE DS BMEThRERKE (BEIRIEMKE) . ENIRKE (IBSmKE) . LENE
Tk (FmKEk)

BERKEMRERVER: BIER (RUMNEHITIESE) | IEY (58RTHEILEERSILLE)

27 IR PSR & ERIHSE

SHamsE: [(RE: FiEREARR, R—EESRTLUNRONE, SEERAEFEIELURR]

o BHFREMEIPZR - FARNES?
o TILIAARERHOMR, i read ports, —write port, KIS [FEFELI
EFH T raddr == waddrifitawdata_if9iER, HELSEI T WBHIdata forwarding]
o XFiHE, FHMEEAN, EFHEEL —— FI1EFPGAMIAZ!
o NFLEMHER - IF&RMEMBERTIHE
o stall, #HiTMEL, BERLEMEM, IFFEASIBHANES
o HEIM. DM, EZE/SEInst Cache, Data Cache — I&f#LEHy

Lé

gimmze: (BFRHERHE)

o BRIEHR (RAW) : WBAREE], BaJge F—/MEIESHNIDMEEFERT (i E—%i8
SEZFEXFTT—RID) / MEMGS THESRID))
o REA! - HUERIE (3508, dataforwarding) : B4 EEEX/MEM. MEM/WBifZK
EFEshY B BUERIERIEXMNERPALUBINIG O IEVISCIAIRHREZEX. MEMBYE
HEGE (BPEX/MEM, MEM/WBHUSIAZEHE) BIERIID (PSfRRAVNIEEAER
#h—H) . [[EE] ESHFR20FEFEE ol
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¥ Pictured: ALU — ALU in one and 2 cycles

_ — —
= B
: ¢
S 4
=L M
= U
— 11N
—
ALU B
—
> } [
L o B > > I
X
/
AddrA » Forward
AddrB > Unit
e — — ™
AddrD@M N
AddrD@WB

o |oadrelatez(EY

s AT, AETTLERERIENESUE, 58E
s CRESSEHSEAE, ,E%Hj‘ﬂ*&?‘é e, &R F—SmNKETFIw rd,
imm(rs)5rdegig s

o BB (4h3EER, BICPU) BSRE, IBSELFRE, SERNEEER
WIBRGHER (REESCEENGNITRT, ARZRNEISE....)

isMemRead@IE
Hazard

! AddrD@IE
[, De;e(::o:
nit | oo
- [ —>! Nop |
ata.

- H

PCEn

AddrDaWB

DataDa@WB

—_—
z

= RFWF
I |

AddrA

A A AddrB IDatad

! o 2
M
== Controller M -
v
X
14 0

o BREHR (WAW) : RISCVASKEXFTNIR, BARKESEREZEHNEEREE,
BREWBEEH, Elt—ERF&EESHFIIHITER

o FEEMR (WAR) @ RISCVASKREXMBSR, EAID5THATERIZFRE, WBTHATE
NEFRE, BWERERNESHERF—EREEREIHESRIEREZE

28 = ﬂﬂl”?&*ﬂ%ﬁ

=HlpsE:  (BF2EWR) DHES

o EXFIER (stallEfSERY) EREEFZEIRINewPC, 1NEHMEANPC, 1VERIENIF, LIDSE
SHIFAT, BBATE3 (EX) +2 ((GRANEHY) =SRIAJLUESRs), EiE T
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B
S
I 2 3 4 5 6 7 8 9 10
BXIES IF ID EX | MEM | WB
ARGIES IF Stall | Stall | [IF]) ID EX [ MEM | WB

DRIGHIES EXEEIE newRC., IF ID | EX | MEM | WB
SIS+ 14 IR B|PCER N\ i IF | ID | EX | MEM
DSEEHIES+3 11 FEHAMPGEE | F IF D EX
DRGHIES+4 IF ID
DRIGEIES+S5 IF

o it IEEIZIIDMERFAEMNnewPC, E2+2=4TJLALEE RS, BiET—IH
o [ZEZR{E] PC <= MUX(NPC, PC+4)

Branch Taken

and rl2, r2, rSI beq rl, r3, 16 I sub rl10, r4, $8 I before <1- I
isMemRead@IE
II;[‘:Z":“ AddrD@IE I I
— EVC(‘. or —
A e | I I
s z ——% = -
A E M " "
= . HE =

g - RF F M

Z] U

PC MM AddrA TLe

A AddrB o
—- TR
M
S| ||
Addrz Forward
PC+4 AddrB . Unit

I AddiD ] g

1 ; D
=] |
M v
l | |
18 I

BEARIBGHINE: 23T
o FHSILN: AJLAABTB, tHAILAARA

o —HUARBEE, NEAIFEZEIAEAIRHRAushZRIIES, RAIEMIES
o —HEFTNBkEE (? BFN)
o TN fEFIBTB

o BTB: key=pc, value=next-pc; ATEINAN, aTLARIREkeyEA Y By J 1Y
PC; ‘AR EAILIBRREEMET, BTB indexBIERAL (TEIERSTM)

| tag | BTR idx \ \ |

JL tag TR

table

ENI S

N

nextPC



o BHT: 11/2(/.., BZENZFIESHIBMERSE (SLIMENEHM) , WMRE21L
9, BEELL2RFTNERA T3 1A,

| tag | BTBidx [[| popypess
- -~ YRR
N-bHL
TGg
table BHT BTE

N EET

AN
1 nextPC
SNy
SERRAAAE
o & A= T A A
11 10
SNy, SCERAAE
IR V-3 R—
TRIAS A TRINAS = A
01 00
SN 3a

SCRRARE

IF.Flusk
1D Flusk
s |
B Cf
it Y, [L

IDFEX

/ At wB

{C ntn '} r T MEMMWEB

/ . x L_
IFID \/ 0= EX WE|—¢

§ Shift
4 = left 2

i
INREFER
AL M BkaL g

Data | |
memory J
e

x
Registers
q - b
—~ ALU |
M
x
p—
b
Y
L]
u
x
Ny

B

31 DRAM
EXFE=RRR

BREFESRREFERIT BN SRE. ARE. [, S
BRZ BRI :
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o —HKMRN (RREXFEEEcache & FFHE—EREBR—ME)
o GEMEN (REREE—ETLMEINERIKE)

M ENFEES RS : £1FM#EES (Register. Cache, Main Memory) . EEIfFEESRIIMFiERS
(Magnetic disk, Tape...)

Example Memory
., Hierarchy L

Carnegie Mellon

CPU registers hold words

Smaller, retrieved from the L1 cache.
faster, L1;/ L1 cache
and (SRAM) L1 cache holds cache lines
costlier Lo e retrieved from the L2 cache.
(per byte) . (SRAM)
storage L2 cache holds cache lines
devices retrieved from L3 cache

L3; L3 cache

(SRAM)
L3 cache holds cache lines
retrieved from main memory.
Larger,
slower, L4: Main memory
and (DRAM) Main memory holds
cheaper disk blocks retrieved
(per byte) from local disks.
storage | g- Local secondary storage
devices (local disks)
Local disks hold files
v retrieved from disks

on remote servers

L6: Remote secondary storage

(e.g., Web servers)

Bryant a 51

F1=hiEss

YEF: BIIEIEREDB, MIERERAB, =5l 4S CPUSEBEMER

o lHblbREL: FTIEREEFMERRN—MBULETT (FREAINTLLZ byte / word) |, {i#fwidth
RET (BEHHENFHERETIIRANE] | B (RXTSU=E] . SRALIGERFES
BX/NEBESIR? SUSKAE (IBFT / F3HL)

o HiERLZ: (Fwidth x RERITRER [FLVT REiIREEIERIEED

o EHIRL: BRI TIFEERE (NREESEH? ) MARN/ LKA

e

FHERE: 1MRAEHIER
TR
o WIAMEIEE (BBEMGEMIRT)
o TEHRFT (BESRE, FUSBREHZEENSRIEFMERTT)

o EHflF: FILES, FETETRIE
o DEFET: BXEHRIEEZERIFNX—T
o REHTIAR: ELANESFHE THERTHENE, RSB, TEXE AT E
[ DRAMIEITHIBHE RS FIRAY]

33 S TFiEsR R IR F AR
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A fifina

FHERIE: 6NRIRE, flRERTFIE
SRAMSDRAMAIXEY: SRAMZRARRT, EILASBIMEZHEAZRF, SrUTFIHEUEER)
iNpeS:)

IREPFEES (Cache)

FFHCPUZ[AIRYFNERS, FASRAMSLEL,
Be: BE. B (BFRRFATN)
{EF: IRSCPURSHOLEFRE, RIERE

o [WEFEERY: REHIHREERTERRIAZERIAE, ArlAZEcache
o FEFERY: REHIAREEMIIERRTREERIAGR, FRLAGRETAMEEIREAEEDR
—tE&E N\ cache

BRPRAVE: HUEFNCachefTRIBRET KA. BUIRZE—EUMERYRIS. BUERIRARIE (R=1T) .
CacheIEIRNFNEHRATSRES

[ SHREBEXRATTE]

o @ (hit) @ PR, wPRIE (iEcacheRIRdiE))
o HRK (miss) : 1-pP=R, GRKATAE (IiE)cache+EFAYRTIE])
o SEIIIEIATIE) = AR x ApchEd(A) + (1-AP=R) x GRICATIE]

SAREXHF

BE (1set) =1, HRBRBEE (Eway) , BMRSMFHTRIR,
PCREKID AtRCAIFNRAMELE, BPtag | block offset
(&) BT, WEERITANAT byte

o F71F4GB => HBtTFEEEFTTAMEH4G, 32(1, NpcEfuEE32
e CacheXA/MKB, BRA/NB =>H/NE=4KB /4B =1K (10fi1) , XsetJg0{ii, MIEFZAYE=10
o HA/NAB => RAMEIEE 44, block offsetdq2{ii, Mitagfi#i=32-2=30

B

o EEFRIFRALIMCachefYHIFRIIN, FARS, HARE (F&hflconflict miss! )
o taglulbBik, ERLLBRBIRMAS

HiZMEIHn
AHFEUE, BARAREK (E=1) B—ERE—MR,
PCHERIS ItFChL, BZR5 [FObRMMMtELE, BPtag | setindex | block offset
(i8] BigRFEHIU, WEERITRNAT byte

o FTFAGB => HHHFERITTNE4G, 3267, NpcRuEE32

o CacheX/MKB, IRA/NAB => BR-ANEI=4KB /4B = 1K (10f1) , RHAARB—IE, MEHL
=10, BPsetindex510fif

o HRAUNAB => RLEE44S, block offsetf52{z, Mtagfizf=32-10-2=20

B HEInbRA)N, ATLASEIF R S8 EER
L=
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o FIEFIFHRASHIEEMNCache=E3IR (ENIE, BPEXblock offsetXRif9f:) , AiEE, F
(K (conflict missMELLEES,)
o tagfiUtbiig, LUIREBIRMAME, MESHRBEE—X

ZIRHERER

PCHIXID MtRC(L. AZR5 |FOLRPItEiE, Bltag | setindex | block offset, SE#ZMETXIS B
A,

SRR - E
RS T Cache IR AR EHTE/FRIE:

o BEjX (write through) : B8—34t

o BO—EEXAXMAT
o FHCachershrp EF'T FEBER; BEXRmR, JLABEERE / IFEHBERMTIE
e HB/EE (write back) : 55—&tE, BiftcacheldtBERER

o L_J_%uﬁ'ﬁéflﬁh:—‘_]:kf)u
o REZr, BHEX

—EMERIESREE (MESI) : BTSSR (MIBRGS, BIRAETE, SHES, IT3S)

AFATHIR AL R

AibiE
I N
THE = = >
IHRIE
—_—————p
yur a=1 "‘\
_______ |
/
’,
SEHECacheZBF rHHETT S =
~S: HECache]RBERF
CacheZ&# ¥ 45ERISZN

RIEAR, REFEBENTRENSRE:

o (EECachefph=, XflCachelRBSHEXR, WT
o Hith: FR5ERRKETAVIGIEETE. IBRECache ABHIEE

CachefiRKLRIRE (3CT1) -
1. RERSE Compulsory Miss [#&K&4]
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2. FERRL Capacity Miss [2HEBFEERE]

o Fik: #EKCacheBE
3. )thZEErsk Conflict Miss [ EiSEMETREALE]

o Fik: HEKCacheRE / tHEFAYEZL
4, FoxiRk

Hetha/NRERNT5EQ: —ERREMEARK/NTLIFIRFEEEBIE (fREX|) |, EEXEI
K (AIFRCacheBFE—E) MRAIMEIRLD (TREZT) , MHEDIOCKIBAMASEERKIRKIEAN (A
EERAYRSIE]T)

EAhipl/ NREFRITTEQ: EHCache (FAETIEKT Cache? ) ; BEDNIES Cache &z

Cache

REFIRRER

EiEmyT: —MARTEIEEEANEEMNE (EEH—MIB) | MAEERE, EEER.
S —MRIYLSERIE (Fi—ME) ERIE, FESE,

NESZEFERR: —MNMRATLABRGTEI—MAEMINMIE, FTERE,

EH5RE%: LRU, FIFO, RAND

CacheiE A\EFRRIP REN
1. SR BRRGL (RESEEE)
2. WBRE: CPU - Cache — M HbI/OIRE, BRITESHEHINE, MASEIEsms

N

34 EHITFIESS

fE7: HBRFREEE, HTEFMIMFEIRER, T8

o EREFENE—MFEEHE CAtISENEREE, AEFTFREFEENRE, FHRIE
FEEHMENEFEREEELE, BEYX5, SRMtEERT X,
o TASMHERMET —HiEE, AmEtT ATERE. ERsEIHEENATHE.
o BRIFTEMNHEAMISEAREMEERA (WRPER T HER) .
(2] EFprEERE, ERNREIRENEGA/N > EFEE, BBASHIHE (thrashing)
SR, EENTTARETERN.

DAL -

FHEEIE: page sizeBlE (LAbyteNERLI) , KBERF. EFEND, BEEHTEE.

WEA/N: BNTELURDRERER (RBRAZTERD? ) | BEFEGATER, LIEHREX
TWEAN,

MEEREL: OSERER (—RETLB miss/g) AMFBENTCREANER, WIERCPUIRIREIIMNE,
MIMFRAREIERF, EXEFCHUEITREERR, E85TiRME,
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Address Translation: Page Hit

CPU Chip PTEA
VA | PTE ’
CPU > MMU Cache/
[y PA 5| 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
Address Translation: Page Fault
Exception
jm————————— => Page fault handler
1
1
: iy
CPU Chip 1 PEA Victim page
cPU VA 5 mmu  fe—FE Cache/ Disk
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

nt and O'Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition

TLB
TLBRRIGSEL: FKL(ZLE, BAIOS, OSEEIiR, KRERMSEITLE, REIAFZ, EJHhA.

MDTRERTTE: SIRERE. IRSTLBRE.

30
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Accessing the TLB

m MMU uses the VPN portion of the virtual address to

access the TLB: T = 2t sets
VPN

TLBT matches tag

of line within set n-1 ptt pit-1 p p-1 0

| TLB tag (TLBT) | TLB index (TLBI) | VPO

seto |[v] Cede ] [ pre | 10 Geae ] [Crre ]

set1 |[v] Crag J [ pre )| (] ez ] e ]| «——

TLBI selects the set

setT-1 |[v] Ceag J [ pre )| (W) [ag ) [Cere_]

e TLB hit: MAFEIHRIAFHAITRE
e TLB miss: NFBBEIFEIAFHAITE

sk S
P=page size = 2P, MIVPO=PPOJIpfii (0 ~p-1)
RN=VAGE = 2", BIVABN{, NIVPNAN-pli; RM=PAREL = 2™, BIPAEmM{, WPPNAIM-p

v

TRZESCIHEVPN—PPN:;

Address Translation With a Page Table

Virtual address
0

Page table 1 p Pl
base register _| Virtual page number (VPN) | Virtual page offset (VPO) |
(PTBR)
Page table
. Valid Physical page number (PPN)

Physical page table
address for the current

process -
Valid bit = 0:
Page not in memory € o
(page fault) Valid bit=1
m-1 v p p-l ¥ 0

Physical page number (PPN) Physical page offset (PPO)

Physical address
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[61+1]

Review of Symbols

m Basic Parameters
B N =2": Number of addresses in virtual address space
= M =2™: Number of addresses in physical address space
B P =2r : Pagesize (bytes)
m Components of the virtual address (VA)
= TLBI: TLB index
= TLBT: TLB tag
= VPO: Virtual page offset
= VPN: Virtual page number
m Components of the physical address (PA)
B PPO: Physical page offset (same as VPO)
B PPN: Physical page number
= CO: Byte offset within cache line
= Cl: Cache index
® CT: Cache tag

Simple Memory System Example
m Addressing

® 14-bit virtual addresses
= 12-bit physical address
® Page size = 64 bytes

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

VPN

Y
A

b VPO —

Virtual Page Number Virtual Page Offset

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

« PPN > PPO ——>

Physical Page Number Physical Page Offset

(EHVARAL, PAA12{, page size=64bytes, M: VPOFIPPOJ log, 64 = 6fi, VPN=14-
6=81, PPN=12-6=61i]

TLB—16/7N KA, ‘B4R N4EREEER, N ZHEset number=16/4=4, Z&3|TLBIfZE=
log, 16/4 = 2, #RETLBTREL=VPN{UZ] - TBLUUEY = 8-2 = 6 (EIFE2U 165, SLhRAIFRxRS
i, IHERTRZERT 9617, BI0X0A=001010(,))
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1. Simple Memory System TLB

m 16 entries
m 4-way associative

+~— TWBT —— "+ TLBI —*

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

Set Tag PPN | Valid | Tag PPN | Valid | Tag PPN | Valid | Tag PPN
0 03 - 0 09 oD 1 00 - 0 07 02
1 03 2D 1 02 - 0 04 - 0 0A -
2 02 - 0 08 - 0 06 - 0 03 -
3 07 - 0 03 oD 1 0A 34 1 02 -

2. Simple Memory System Page Table

Only show first 16 entries (out of 256)

VPN PPN | Valid VPN PPN | Valid
00 28 1 08 13 1
0l - 0 09 17 1
02 33 1 0A 09 1
03 02 1 0B - 0
04 - 0 0C - 0
05 16 1 0D 2D 1
06 - 0 0E 11 1
07 - 0 OF oD 1




3. Simple Memory System Cache

m 16 lines, 4-byte block size
m Physically addressed

m Direct mapped

- cT rPe———— | ————*+—¢co —*
11 10 9 8 7 6 5 4 3 2 1 0

PPN > PPO ———*

Idx Tag Valid BO B1 B2 B3 Idx Tag | Valid BO B1 B2 B3
0 19 1 99 11 23 11 8 24 1 3A 00 51 89
1 15 0 - - - - 9 2D 0 - - - -
2 1B 1 00 02 04 08 A 2D 1 93 15 DA 3B
3 36 0 - - - - B 0B 0 - - - -
4 32 1 43 6D 8F 09 C 12 0 - - - -
5 0D 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 - — — -

Bryant and O'Hallaron, Computer Systems: A Programmer’s Perspective, Third Edition 7

Cache—Ht164MR, BRA/NA4LB, BN ERMET, NERRAIE=1, HE=H_12E=16, setindex{i
#=log, 16 = 4, block offset (HRputtzht) %1 =log, 4 = 2, MRMBIIIE=PAREL=12, ATLIE
Htagii#h=12-4-2=6 (EFJ9211161HHI%)

ENERIGIT

Address Translation Example #1

Virtual Address: 0x03D4

TLBT TLBI —*
13 12 11 10 9 8 7 6 5 ) 3 2 1 0

[oJofolofa]afs]afolafofa]o]o]

+ VPN » VPO >

VPN OxOF TLBI O0x3 TLBT 0x03 TLB Hit? Y Page Fault? N PPN: 0x0D

Physical Address

« cT

v
'y

cl »e co —*
11 100 9 8 7 6 5 4 3 2 1 0
lo]lof1]1]lo]l1]o]l1]o0]1]0] 0]
~———— PPN - PPO

co_0_ CIOX5  CT 0x0D Hit? Y. Byte: 0x36



Address Translation Example #2

Virtual Address: 0x0020

* TLBT »<— TLBI —
13 12 11 10 9 8 7 6 5 4 3 2 1 0

(olofojofofofofof1ifo]ofoofo]

< VPN » VPO ————

VPN 0x00 TLBI_O  TLBT 0x00 TLBHit? N PageFault? N PPN: 0x28

Physical Address

« cT > cl ><—co —*

117 10 9 8 7 6 5 4 3 2 1 0
[1]lof1]ofolof1]ofofolo]o0]
PPN - PPO

co_0 Cl0x8  CT 0x28 Hit? N Byte: Mem

Address Translation Example #3

Virtual Address: 0x0020

TLBT — >+ TLBI —*
3 12 1 1 9 8 7 6 5 4 3 2 1 0
olofofofofofofo[afofofofofo]

«———— VPN > VPO ————

VPN 0x00 TLBI_O  TLBT 0x00 TLB Hit? N Page Fault? N PPN: 0x28

Physical Address

« CcT P *—co "

11 lo 9 @& 7 6 5 4 3 2 1 0
[1]olalofofofa]ofofofo]o
< PPN > PPO

co_0 Cl0x8  CT 0x28 Hit? N Byte: Mem

35 JM=fiE=R

SMFRAERKRIEEE, SR (disk) | #H. 6. SSD,
& FMCPURLZENMERRIER, FENIHNEFREAER.
i 18, ERITIBE (MIERENL) . IBIAREXR (BfiEblock) | HEEEFEEAEXK.

iR disk


af://n490
af://n494

A Lk
(¥ L)
o JE (seek) : NFEHRFIROE, BPHIE (track)
o SHBX (rotate) : HIFHLBEIEERIEEIEX (sector) , S RNEEFRBRYAIEI=1min /
HE(rpm) / 2
o HUEEW (o) @ FUEESHIRTE=EUEAR/ / (EHEIEE
o [[FRXBRHEEHIEHER] MRBTHOFEREESN, ESHAETURHTESN
EmA (platter) , sEBFTESNHE (FFTIO-RAID) .
B WSS S e B X P EHIaEEINR? ——RAZF1pptERIMRE—HE, MItiEssE
K, &My iEFE.

(BEL) BmsEE, WF (=7 FREMER, BENMF (BEEELE) FEA.
o CPUfslblt, FEIHAEFMERTT;

o FHTHITTLB, cacheEiX, TLBIREKE, FLLFHTEK, BHIOSKE;

o OSKHENR, RIMZIAMERES, FEMNEZEAN;

o EEHURHAVEER,

o HREMAR, WEEE, SEAFOSHBI/ORL, RXEMmS, ERIEIE,; 1/0&EHI8
SEHEEHTHRREENEX.

o REFBRENFA, BEHB/O, ... , WERFRIEI/0RE, BERNEEEIERED
REEEIRNTE,

ASElE & ATATE

A5t (Reliability? ) @ IREAHE. BB TRSEEHESZHE, IREEE. (BEE
SKRAIDX I TUREERB A SN, ATRERZRIFERIRHHEIRIDependability via Redundancy, [E5(E7T
2, BWRAET )

AR (Availability) : RRIEEIET. FAILUREIEGR (FH710?7 ) .
—— BRI R ELAHE: TRIUTRIBIHES, B MREKESIEIIHNR
thiRE T, WAEMFET.

GB/T3187-97340] BMERIEN : EEKRRIFNPRIFSEWRIERIRIR T, FRENERIRNT
MM ERIRS LB RS RIX B T AT I TR ETHREIRSAYRE

RAID

AiE (terminology)
Striping (27%) : Bn MRS (drive) FAILAD NN, HHIA/NATLLZDbyte / block level.

Striping can be done at byte level or block level. Byte-level striping means that each file
is split up into parts one byte in size. Using the same 4 disk array as an example, the first
byte would be written to the first drive, the second byte to the second drive and so on, until
the fifth byte is then written to the first drive again and the whole process starts over.

In the case of block level striping, the above table can simply be repeated with the word
‘block’ substituted for ‘byte’. Each file is split into parts one block in size, which is 512 bytes
by default, but can be specified otherwise. The size of this block is commonly referred to as
stripe size. If a file is smaller than the stripe size, it simply gets stored on a single disk.

Mirroring (&%)
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Parity (143%)
RAID 33

RAID-0: block-level striping with no redundancy

Disk 1 Disk 2 Disk 3 Disk 4
File 1, block 1| File 1, block 2 | File 1, block 3 | File 1, block 4
File 1, block 5 | File 1, block 6 | File 1, block 7 | File 2, block 1
File 1, block 2 | File 3, block 1 | File 3, block 2 | File 4 block 1
File 4, block 2 | File 4, block 3

EAZEATUSSERREER (disk) B, FLXITFRNIESERRT, MTAHESHBRERE.

RAID-1: Disk Mirroring with no striping

Disk 1 (data Disk 2 (mirror)
“File 1, block 1 | File 1, block 1
e 1,k File 1, block 2
e, File 1, block 3

_Flie 1, D 3

File 2, block 1 | File 2, block 1
File 2, block 2 | File 2, block 2
File 3, block 1 | File 3, block 1
File 4, block 1 | File 4, block 1
File 4, block 2 | File 4, block 2
File 4, block 3 | File 4, block 3

RAID-2: bit-level striping with ECC codes

parity 1 =3@5@7 (all disks whose # has 1in LSB, xx1)
parity 2 =3@6€D7 (all disks whose # has 1 in 2" bit, x1x)
parity 4 =5@6€PD7 (all disks whose # has 1in MSB, 1xx)

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

TR, FILMIERSE, EENEDICevelE, —NTHSHT, 7MNEENE (ARENE
BE3) WOREEIERD, controllerfREZ, EILAMBE.

RAID-3 & RAID-4: striping with a dedicated parity disk

RAID-3 2 byte-level striping + parity disk (3¥aI28E™18RZ) , FRLAVNUHESHEEARR
drive_Ei#17RY.

File 2, byte 1

“File 3,byte 1 | File 4, byte 7 | File 4, byle 2
File 4, byte 3 | Flle 4, byled | File 4, byle 5

gFab: EINT — MR, STLARRR—IRENERAUEIR, IR AIMEREELRAID-58F,
L BJ9REbyte level striping, MIBEHUIEEARARY, BICRREINE, M/IMERERIA.
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RAID3 is unique in that it uses byte level striping as opposed to block level striping.
This means that every file is split up amongst the striped drives equally, byte-by-byte,
whereas files smaller than the block size in RAID-5 or RAID-0 are stored on a single drive.
This feature of RAID3 is what gives it the added sequential read performance, as all files, no
matter how small, are read from every drive.

RAID-4/2 block-level striping + parity disk, X#EHIEE T EFHNTEEEME, EAFEIKN
BREY, EREERIMEERT .,

Lesser Loved RAIDS

C O 0D
RAID-2: bit-level striping with ECC codes i@ii
¢ 7 disk arms synchronized and move in unison

* Complicated controller (and hence very unpopular)
* Tolerates 1 error with no performance degradation

RAID-3: byte-level striping + parity disk

* read accesses all data disks

* write accesses all data disks + parity disk
* On disk failure: read parity disk, compute missing data

RAID-4: block-level striping +parity disk

+ better spatial locality for disk access;‘eﬁ,’ ;1 9‘2.3 ;;‘3

- parity disk is write bottleneck and wears out faster

http://www.cs.cornell.edu/courses/cs4410/2017sp/schedule/slides/12.disks-raid.pdf

http://www.cs.cornell.edu/courses/cs4410/2020fa/schedule/slides/10-disks-raid.pdf

RAID-5: block-level striping with distributed parity information

File 2, block 2
File 4, block 2
File 4, block 2

File 4, block 1
File 4, block 1

HEEEIREE + block-levelns, IR/DIRIEETRE.


http://www.cs.cornell.edu/courses/cs4410/2017sp/schedule/slides/12.disks-raid.pdf
http://www.cs.cornell.edu/courses/cs4410/2020fa/schedule/slides/10-disks-raid.pdf
af://n558

RAID 5: Rotating Parity w/Striping

S e —
Disk 0 Disk 1
Strip (0,0) Strip (1,0)
Parity (0,0,0) Data Block 0
Stripe 0 Parity (1,0,0) Data Block 1
Parity (2,0,0) Data Block 2
Parity (3,0,0) Data Block 3
Strip (0,1) Strip (1,1)
Data Block 16 Parity (0,1,1)
Stripe 1 Data Block 17 Parity (1,1,1)
Data Block 18 Parity (2,1,1)
Data Block 19 Parity (3,1,1)
Strip (0,2) Strip (1,2)
Data Block 32 Data Block 36
Stripe 2 Data Block 33 Data Block 37
Data Block 34 Data Block 38
Data Block 35 Data Block 39
L [ ]
. .
. ™
———— R ——

—
Disk 2

Strip (2,0)
Data Block 4
Data Block 5
Data Block 6
Data Block 7

Strip (2,1)
Data Block 20
Data Block 21
Data Block 22
Data Block 23

Strip (2,2)
Parity (0,2,2)
Parity (1,2,2)
Parity (2,2,2)
Parity (3,2,2)

—
Disk 3

Strip (3,0)
Data Block 8
Data Block 9
Data Block 10
Data Block 11

Strip (3,1)
Data Block 24
Data Block 25
Data Block 26
Data Block 27

Strip (3,2)
Data Block 40
Data Block 41
Data Block 42
Data Block 43

Disk 4

Strip (4,0)

Data Block 12

Data Block 13

Data Block 14

Data Block 15

Strip (4,1)

Data Block 28

Data Block 29

Data Block 30

Data Block 31

Strip (4,2)

Data Block 44

Data Block 45

Data Block 46

Data Block 46

RAID-6: block-level striping with double distributed parity information

EERAID-5Z 7 —MR3eE, 2/ MRBEED BRI NHITRES, ATIANFRME 45258, ATLAZHIE2

N FRYEIR,

File 3, block 1

ESHER (SSD)

File 2, block 2

File 4, block 2

File 4, block 5

EZER (Solid State Drives) : HEHIERTT. FHEHIT (FLASH+DRAMIS ) HRk, FRESHEF

&S BB BK.
o EHIFIT:

FTLzeRk L =2 iattht — EYIRbhEr0se e, EiRtaiE.

o FhiEHIT: iZblockBRIRIER, KTHTIES, ‘B 9package-die-plane-block-page

SSDEIBE A
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SSDRVE A

New
Location

Befare After

4 5Eﬁﬁ$_$$, Z:'%:'—TJ')\:ZF:UE%E@page, E)\Zﬁﬁ%
BHITEIREEE

» EARHEAS TR pageREN, SFE—1NFHEY
E (ATLER—ME, BrLEARRIR, mlgef
EAplane, EE=AEHAIdie FE)

» X, BEEP FEEERARIZEIUNERERY)
Il [BRYBRET R R

y DN TAERESFTLESRSTRL,

SSDEILIIRMIEE : iZblockifiigE, FciBblock EMlive pagelfZIE fhitsy, AEERIRENDblock, TR

LRENT.

36 RISC-VRIZRFtET,

RISC-VRYFFI AR

pn
ot

RARERX FUTRPNARER) « SRR (REE, EREmet) | mESERR (0S,
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