ITEHAR

CHAPTER 1: PRELUDE

1byte (B) = 8bits (b)
1word = 32bits
ldouble world = 64bits

TR/ AKBE
1. Design for Moore's Law: &R AEEE18~241 BEI—Z
o Design for where it will be when finishes rather than design for where it starts.
2. Use Abstraction to Simplify Design: XFMZKEi%iT
o BIXMt. BERMHIRIT
o ERRNRRAGETEREMNASR, BRIXIT
3. Make the Common Case Fast: IIiEAMIREH
4. Performance via Parallelism: F1T74ME
5. Performance via Pipelining: fi7/K%

o HPTRERNHT, 8- TRENIENKRENELEINTm, SHETT—1T
a7 FHaE F—r miaxy

o BERUATRIENRE, FEE—TRENNEZBEXNTIN

6. Performance via Prediction: il
o FHRIfFMAIL, WITRNEMES, WREEARINMELMIL, ERMAIARIT
o WNRFTMAINFAFILAINE, FHNKMUERABAS

7. Hierarchy of Memories: 1Zfi22ZE /X



o Disk / Tate > Main Memory (DRAM) > L2-Cache (SRAM) > L1-Cache (On-
Chip) > Registers

Example: Library reserved desk, BEIRBEFRMRINPREMME, HEEESE
w, HETFEIIE T HierarchyBIRE#IMemory

8. Dependability via Redundancy: & TRIES A EY

o — P ERdown T UEASRIZIEINEN RS

1%E5E
it ELEEE

e Responce Time / Execution Time: NgRzAT[E] / H4THTE]
STRRESSHIET(E], 1T EANAY 4 BE AR iz B (B AR MR -

1
Perf = 1
criotmance Execution Time ( )

e Throughput: FI1ZH
BRI IEE
CPU%&E
e Elapsed Time: iz{TRI(E)
SIERESE], EfFEEAEE. BIERSHHEENNE
e CPUTime: CPUH{TATE]
CPULNMEESIRTE], AEmABL. BIERSAEENE
e Clock Rate / Clock Cycle Time: B§h4Hi= / ideh/EER

CPU Time = Clock Cycle x Clock Cycle Time
_ Clock Cycle (2)
~ Clock Rate

e CPl: S£3IESHTIIELAZL (Average cycles pre instruction) , SEEA/EIESE



Clock Cycle

CPI = :
Instruction Count (3)
> " ; CPI; x Instruction Count,
N Instruction Count
BT
CPU Time = IC x CPI x Clock Cycle Time (4)

e BIPS: Billion Instruction Per Second, S EHITHIIESE (£ Rbilion, +12)
¥E: 1s =1 x10%0s = 1 x 10¥ps

Amdahl's Law

B PRI R 12

Taffected
Timproved — + Tunaffected (5)
Improvement Factor

Example: Multiply accounts for 80s/100s. How much improvement in mulfiply
performance to get 5 times overall?

80
20 = — + 20 = Can't be done! (6)
n

MIPS: Millions of Instructions per Second
BYBEHFRELE

MIPS — Instruction Count (7)
Execution Time x 10°

o TR
o FEIEMHEISA (1598E) HWER
o FEELHERRENES

CHAPTER 3: ARITHMETIC FOR COMPUTER



KEE: 1's complement code

M5 2's complement code, &3 + 1, FItMBRTMEL
FTRSE: unsigned integer

BRSE: 2'scomplement integer (FEXEBIENAZERZEBI+ME, MEIB1Z
HWEERNSE, NEHAEMEIERTR)

Z###IB: Binary, ObFFk
J\##IO: Octal, OoFfk
+##FID: Decimal

+73EHIH: Hexadecimal, OXFFk

S, BALEUR +1
Example: 101 — 010 —» 011 — -3

ALU: Arithmetic-logic Unit
]1D7

¢ Half Adder
Sum =a®b
Carry = ab (8)
e Full Adder
= b
Sum = a @& b @ Carryy, (9)

Carryg,; = bCarryy, + aCarryy, + ab

e Complete ALU
TR, FATE, sI— T2 CarryOutii N\ fg— £ izrICarryin
e CLA: Carry Lookahead Adder 1TiR (i hN35 82

FEERUR R RE R ™A ARMINEINT, HE, — 1B Canyinyl, M,
1T AME— N EXFRI NS



A B

' C
at.

o S
ZEEiEE, BT ES—DHMAREITE:

c1 = go + (po - co)
ca =91+ (p1-c1) (10)
= g1+ (p1 - 90) + (p1 - Do * o)

Hthg=a-b, p=a-+b

Overflow: F|irab AFBREBZEERNTSESEREIT, HANFEEMRDAATEE
ZR (tban, MIEERM, AradtmieRER, WRBEER—ENR)

ENA
XIbERAME (BRRMN1) , BSatahn

1. Invertd

2. 1st Carryp, =1

1-bit ALU
XE—TX#B5. . FIEMIEEN—AIALU, EsdE (NOR) BISEHIZ/EW T

a®b=-(aVb)=-aA-b (11)



Ainvert Operation

Binvert Carryln ‘

‘ |
a 0

(o)

U

> Result

wb

CarryOut

64-bit ALU

BILE—(IALUSER (RI—PEICamyOUHANEIF—MCarryin) |, FIAMIEH — 1oAY
ALU:

Binvert Operation
Ainvert
Carryln
a0 —{ Carryln Result0
b0 — ALUO
Less
CarryOut
al—| Carryln Result1
b1 — ALU1
0—> Less
CarryOut
¢ A
a2 —| Carryln Result2
b2 —»| ALU2
00— Less
CarryOut
; : \ : © Carryln
AL
a63—{ Carryln Result63
b63—{ ALU63 Set

00— Less » Overflow




o LessHllSet: SCHISLT (Set Less Than) LEEA/NHIIRIE, FEREVEIE, WRAANEEL 1
CBREERO e MEEENA)

e Overflow: FEALUOGSHZIN—TERSMYELAR )L m L RO FI B

Et, ALUT~ALUGKIZHIINT, EAHALUOKILessSEBEALUG3MISet (INiERMEmEaN) , ER
LesszR0:

Ainvert Operation

Binvert Carryin

Result

5
100
>)

Less 3

CarryOut

mxIFALUG3, TEM LE—MELAIRT, BIB@E CarryinflCarryOut&HssLi,
5
HIREN: Multiplicand, 3EZX: Multiplier, #3: Product

Multiplicand x Multiplier = Product (12)

Version1 #EEAT2, FREATR

E R RIFIFHHFERS), FrAMultiplicand. MultiplierflProduct#BFEE 1281, EHEOR

i geslo]



Multiplicand

Shift left |«
28 bits
A y —
\\\/ / Multiplier
128-bit ALU / Shift right |«
64 bits

—

y
Product Control test

Write
128 bits

1. #lEtMultiplierFFeas N RBUEE 2]
2. WMRZ, NPEMultiplicandZF23ENZIProductZF 17288

3. BMultipliergZz300BER— (XBRTAMELE—M, B FEREMUtiplierfyE
—{iI) , FEMultiplicand&FFeNELRE— (BHFEMultipicandigg— 124,
EINRL)

4. fE6ARA L
Version2 #FEMALTE, AF2FER
AN SR AEERSE), FrLAMultiplicand REE641,

HIWZEMNEN, BHENEEERABERRTHHER, BMEISTRA THRENNE
R, Y2 LETFProductABHMABETIRS 7 HERENHMER, BRNZXFBFANE
ProductHZa8 R TRMNZE), BR 7 HSRBHBEHRITE XNZEHE

Multiplicand

64 bits
 /
—
o < Multiplier
64-bit ALL Shift right |-e—
64 bits
A —
probiuct >hift right Control
Write test
128 bits T

1. FIEiMultiplierF ZHRINRRUE S E ]

2. MNRZ, NPEMultiplicandZFZRMENZEIProductFEFRMNAFE D E



3. ¥MultiplierFZ23MEARB—(I, JEProductFFHRNEGRE—
4, HiH64ARAELE
Version3 SEENFI#HTREER A 25D

BN &BProductGiiFEXEX 8, HEXABProductEiFBEGEMultiplier, BIEEZE)
win—I, EERESERD—N0L; ELProductidFo4iiRIeF =] WA FEF R Multiplier

Multiplicand

164 bits
Y

N/

64-bit ALU

el

Product Shift right 4—(Control
Write |- test
128 bits T

J—

. #l#rProductFFaENREAEEE]
. WRZ, NPEMultiplicandF Z23MEINNZIProductFEFERMNAF o E
3. YgProductFF:IMELGRE—U

A, fHHOARLEIE
BRFSH

BRI EIZAIMTIESR, AECEERAN LTS, BN, BoothBEAREZFENSHE
B (REK)

N

Booth's Algorithm

BoothBERFETHEENF], —MIMEZEENX

EAUBEEEIMNECZENREZER, BoothBEIERBEMAT RATBER/DINERIREL, MALL
BRE.



FTIEAMAON, REEHITINERE, REBEEMEZEA (RAMTHEM0, FHERTER
@) . FfLABooth's Algorithmiy B2 R e sE R/ SRE R 189728,

BA TR :
0011...1100 = 0100...0000 — 0000...0100 (13)

XAFEFAVERELR VX AR D MEZN0T . 2k, BEEEN I RFEUBMEE
A, RF|EEX (10) ME (01) #ITHEENA,

o Q_1: TEWLE—AI, WARO
e Qo TEMEBE—I

QoQ -1 RI1E

10 fEProductZF ez B EMultiplicant

11 Bz

01 FEMultiplicantinZ|Product&F F23

00 BEiz(I®

BRiE

FR%E%: Divisor, #FR%%: Dividend, B&: Quotient, &#4: Remainder

Dividend
Divisor

Version1 [F8H%, AR

BREIZIEDIVisor e 8y, IR FEERemainderd; 8RAB—AIIRE, AB—(u
Quotient, AT EMMRHAIRER, EIENX

J—

. Remainder@ZDivisor

2. WER/NTF0, HBAAGER, NEDivisorBinElE, QuotientiR{K{iIz50
3. MR ATF0, Quotientm={EMILAT

4. Divisorha#%, QuotientZ#



Version2 RS R¥E—, £

BRI BFEREMARTE—ETF, EXNREPEERZIESLZEREE, FIUMERREBRER
£, MSRBNVREIRNWFE, BN, BREERemainderfiFELYE, F=EHAVZE
8], EFFEEAEH

BIREERemainderkL#, BEFIEMERELR (BMSBNFRBMNRESR, BHEK) , F
BARFEFEVIRN, TBRE (BFRR) EB—R, UERaMBE—UZTEAE; ER4h
2, REEBERMNEF AR —UTSREFEIENRE

0. Remainderk#

1. Remainder (Z¥i8) JEZDivisor

2. WR/NFO0, RBAAIEER, NPEDivisorEiElxR, Remaindersgzfif%a0

3. WERATF0, Remainderi AN

4. RemainderiZ#%

5. LM sEsefa, RemainderfUA+BAITEER: AF AR, (FRRK

lteration Step Divisor Remainder
Initial a{E 0010 00000111
REVERS, AUBLE—IZ=E 0010 0000 1110
1 REURERREL, REEE 0010 11101110
REVNEIRRER, &A—L0, A5 0010 0001 1100
2 REUBERREL, RERE 0010 11111100
REINEIRREL, JA—ULR0, A% 0010 0011 1000
3 REUBERREL, Rad 0010 0001 1000
mA—U%1, £ 0010 0011 0001
4 REUREFREL, Romd 0010 0001 0001
&E—U%1, £ 0010 00100011

Final RN EFEDER MU, BIARE 0010 0001 0011



\‘-“, *
-
I?l\\\

‘ FractionigI2/ V&85, SignificandigiyZ TR rIEF
B
ZHER I SignfF =1L + Exponent$ER + Fraction/VEER D
(—1)%" x (1.Fraction) x 2Fxponent—Bias (15)

BRESTRE

o BIEREE: 1{uSign + 8fiExponent + 23f{iiFraction, Bias = 127

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|6‘5|4‘ 3|2‘1{0

s exponent fraction

1 bit 8 bits 23 bits
BER, ExoonentlIL0M2 1 2RBMmIE, FItBEELIES TRE:

4+1.0 x 27120 ~ 1.2 x 1078 (16)
4 IHER) EIRRE:

+2.0 x 2% ~ £3.4 x 103 (17)

ERRE254 — 127 = 127, MA=E255, RANEVRE (GEFEExponent@ LS
B, RABER2 M)

EFit, REARBER], BEUETFRE-126

o IWEE: 11ISign + 11{iZExponent + 52{iiFraction, Bias = 1023

63 62‘61‘60‘59|58‘57|56|55|54‘53|52|51 50‘49‘48|47|46I45|44|43|42‘41|40I39|38‘37|36|35I34|33|32

S exponent fraction

1 bit 11 bits 20 bits

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 |6 |5|4 |3 |2 |1 |0

fraction

32 bits

WisEEIHER T RE:
+1.0 x 271022 x 42,2 x 107308 (18)

EBRZ:



42.0 x 21928 ~ 41.8 x 103%8 (19)

Example: Show the binary representation of -0.75 in IEEE single precision
format.

—0.75 = —2"1 272
—0.115 (20)
= —-1.1x271,

Therefore, the IEEE single precision format is:

1 01111110 100 0000 0000 0000 0000 0000 (21)

|
2h
i
1

o (FEME
I41.0005 x 271 — 1.1105 x 2234
1. Alignment: /NEHITHEFIAIEE, —1.1105 x 272 = —0.111 x 27!

INBETEEBIRIBHEZAIHO, ARRSBCREER; KEHNERNMNEHE
[FE#O, ARZSHRSMAER, ERREMRNBEEKN

Addiction Fraction: &, 1.0005 — 0.1115 = 0.0014

Normalize: ZEMEMW, 0.0015 x 271 =1.000, x 274, ERKREESHZHIN
overflow#lunderflow

Rounding: i EEGRMMIBEZAAINEMNLR, MREANGREFTEICMH, RE]
£t

o FRRA
P RILIESIgn. ExponentFlFraction

. Add Exponents: I Exponentt8in, HiEZE—"TBias (EABiasinT2)%)

Multiply the Significands: g/ 1.Fractionf8 3k

Normolize: #&, FINE—1E, WWERES LM overflowFlunderflow
Rounding: &\

Sign: RIEM MRIEERHISIONTRE ERNT S

FRE



MFFIEERER, BHXBIFEMExponent N LR, AR FMETETRS K AIER
o IEIREEN

Round Down / Round Up: [@F/[a) L EYEE
Round towards 0: [EOEXE, BT 2ARBEINED
Round to Nearest Even: /NIERDSFF LAt EEBEEN, HRUSHEAN

IEEE Std 745 F R MG ERZ L3, PANGuard, RoundHSticky, ILTEERAES
N EIRVAEY I = i

HGuardflRoundt8EF 2B HEV N, EMERNBEREIGuard#ITEN; FlR
EPRESARIGuardfIRoundiifil, REEANFHBIRAABNEIESAL, NStickyE1, X
MR A HIET AR I EREE MK T/ NI, XMround to nearest even

CHAPTER 2: INSTRUCTIONS

Instruction in Wide Variety
BRZBFTFRSHRIESHZHFN, thal:

1. Types of internal storage in processor. {Ffifzs Az

2. The number of the memory operand in the instruction. 384 FRIRVEETZHERINL

g (RFERES)

Stored-program Concept

1. Instructions are represented as numbers.

2. Programs can be stored in memory to be read or written just like numbers.

Operations of the Computer Hardware
1T IEN

1. Simplicity Favors Regularity EEEISE

o Only 1 operation per instruction. F5£IES AT —MRIE



o Exactly 3 variables.
2. Smaller is Faster
o Arithmetic instructions use register operands B35S RS Z 8 EIRIER
o RISC-V: 32X 64bit register file RSIC-VIEL K A32764bit (EN1 double word) £
Firds, ARFEEANLUE., XTHEZ AN TS
3. Good Design Demands Good Compromises A 1FAIH 23153115 H1THRIZ

o Allinstructions in RISC-V have the same length.

RISC-V Instruction Set
The Memory Alignment of RISC-V

1. Memory is Byte Addressed: & MttitEEMIZIMemory FII—PNET  (byte)

2. Little Endian: RBUF#EAERMEML, BMERSRAUFEREE, MERFERFE
=3

E AR ERRE MMt EMGE—1FT, RIZFENIE—1716184HE812345678 (EH
— (I 16HFBIEBEAMBFIRIA, FrA1byte Rl ARR2M 163 H1%K)

Big EndR/aTF:

it 0x00 0x01 0x10 Ox11
AE 12 34 56 78

Little EndR/RaTF:

bk 0x00 0x01 0x10 Ox11
AE 78 45 34 12

3. No Alignment Requirement in Memory: RIFHIEEEAIAFELFAE, mAERSIEK
SEMBIELRE (NBHEERE) DINETERENNTFTAR L, IFETEXE, 8
Al B IMEEIZERANIRE

XELEE—TEEYTTAIOF . FlE XA TEMR:



struct{
int a;
char b;
char c[2];

char d[3];

float e;
}
A TEMMXIT A
: S NowsNows
d[1] | d[2] d[1] | d2] €
b c[0] c[1] | d[0] b c[0] c[1] d[0]
a a
ERSS5F RIS

LUREIRNTTREN—RRBEIZR—" Ml BIRFHRIN—1T, ABNNFTARE
SHeTIAERIRL

RISC-VIE$HE

RISC-V—HB7AELHEN, LEEFAEREGE . REFHATIER, BnEFFaAFMENit
it (SAE) BTEEAAEIREER (WNRFEFHEMEFENARS)

1. R-type
2TREFS (BRI , 1TERFES (BR) , BRIFRHTCEREABINS 74

funct7 rs2 rsl funct3 rd opcode

op rd, rsl, rs2

Mladd %9, x20, x21/ R, EAIBEA:

funct?7 rs2 rsl funct3 rd opcode

010 = 00000002 2119 = 10101, 2019 = 101002 0190 = 000, 910 = 01001 5119 = 0110011,




| = 0000 0001 0101 1010 0000 0100 1011 00115 = 015A04B315 (22)

2. l-type

I"MNEEFRS, 1T BEnEERS, BiRERSIEME T EEREANBINSF23
i(11:0) rsl funct3 rd opcode

op rd, imm(rsl)
op rd, rsl, imm

fR 7 THoddilX B EEHHIEEIRME, immiAr] BIEHIMRIEE, thul:
1d x9, 64(x22)

3. S-type

2N RS 7S, ANBEMBREESEARTF (BIFMHE) , Tl ESFEMTEFNAFMIE
(BEER R EFRIEMRIA R FAERVE) , FTATT BT Fd

functé i(5:0) rs1 funct3 rd opcode

op rs2, imm(rsl)
op rs2, rsl, imm

Msdffll, Rrs2B0 BB Ars M mIEENLE
sd rs2, 64(rsl)

4, SB-type

ZBIMEFFER, 2TRETFH. TRFBEESEAFTEION, AARE—FIEIPC +
4, FRAMEIE—ERANMEE, BIRM2MI—EN0, HIFAIAEE—I

i(12, 10:5) rs2 rsi funct3 i(4:1,11) opcode

op rsl, rs2, imm

FUH



EZPCRUESEEN, BE—TESIANEE, FAUASEME20ER, —EE—4. BFE
B16HHI 52 HIRVEER, 2AFIBAMUS R MUI6EHE], EELINES

1. Immdiate Addressing

addi x5, x6, 4

2. Register Addressing

add x5, x6, X7

3. Base Addressing: ET— 1 EE#HITIRES

1d x5, 100(x6)

4. PC-relative Addressing: &FProgram CountiySHit

beq x5, x6, L1

BHES
B ERIFTE IR SNERERR, HARIIHE % R

1. Id. sd. add. addifllsub
XESHEARNIES, THAL—THF, BCIESFRISC-VIII ISR

A[l12] = h + A[8]; // h -> x21, A -> x22

1d x9, 64(x22) # RE—TRENNRBEHEAZEIxF (MAFFRHEAZFE
23)

add x9, x21, x9 # opl = op2 + op3

sd  x9, 96(x22) # BRI—MREHBAIGE—TNRERER (MFESRPHAR
N7F)

x22PFFHNEAOC)ERFFRIMLIE, TMIFAOIHERE

TRERBE (offset) RLMbytenBAIRY, FELLE—offsetly
8 X sizeof(int) = 64, F-MH12 X sizeof(int) = 96

addiffladd immediate, BTRITEERS EHEMNEE. TEMERABFN:



1d x9, AddrConstant4(x3)
add x22, x22, x9
# Assume that AddrConstant4 is address pointer of c

addi x22, x22, 4

. slli, srli, and., andi, or. ori, xorflxori

izE, 2o 3fshift left, shiftright, 5. 5. %3k

. slt, blt, bltu, bgefllbgeu

slt x5, x19, x20 # WIRx19 < x20, Mx5 = 1
blt rsl, rs2, L1 # WRrsl < rs2, PHFENECLL
bge rsl, rs2, L2 # WRrsl1 >= rs2, HENEGL2

bltu. bgeuAFELHS# (unsigned) BILERR, FESblt. bge—K
. beq#llbne

o jf-else
if (1 == 3j)
f = g + h;
f=f - 1i;

beq x22, x23, L1 # WIRx22Mx2318%F, BLEILL
add x19, x20, x21
Ll: sub x19, x19, x22

IRARERFEMif-elsenXAE, XHFEELILWE 11 HSWIBIT,
bne ;&fﬂif—eb@?ﬁ%

if (1 == 3J)
f = g + h;
else
f =g - h;

onstant 4

Ett, FHAISIAN



bne x22, x23, Else # WRx22fMx23 8%, EHZHER
Else

add x19, x20, x21

beq x0, x0, EXIT
Else: sub x19, x20, x21

Exit:
HE
Loop: g = g + A[i];
i+=73;
if (i != h)

goto Loop;
// i -> x22, A -> x25,

Loop: slli x10, x22, 3 # x10 = 8 * i, Blx10 =
sizeof(int) * i

add x10, x10, x25 # x10
i, BAEIALL]

1d x19, 0(x10)

add x20, x20, x19 # g += A[i]

add xX22, x22, x23 # i +=

bne x22, x21, Loop # ﬂﬂ%l*ﬂhx 8%, IR[EIF|Loop

x25 + sizeof(int) *

whilefBHFEIHF L 2H 258, HEXRZEAMRA T, BIRREILERE—TRERN
NP S

while (save[i] == k)
i+=1;
// k => x24

Loop: slli x10, x22, 3

add x10, x10, x25

1d x9, 0(x10) # B IER FE—, BREIE
save[i B3R

bne x9, x24, Exit # WlRsave[i|HkAEFE, BiZERWH

addi x22, x22, 1

beq x0, x0, Loop # XBIREZRNEH, MR RERASEL
R, BE—RIFIETE L ERbne

Exit:



5. jalFDjalr
Jump and link (register), &FfF M—FE<THIMELIL, FREEIEEMLE

jal  x1, offset # x1FF F—FKE<THHLL, HOEHKoffsetHT
(x1 = PC + 4, PC += offset)
jalr x1, 0(x0) # x1HFFT—FKIE<HMLE, HBKEERIx0 + o&bHTT
(x2 = PC + 4, PC = x0 + 0)

6. Ir.dfllsc.d

EZFREFENZREE, IR—TEFFEEEMIUEAN, 5T EFFEERE NS
i, MENTRIRFAEZSHENZIMNIERA, MNEESIARMIESHFERX )

lr.d rd, (rsl) # 1d, FHBizAEMNE CESuttitie A— MR8
R, Eéisc.dfSMBIZMIE T AL T HE)

sc.d rd, (rsl), rs2 # ¥rs2fF8rs1P, WRB1r.dUFKrs1iE@AIHE
R &RH N, raigENO0, BMFE0 (FETIEINRINTSIER, MRrd 1= 0, B
ffi1r.dHllsc.d)

YIRS

int fact(int n) {
if (n < 1)
return 1;
else
return (n * fact(n - 1));

# RTEIDUEEAHITE, REBEFF2 MR, REMIExL. RnfK/x10
Fact: addi sp, sp, -16 # speikiEft, MBAMAREER2MIE

sd x1, 8(sp) # HELIMIE: REIEx]

sd x10, 0(sp) # W%MEBOMIE: HATAIn{Ex10

addi x5, x10, -1 # x5 =n -1

bge x5, x0, L1 # W%Rn >= 1, B TE—ERHERILL

addi x10, x0, 1 # HEIn = 0B, HARX—L; Lx10H91, LEAIx10
FATFicRItES

addi sp, sp, 16 # spfgle, ik

jalr x0, 0(x1)  # PKEEIMINLREAOME, BIL1ME=T
Ll: addi x10, x10, -1 # n -=1

jal x1, Fact # [EEkRIFact (LEAYnE#E 71) , x13g@T~—0
(addi)

addi x6, x10, 0 # x6 HFHANTEER



I {EFHAx10

W ERAREN EFAXL

addi sp, sp, 16 spAfgl6, rLEditk

mul x10, x10, x6 p=krs

jalr x0, 0(x1) # BkFRE| E—PREMZE (BEINIFI LA ENIE)

1d x10, O(sp)

#
1d x1, 8(sp) #
#
4

= -2

EXRLE

& A N
HELBIVILE

funct? funct3 opcode
n i[11:0] rsl funct3 rd opcode
“ functé i[5:0] rsl funct3 rd opcode
i[11:5] rs2 rsl funct3 i[4:0] opcode
i[12, 10:5] rs2 rsl funct3 i[4:1, 11] opcode
i[20, 10:1, 11, 19:12] rd opcode
i[31:12] rd opcode

op / opcode: Basic operation of the instructions.

rd: Destination register number.

funct3: 3-bit function code (additional opcode).

rs1: First register source operand.

rs2: second register source operand.

funct?7: 7-bit function code (additional opcode).

I: Immediate, constant operand or offset added to base address.

j:b/\s
H < /L.ty



add
sub
addi
slt
sltu
slti
sltiu
mul
mulh
mulhu
mulhsu
div
divu
rem
remu
ld
sd
lw
lwu
sw
lh
lhu
sh
lb

Arithmetic

Data transfer

Logical

shift
Conditional

Branch

Unconditional Jjal
Branch

ik 3 B3

Add
Subtract
Add imm
Set if less than
slt, unsigned
slt, imm
slt, imm & unsigned
mul, lower 64 of result
mul, upper 64 of result
mulh, unsgn * unsgn
mulh, sgn * unsgn
divide
divide unsigned
remainder
remainder unsigned
Load dword
Store dword
Load word
Load unsgn word
Store word
Load half word
Load unsgn hword
Store hword
Load byte
Load unsgn byte
Store byte
Load upper imm
Add upper imm to PC
And
Or
Exclusive or
And imm
Or imm
Xor imm
shift left logical
shift right logical
shr arithmetic
shl logical imm
shr logical imm
shr arith imm
branch if equal
branch if not equal
br if less than
br if greater or eq
blt, unsigned
bge, unsigned
jump and link
jump and link reg

Example & Comments
add rd, rs1, rs2
sub rd, rs1, rs2
addi rd, rs1, -20
slt rd, rs1, rs2
sltu rd, rs1, rs2
slti rd, rs1, imm

sltiu rd, rs1, imm
mul rd, rsl, rs2
mulh rd, rs1, rs2

mulhu rd, rsi, rs2
mulhsu rd, rsi, rs2
div rd, rsl, rs2
divu rd, rs1, rs2
rem rd, rsl, rs2
remu rd, rsl, rs2
ld rd, 40(rs1)
sd rs2, 40(rs1)

lui rd, 0x12345
auipc rd, 0x12345
and rd, rs1, rs2
or rd, rsl, rs2
xor rd, rsl, rs2
andi rd, rs1, imm
orird, rs1, imm
xori, rd, rs1, imm
sll rd, rsl, rs2
srl rd, rs1, rs2
srard, rs1, rs2
slli rd, rs1, imm
srli rd, rs1, imm
srai rd, rsl, imm
beq rs1, rs2, offset
bne rsl, rs2, offset
blt rs1, rs2, offset
bge rs1, rs2, offset
bltu rs1, rs2, offset
bgeu rsi, rs2, offset
jal rd, offset
jalr rd, 100(rs1)

rd =rsl + rs2
rd =rsl - rs2
rd = rs1 + (-20)
rd=rsl<rs2?21:0
rd=rsl<rs2?21:0
rd=rsl<imm?1:0
rd=rsl<imm?1:0
rd = rs1 * rs2 (lower 64)
rd = (rs1 * rs2) >> 64
rd = (rs1 * rs2) >> 64
rd = (rsl * rs2) >> 64
rd =rsl/rs2
rd =rsl /rs2
rd = rsl % rs2
rd = rs1 % rs2
rd = [rs1 + 40]
[rs1 + 40] = rs2

rd = 0x12345000
rd = PC + 0x12345000
rd = rsl & rs2
rd = rsl | rs2
rd =rsl A rs2
rd = rs1 & imm
rd = rsl | imm
rd = rsl A imm
rd = rsl << rs2
rd = rs1 >> rs2 (zExt)
rd = rs1 >> rs2 (sExt)
rd = rsl << imm
rd = rs1 >> imm (ZExt)
rd = rs1 >> imm (sExt)
if (rsl==rs2) PC+=offset
if (rsll=rs2) PC+=offset
if (rsl<rs2) PC+=offset
if (rs1>=rs2) PC+=offset
if (rsl<rs2) PC+=offset
if (rs1>=rs2) PC+=offset
rd=PC+4; PC+=offset
rd=PC+4; PC=rs1+100

FMT | OpCode | Funct3

R

R
|
R
R
|
|
R
R
R
R
R
R
R
R
|
S
|
|
S
|
|
S
|
|
s
u
u
R
R
R
|
|
|
R
R
R
|
|
|

SB
SB
SB
SB
SB
SB
w
|

0110011
0110011
0010011
0110011
0110011
0010011
0010011

0000011
0100011
0000011
0000011
0100011
0000011
0000011
0100011
0000011
0000011
0100011
0110111
0010111
0110011
0110011
0110011
0010011
0010011
0010011
0110011
0110011
0110011
0010011
0010011
0010011
1100011
1100011
1100011
1100011
1100011
1100011
1101111
1100111

000
000
000
010
011
010
011

011
011
010
110
010
001
101
001
000
100
000
n.a.
n.a.
111
110
100
111
110
100
001
101
101
001
101
101
000
001
100
101
110
111
n.a.
000

0000000
0100000
n.a.
0000000
0000000
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

0000000

0000000

0000000
n.a.
n.a.
n.a.

0000000

0000000

0100000

000000

000000

010000
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.



Register Name

X0 zero
X1 ra
X2 Sp
X3 ap
x4 p
x5-x7 10-12
x8 sO/fp
X9 sl
x10-x11 a0-al
x12-x17 a2-a’
x18-x27 s2-s11
x28-x31 13-t6

CHAPTER 4: PROCESSOR

‘ ERLwES, EERERELEFRNNIIN., NEHMNERISC-VI—FPREHLI]

Datapath #(IE@E
Instruction Execution

1. BY4§ (Fetch the instruction from the memory) : J§#5< MATEHEH
2. i#h3 (Decode and read the registers) : SLRIES -> V2R1ES
3. BE: WRIFTEIESEE, TRALUBITHERXIRE

o WTESIA (Memory Reference) : ALURTFITEREFHELE (BNt EREEMH
1t)

o HEBEE (Arithmetic Logical) : ALUBF#TEEEEEEE



o 9%$E< (Branch) : ALURFH XL

RXE—TRISC-VIOMELHIEH LI, BENEoSEHERE (RERALUITRRIERER) |
B REERRE (ARBRELRRENER)  AEEEE—TTBNEUERR, LS

=
WAT
0
M
Add ,\ u
X
4 — Add Sum 1
-
Branch
\ MemRead
Instruction [6-0] "C | MemtoReg
{Control ALUO
‘ | MemWrite
| ALUSrc
/__RegWrite
Instruction [19-15] Read
> o aR(?grdess register 1 Read
Instruction [24-20
[ ] Read data 1
Instruction L+ register 2
B0 Tinstruction [11-7] write ~ Read (0 Address%eaatg 1
Instruction register data2 M 1]
memory u ;1
Write ) 1" 0
data i
Registers Write Data
B data memory|
Instruction [31-0] 32 m 64 ‘T %

@

Instruction [30,14-12]

\control/

=23
”n
EA

)
Q
<

RASTNEEHR, —FKERERERTTERE. B, WREES (nstruction) FEWE

(data memory) FER—MAS

E, RAMUXRIEE—FEERR L AENFES MR ETHAEYE

Instruction Execution in RISC-V

HELRISC-VRUE ST I RN LEN—AREER—Fr, XERZEAL—LME

EAMemory AccessRBIJMsABE, FMUNRBIRESSEERXIMENRIAZKTE

1. Fetch: E\fg, PC +4

SHRERRT, X LERAFRMEDREME, EATIH



6.

Decode & Read Operands: 15XIFBANZIES, EBMMRER (FEBREH
3, #BEIErs1#rs2)

Executive Control: EBALURITHEHNITE

Memory Access: iZEmemory, WRIELIrdFI0FIEIES, FEXmemoryi# TiE
BN, WEHTX—H; WREREIELTbranchiE?, RAERERNERERE
ESFEFSRP, FIMAFEHRTX—F

Write Results to Register: XFREES, ALUMITEEREAND; SFIEIER,
Memory datafz Ard

Modify PC for branch instructions

A EFE < RBIRVERE R

s

1.

HNEEFREBE, TARRKELERLE, BFENEAIUSZTR

R-format

NFREIESMS, HEE2NEFFE (Read Register) , 1TMBinEE2S (Write
Register) ; JIEFIMIBIRL ALY, HTITERREIL BIinE Fas(70E

ALUop = 10, ALUSrc. Branch, MemRead. MemWrite, MemtoRegis A0,
RegWrite =1

I-format

JFIRIFES, H—Nmmediate Generation Unit, faEi§32(35< HAYIZENENEN L H 4%
L ROAMIBIED, XA LAS 18N (RAs125U8Y, BRE TRISC-VANFERRZ
MUY, SUMISI REFFHENESME) . EIBESPR, ALURTINEEZE, R1TRE
& (offset) HIFEMN

#Eldd, ALUop =00, ALUSrc. MemWrite, RegWrite, MemtoRegi1, ERH0
S-format

SEIESHMIBIESRE. X3lET, mIEEData memoryRIELHEIEE Areg, BEN
regiZHAIEIEES AmemoryH (I AId M sd Bl #1Tie1)

#E£sd®, AlLUop =00, ALUSrc., MemRead#1, MemtoReg7chiB (A RegWrite =
0, TILWEAIFREEAN)

4. Branch Instructions



ALU: FATIREEE (RO XIELBEHITRIFAAILER)
Binttbit®: ARBEFRMY, PCREENLREE
1. e & LEERS

2. ERM: RASBEUELHRIIANEAZEIZE i101 B9, AMNEALUTTERNEEELR MU
#MO

3. PC +=#hR/ERIIMmM

4. Branch = 1! TIBEMHEEHE, Branch#h 1, ERLZIMUXEIEBranchflZero
EY5, Branch = 1AAKR—EKLEIIT&E ML, WRZerot50, NMKIBEEFEZIPC+ 4

ALUop =01, Branch =1, MemtoReg = X, HF K0

5. J/jal-format
EELELUMpP = 1, MemtoReg = 10, RegWrite = 1, ALUSrc = ALUop =X (ERNBA
FALUMNEEER, BHTA#AMN)

Signals for Datapath

EA—TRTRENRMAEESNXI, MARRENERFTERBIARNEIER, PTUTA]
BE—LEFIESRAEAE

7 Control Signals



Signal
Name 0 (00)

RegWrite -

ALUSrc ALUMEZNMHEAFRE

rs2

Branch PC +4
Jump PC + 4, =%H
branchiy B frpksEit
ik
MemRead -
MemWrite -
MemtoReg E ARegisterfJ{55 3K
BHALU
ALU Control
opcode ALUop funct?7
Id 00 XXXXXXX
sd 00 XXXXXXX
beq 01 XXXXXXX
R-type 10 0000000
0100000
0000000
0000000
0000000

101

UEE NRegister
ALURYE Z MR BRREEMmM

PC3Bbranchii B frpkizithit
(IR B RPC + 4HEN)

PCHjumpkY B Rttt /RE

MAZFHIEA LR
RIAFHE AR

B A\Registerig{5 5k BEMemory

funct3
XXX
XXX
XXX

000
000
111
110
010

ALU function
add
add

subtract

add
subtract
AND
OR
Sit

10

5 \Registerfy
E5APC + 4

ALU Control
0010
0010
0110

0010
0110
0000
0001
0111

ALUop3kBopcode, REHESEE; functillfunct3HEIREALUAITHIITE; ALURITRIIT
BERIFALU control——3g iz

Pipelining 7k



HEHMEREFEEIEZOE, ENLongest delay determines clock period, BFEhEIHE = H14T
BXIESEENGRKNE (d&RK, BEAEZENEERS) , MAGESHELA—IHHE
H; XESRRZIESAFEE XA KN EHEEEHFE— R E 87 fE5

B, RANBEGERES—FIELXTHETERT T —FES, SHETEREEE

Five Stages A ik
FERISC-VAR, —SIEHIMIT— a1

1. IF: Instruction Fetch, MmemoryHEXHIES

2. ID: Instruction Decode & register read, 384G, EASFE
3. EX: Execution, 4MIEitE

4. MEM: i5[8]R7F

5. WB: Write Back, J$&REEIE5F

ke
1. Balanced: Bl stageltEIfEE. EXNmKLNIHERARIKstageRE, FTA

unbalancedfJINRM RS E D>

SEfRLE, stagelBfFE—EMNERIEN, FTLARKEGMLatencyREEREERRRK, A
HREHtL L EARRIEAR B AR — L

BHERI, — MM stagefyiik LA IREENTN KIS B ENIE R
Clock Cycle x (M —1+ N) (23)

2. Latency: Time for each instruction, —&3IEL MR EILERFTFEERAE, Speedup
due to increased throughput, latency does not decrease, BIEEEILE (8L
FHEIAMITIIE ) , TIAMBRE RIS TR TS E AT (8]



Program
execution i 200 400 600 800 1000 1200 1400 1600 1800
Time T T T T T T T T
order
(in instructions)
Id x1, 100(x4) een | |Rea| ALU | 0% | Reg
Instructi Data
Id x2, 200(x4) 800 ps Metch | |Rea| AU | coes |Res
Instructi
Id x3, 400(x4) 800 ps ns‘f;lt‘:h'on
Program
execution ) 200 400 600 800 1000 1200 1400
Time T T T T T T T
order
(in instructions)
Id x1, 100(x4) Insft;ltf:on Reg| ALU asé’éis Reg
Id x2, 200(xd) 200 ps | " [Res| AU | 022 |Reg
Id x3, 400(x4) 200 ps | "aen™"|  [Res| AU | %2 [Reg

200 ps 200 ps 200ps 200 ps 200 ps

Pipelining Hazards

Structure Hazard

L BN BEATIZRESEE—NERT, —THEERINFRELTITHRIRTE

sEEFIData Hazaed#1TX 4%y, Structure Hazard2E /L MR EE—1NE
B, mData Hazard@R A LS N7 R il S0 ZEE1R

o |dFIsdNAFEENZF
o ControlfgSIEE

o ARFIETEIDKERRS, FEMIB L—FIFEHRVIIES; BN T —FREQLEEH
17IF, EEAFERSBRZRINES, BRENIRIAFIEREZ TRIE?

2. BBIRRFE EEM TstageBlFA—LEHEFRFMHEOUBERARNANST . RIFNBRTERISC-
V Pipelined Datapathfi43

Data Hazard



1. BX: —FELFERI L—FESTANEIEES

I:l:?ZDiFE"F—‘z?W‘\E’\JIDﬁF'%%ﬁH | E—%ArIWB, {BUIERY F—5KF8< PR L IEAE#ITEX
S, BRBAN, REMSSETEZEHER

addi x22, x22, 1
add x23, x22, x21 # XFESEEZERRL—Fx22004%4%, BiRxE

KERSHE—FERFEAREMETIREBIT

2. BBRAE
o Forwarding / aka Bypassing

B, BALF IDIES (RAE(TPRiEL) HSREFTINTEE, mMWBER
RIS TP EIER, ARG WBHIDA SR — ISt AR mASER T

AN EFORM TS (RASRA EFEFEA—TI T ERANTR) X
W, BATAIBAKEIDR A IR & RS TPAY BRI

Ti 200 400 600 800 1000 1200 1400 1600
ime T T T T T T

add x19, x0, x1 IF —E D

bubble bubble bubble bubble bubble
@ 9 @ O

bubble bubble bubble bubble bubble
@ @ @ ©
IE MEM WB |

sub x2, x19, x3

éL
IE
Y_\/‘

& EEXFERALNbubble & T LARRAR IR, {BIEFENEIRZ, THBUHZE,

MEEBA T —FRIERIDEARMNRERE L —FIBESHWWBMEBRA BN, BXfFLE
FEEXM BRI ERE, REE LKIESEXINRESIAREZIEEXBALEIR], SSELM
T (BPHZEEZ N T RRStructure Hazardms | NHIS1788)



Time (in clock cycles)

CC1 CC2
10 10

CC3
10

CC4
10

CC5
value of register x2:

Program
execution
order

(in instructions)

sub x2, x1, x3

and x12, x2, x5

or x13, x6, x2

add x14, x2, x2

sd x15, 100(x2)

10/-20

CC6
-20

CcCc7
-20

ccs8
-20

CC9
-20

o Load-use Data Hazard: Can't always avoid stalls by forwarding

SFloadtg<, EANBZEMEMPET GEIRFEURE, BIARRESHNEXSRRBAEL—
FHMEMERE7 8ERIT. Rt RBEILE—FE<ER—1THT

Program
execution . 200 400 600 800 1000 1200 1400
order Time T T T T T T T
(in instructions)

Id x1, 0(x2) n—f IC WB |

bubble bubble bubble bubble bubble
@ @© © O
sub x4, x1, 5 ﬂ—: ID MEM iB

3. Code Scheduling to Advoid Stalls

B SERIE G I S m > dRf R ERIbubble




1d x1, 0(x0)
1d x2, 8(x0)
# bubble

add x3, x1, x2
sd x3, 24(x0)
1d x4, 16(x0)
# bubble

add x5, x1, x4
sd x5, 32(x0)

X  EEXERED, &BbubbleMIER TTEET + 5 — 1 = 11 7EHAER, FMNn2
Moubble, —HFEE 13T EEASERL

1d x1, 0(x0)

1d x2, 8(x0)

1d x4, 16(x0)
add x3, x1, x2
sd x3, 24(x0)
add x5, x1, x4
sd x5, 32(x0)

HiEaINf, ERldZ R ENEREFRNEFRR. Bl/EFTHKoubble, AJE1
THERE AN SERL

Control Hazard

1. BX: T—%EBLRENPC + 4BURTF L —£M%
Control HazardBIA ForanchiEER ER L, SHPCHFELIN B, ANMBIEH
EG) AT RER E NbranchPkiE R K& IS TG T

beq x5, x0, L1
addi x5, x5, 1 # AFEIEEHITEURTF E—FbeqgIER,
BB R/K ARSI beqtAE T TANE

Ll:

2. RRASE
o JFLEB4ERIZIIDR 1T



TRONREME, LS IDREATHHT. B L mh SR HIT I —%, B
EHE—1Tbubble, FUEERMIMKLFRIDE

Program

execution ) 200 400 600 800 1000 1200 1400
order Time I T T I T T T >
(in instructions)

Instruction Data
add x4, x5, x6 fetch Reg| ALU access Reg
Instruction Data
beq x1, x0, 40 <—* Reg| ALU Reg
200 ps fetch access

/7/ \r/\,,\ (\/— /7/ /\/\‘,/—\,\\
\bubbl ;\bubble/(bubb (bubb bubﬁlﬁ/
&

Lo Lo o Tax
or X7, x8, x9 < »|Instruction Data
Y 400 ps fetch Reg| ALU access |9

o Prediction Outcome of Branch

Only stall if prediction is wrong, RZEFUNIEMHIEstall; MREIR, FZEHM
BB TERlush)hikis, re-fetching, BkEEZIIEFERIMSIEIT

1. Static Branch Prediction: {RiZEMHIKE2ENE/ER

2. Dynamic Branch Prediction: BE[89EHA T4tz Bibranchadls)
HRi% 2 EHbehavior will continue the trend (I:l:il[llﬂz?t}’)"\zlibronchﬂ’\]
18R, FINARTFIESF ERER—)

RISC-V Pipelined Datapath

THE—TRERLESRNTE, BEdod TG LRSI, EEHRKIR, ERKEEH
5, —/l\ﬁiii%ﬁ%ﬁﬁim?ﬂm?a&, PIESBRMNERAHT; E—EBHRTHREFEMNERL
&b, SENEUREE MR Bk



IF: Instruction fetch

ID: Instruction decode/
register file read

EX: Execute/
address calculation

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
T
|
|
|
|
|
|
|
|

MEM: Memory access

WB: Write back

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
Instruction @
|
|
|
|
|
|
|
|
|

/ 32 Q 64
\\ @ \\

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
Read “
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
]
|
|

Read
Address register 1 data 1
Read |
register 2 Address
Registers | Read|
. | data
Write Read | Data
Instruction register data 2 | memory
memory
| write |
data : Write
/' data
% |
|
|
|
|
|
|
|
|
Il
|
|

IR EEARERMERIZITRKEG, SRINEFIETHFEER SIIINEIERE, 7HER
IHERQBAEETH. BEX L, iX/I\I‘IﬂEEEJL‘XﬁﬁEJEé%J: (BN ExE]) BINFFRRFKE
M, FEEPFEFNES TR —FESEZMBRCITENSE
produced in previous cycle)

(to hold information

Eit, SE—FELHFERIB—FESNERN, REFBEMGNNFFRPIMEENR (BAF
FRREREMTEABZEN, FIUEMNNEFMEMTEENEF, REN)

IF/ID ID/EX EX/MEM MEM/WB
————
. =’ o
Shift
left1
=
§
p—>- Address 5 Read
2 register 1 Read
| @ data 1
Instructi B :;?:tsr,g ™
nstruction : Read
egisters Road Ly |
memot 4 . ea Address 1
v Write data 2 data M
register Data u
Write memory X
data [ 0
Write
data
32 Imm | 64
v Gen




Pipeline Operation
BAIAIAIES A, — T hXEFTEFHREIRISHITRHITNRGE, STFEFRELBIOES=
i, KREEGEEAN; BIE, AF¥Hoe=slRiEsd

FRIEBFREN, FTREREEOUEZR, BUBA—HREREERXET., FIUE At
7Fé’n‘/£\7, ARRBERK, HELEITRE

1. IFEX$E: IF/IDFEFEREA

Id |

Instruction fetch

IF/ID ID/EX EX'MEM MEMWB

{

Instruction
memory

TRE, FREAMERFTNHER, XEERRN TILAKERIEITENIRE, MAR
BHERE AR E[hozard (RE1ENR, XMNZARE—TER)

2. IDfgES: IF/IDIEE, ID/EXBA

B, IDEZHIESEFE TRHER, XEN T ##RData HazardMyER—1 e,
B LEWBANIDRY $5-

3. EXiZE: ID/EXIEH, EX/MEMEB XN
MEMRI{ZFiAE): EX/MEMIZEE, MEM/WBE AN, MEM& RG340 EEA

WBHEFEHREAN: EFEXR, AITE, BITERESMMEM/WBIEY, 2REIRegistershd
Write datai#{TB A\

SHRE




Write-back

32 64

IF/ID ID/EX EX'MEM MEM/WB
Shift
left 1
—( 0
M
u PC p-»-| Address Read
x register 1 Read
1 data 1
Read =
Instruction 2 Read
memory : isters Read Address data [ 1
Write data 2 M
register Data u
y memory x
data 0
Write
data

BRRHIMFHE

b/\‘ %

—Na, LEREIWrite regis’reriﬁ%}??ﬁﬁl@/\ﬂg? E K 2 1 B

BTHY, SAFELHITWBHINME, HEHER2FIETEALTMIDT, Write registertiick
T, Eit, ERtXA LRRIERRRTEREIR

RNTBRRZN O, BASIAN—FEIMIBIEEIEA T E%Ed, X, rdiiEEMESH
BITRS#HIT, MASTELRPRT
o
(0
M 3
u PC H@-»[Address £ Read
1x I _3 | register 1 5;2‘11
Instruction 9 EZT;G’ZR . ™ Read
memory = 4 egisters poaq Address data [ g
——> data 2
Data
_>Wme memory
data
Write
data
= @i"» -
Al Gen
S — — —

Multi-cycle Pipeline Diagram

1. Form Showing Resource Usage

XKMKEE R T —BIERKEZMPNRIR S A



Time (in clock cycles)

CC1 CcC2 CC3 CC4

Program
execution
order

(in instructions) = =

(e
[IRET s
13, 48(c1) (i

sub x11, x2, x3

add x12, x3, x4

add x14, x5, x6

2. State of Pipeline in a Given Cycle

CC5

o

CC6

&
e

CC7

CC8

THXZLENHERNEGORE, 3T LEXKENERENZEE

CC9

| add x14, x5, x6 | Id x13, 48(x1) | add x12, x3, x4 | sub x11, x2, x3 | Id x10, 40(x1) |
[ Instruction fetch ] Instruction decode I Execution I Memory [ Write-back |
IF/ID ID/EX EX/MEM MEM/WB
—-(0
M
: PC = Address < g%?_gter ' Read
|1 g data 1
2 Read —
" 2 register 2
I":g:"z::;" = Registers oo Read | |
Write data 2
register
Wit
— darlae
} @L
Gen '_'

FIEBFINBOIERE FEMKEB(+A%55I0, SRER

Pipelined Control ifi7K 2= i@ i

WARe, IFEEN



fiR)R T Structure Hozard#lData Hozard,
FEHBR RSB BRI N TR :

T(

xc=2°

M EEE—=F, RAERESHr-ENERNER—MER, MAFTEERN S EREHIE
SELREBE, MUBIIRFRRERFEFERICRENGES

BAVEERIE SR

—> Address

Instruction
memory

73 ==
iRE

IFID

ID/EX

RegWrite
]

l Instruction

Read
i Read
register 1 e
registeé 2
egisters,

Write Read

register data 2
—-| Write

data

EX/MEM

Shift
left1

Instruction m
[31-0] 32 imm | 84
N Gen N _
Instruction v
[30, 14-12]
Instruction
[11-7]

BAHE T RZRBIAKEHRIEDER. FAIIER

MEM/WB

Write
data

Address

Data
memory

Read
data

BERMERAITHE, ARTBEIFFRENITEEROUE, B

., EXMEREEFRNEBEALVop. ALUSIc, MEMIMEZRZIEMemRead., MemWrite .,
Branch, WBIERFZIIEMemtoReg. RegWrite. Jump (BlHKRFIH)
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—" Control = M wB
\/t EX | M WB|
IF/ID ID/EX EX/MEM MEM/WB
BLtE, FATR] DA H SR AYRK & IR 2R
0
N | s
T L= | Heuws
0 g el o 1 —
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p—>-| Address ;3 zz?ger : g;:d1 é :%
2 Read = =
Instruction . _=‘ registe: 2 < Addrass gead N
e we e .
—»-| Wiite memory
data
Write
data
Instruction
[31-0] 3% Imm | 64 -
v Gen mRe:
Instruction
[30, 14-12]
Instruction ALUO
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Dependencies & Forwarding




FraaREXX/XX RegisterXXiIFzzlan B, SEIANESONETEFRNUE, KEENEIN
REFRFHEIAZT (Rs1, Rs2, Rd)

ID/EX.RegisterRs1: register number for Rs1 sitting in ID/EX pipeline register
EN4E B BRI
PREEFMH

B &F2&IELHsAEIARFZIESHAN, SREFIEARR., FEFIBINSEID/EXEE
g, TEMREE & & B RuF MIBRE forwarding

1. Forward from EX/MEM Pipeline Reg: f51%18<IrsAZI4srd
EX/MEM.RegisterRd = ID/EX.ReqisterRs 1
EX/MEM.RegisterRd = ID/EX.RegisterRs2

2. Forward from MEM/WB Pipeline Reg: [525%35< HrsA 74 rd
MEM/WB.RegisterRd = ID/EX.RegisterRS1
MEM/WB.RegisterRd = ID/EX.RegisterRs2

Detecting the Need to Forward

1. MRdREREFFHREAN, NAFEforwarding
EX/MEM.RegWrite, MEM/WB.RegWrite
2. MREWTFFHEE0, UFrEREBEAMREO, AFEZEforwarding

EX/MEM.RegisterRd # 0, MEM/WB.RegisterRd £ 0

Double Data Hazard

MEEAMRES, Ifrt—HB2Mhozard, EN1EE M EERRN &4, ELBICEEER, A
AWM TERN:

RIEREX Hazard, BIMIRSEI—FTENL, TEESRIESE —FAIXKR

XN RMRGFIEARRY, U TEXERZR A



add x1, x1, x2
add x1, x1, x3
add x1, x1, x4

KFRNE=%1E0), EMUFrAIUNSE—a LKEMEMX, 58 -0 KEEXXEE, =44
R, BUNREFNREBRBE2ODS5F 10 KEEXXK. E3WtW55E20) K EEXX G HTT
forwardB=],

PRARILTSZREXNEL, HETAKEEFECS, MAZLEA

Forwarding Condition

MEBE/LRES4E TR, FEorwardiFHENT:

1. EXHazard
if (EX/MEM.RegWrite # ZTEEAN
and (EX/MEM.RegisterRd != 0) # Hing{Fasl=x0
and (EX/MEM.RegisterRd == ID/EX.RegisterRsl)):

ForwardA = 10

if (EX/MEM.RegWrite
and (EX/MEM.RegisterRd != 0)
and (EX/MEM.RegisterRd == ID/EX.RegisterRs2)):
ForwardB = 10 # AMIBO AR rs1fllrs2

Forward = 00: FFEforward

Forward = 10: MAEX/MEM#1Tforward, Bl <z BIALURNIEE % Eforwardid 3k,
forwarded from the prior ALU result

Forward = 01: MMEM/WBi# 1Tforward, Blforwarded from data memory or
an earlier ALU result

2. MEM Hazard

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd != 0)
and not (EX/MEM.RegWrite
and (EX/MEM.RegisterRd != 0)
and (EX/MEM.RegisterRd == ID/EX.RegisterRsl)) #

XE2FBFEX Hazardf9HE
and (MEM/WB.RegisterRd == ID/EX.RegisterRsl)):



ForwardA = 01

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd != 0)
and not (EX/MEM.RegWrite

and (EX/MEM.RegisterRd != 0)
and (EX/MEM.RegisterRd == ID/EX.RegisterRs2))
and (MEM/WB.RegisterRd == ID/EX.RegisterRs2)):

ForwardB = 01

Datapath with Forwarding

B _EtEfforwarding B, BTG HN TRIEER, HIMEIEEX/MEMFIMEM/WBHZ
fi&Rrd. ID/EXHREIrdZ 3, £AZIForwarding unit, FAWB(ES#TiH] (EEED)

/o F WB EX/MEM
— Control | L M wB MEM/WB
/D W E > M WB

ALU— >
Data

memory

CIED

Registers
Instruction —|
—|
memory o
-

IF/ID.RegisterRs1 Rs1 -
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd

[ Forwarding ‘;1 MEM/WB.RegisterRd _‘

unit

| Instruction

Y
(Crem)

EX/MEM.RegisterRd

/e

Load-Use Hazard Detection

E 18 KElloadiyHREEH/AN—1Toubble (stall) 7 EEfER (ARNFEFE L—FHIMEMM
REGRT BEISRIRIFER, FHIAT—MERRVEX) , RULHEEHITHAILLE

AP RIMAEAR ), ERstallF TRIESTFREEM, FUE T —FE<HIFMERENAIET

Load-Use B &Y & 4 5 4018



FUBT

1. $¥EFRE7FEEload: ID/EX.MemRead (A£154 4% & MMemARiEEY)
2. ANEZIBLHIdAT—515SHIrs: ID/EX.RegisterRd = IF/ID.RegisterRs1/2

4ME: Stall

AfFEload-use hazardfg, N HIZD#ET—TERBstall, iLRI—&FIEL ZWME—1 A,
1-cycle stall allows MEM to read data for Id, forward from WB to EX stage

1. Force control values in ID/EX register to 0: EX, MEM and WB do nop (no-
operation), ZEHIEIEEH0

XEEUSSHABEELIHWMEL, EBXLMFLAFEIEREREITHN, THRIESHK
stall, AREMNEIPREERF— BT EHITINE, MURAFELEZIEITE
EX/MEMBER T, AEZ&0
2. Prevent update of PC and IF/ID register: &&1IES ZErIESEEFHITEBHFIS
=
Using instruction is decoded again

Following instruction is fetched again

Datapath with Hazard Detection

MEBNAT UG H Eload &MV EIEEE T . JFIF/ID. ID/EXFIID/EX.MemRead45F|Hazard
Detection Unitih, {EAIEFIES (M LEERFIBEMEGFMEERSL) , MEHLEIPCWrite,
IF/IDWrite 1 ID/EX, % %l T2 33 Prevent update of PC and IF/ID register #] Force control

values in ID/EX register to 0



/m ID/EX.MemRead
detection

—»L unit
ID/IEX
WB

2
=
Q
m /\ . EX/MEM
Control WB
. ur e | MEMME
£ —
g IF/ID 0 EX M WB|—
o - I _—
~
M
u
S X
B Registers /
2 AForwardA! g M
? ~ ALU | u
Instruction £
PC | — M X
memory u Data
memo!
X ry
ForwardB
IF/ID.RegisterRs1
|IF/ID.RegisterRs2
IF/ID.RegisterRd

Branch Hazards

ATE, MRBRERFIAoranchiEd), FEREEEN/LFIESEEPHEE, FkiRIEE
EIVA=

Program
execution
order

(in instructions)

40 beq x1,x0 32

I

44 and x12, x2, x5

48 or x13, x6, x2

52 add x14, x2, x2

1721d x4, 100(x7) /

Reducing Branch Delay



BERGLEEXFRE, flush—RSPFESTIHER, FHEIAR. AT EDbranchis<Leu
i, BAVRAEIMIEHERZFIMTRBIZIDIM EL, XEFEMIRAFTEAush—FIEL . stall— 1T ERET.
NTEIMX—m, BAIEZERMMtarget address adderflregister comparator

and x12, x2, x5 E beq x1, x3, 16 E sub x10, x4, x8 E before<1> E before<2>

IF.Flush E E E E
| / Hazard | H H
detection ) . .
unit  / ! , i
IDJEX X i
| EX/MEM :

we MEM/WB
L. ¥

L ﬂ
u
Data X
memory

ﬁ_\\‘_‘ _'——‘
: : Forwarding \ , :
: : unit i *
Clock 3 f E : E

Id x4, 50(x7) . Bubble (nop) X beq x1, x3, 16 X subx10,... . before<1>

IF.Flush ! ! i |
E Hazard E s s
detection | T ! '
unit J H H i
ID/EX ; ;
RE ExnénEM :
M 1

b~ {Control u M |—~W MEM/WB

PRIECINE M

Clock 4

‘Shift
eft 1,

Registers

Forwarding
unit i
T




Dynamic Branch Prediction

—MIMHREDZFNERE (branch prediction buffer / branch history table) , X2—
THbranchig €ttt EI (indexed by recent branch instruction address) RIfZfigzs,
TEEL DX ERINEITER . 8RRT—FKMNO XIS, #xERable, RIE LIRS
RIG1T
1. 1-Bit Predictor: 1R Z 1fufbuffer, EXNREEICFK2MIAT (taken / nottaken) , &
SHEIR2X

BAIE R TEX T —EEH:

for (int i 1; 1 <= 9; i++)
for (int j = 1; j <= 9; j++)
(ll%

printf d", i * j);

LA 106T, predictionfytaken (FEHj = 9fdtaken) , {BLFRrAInot taken, EEFI1
K BEESNEREIR+1, WEj =1, NMYtaken, {BEANIZ Enot taken, BREEIR

2. 2-Bit Predictor: Only change prediction on 2 successive mispredictions, B LA

L ERYE) R

Not taken
Predict taken ) Predict taken
Taken
Not taken { Taken
Not taken
Predict not taken
Taken

Not taken

Calculating the Branch Target

RBpredictori® A%, branchi Birtttit b FETTEHEF., BAHBEINFE—Tbranch
target buffer (indexed by PC when instruction fetched) , {RIFE M taken, IZED

MFRIMER B tRtteit



Exceptions and Interrupts

E X
BRI S FEESH, THERECPUNE, halaEREIMNE, EABRESH
AR FISNS iy, RFEEICERB/MEB/OMFIHEFinterruptENa]

e Exception: Arises within CPU, e.g., undefined opcode, syscall, RARESS...

¢ [nterrupt: From an external I/O controller

Handling Exceptions

1. Save PC of offending (or interrupted) instruction: f£Supervisor Exception Program
Counter (SEPC, 64bits) HRICR&EFIIMIIEL ML, IEHINBIRIER S

2. Save indication of the problem: Supervisor Exception Cause Register
(SCAUSE, o64dbits, RZEAUAER) FiCxRBIIMNLENRE

3. Jump to handler: BkiELMIBYSTRIEIN

Vectored Interrupt [@2 X #h

HBRAER, MREREGI, FTERLE TR, BHRIERFAIREIINRENREF
HREL AL,

mE PR R A—vector table base registeric x— M Ettt, FEFIINRRENRIZE.
REGFIGNT, RIFGINRENRE, B3N Aexception vector addressiiZlvector table
base register £, BkiEZEIhandler addressib I

Handler Actions

1. Read Cause, fransfer to relevant handler 1R/l /E E Bk 233 Mz a9 408 X 15

2. Determine action required

w

. If restartable: take corrective action and use SEPC to return to program

4. Otherwise: terminate program and report error using SEPC, SCAUSE...

Exception in a Pipeline



SLfr EXZcontrol hozardfy Bz —HMZzl, KGR REFINT, BFEZTMZAIRIER,
ABRIEAMBEZRINES . I TEAX—KR, FEMAFIMIEHIES:

e PCEIABIMUXFRIN—11C0900001 GXZHIFMINOMIE, REGIINEEBEER

17)

e ID.Flush5StallBXsy, 48ZIID/EXFFE:, AT HHEEERIESR

e EX.FlushZ5%

IF.Flush

IEX/MEMB 738, T HeasEe

EX.Flush

i

1C090000 ——.@» pc ! nseru ion

ID.Flush

ID

u
X
we 0> ( EX/MEM
M — —
P~ Control u M 'r wB MEM/WB
— x - SCAUSE x — L—
0= EX |_,| SEPC | 0= M we|—e

ALU [~ ':
X
Data | | >
emo!

Example

RARXTIEAERHMBLEER, MUNEREE—1 67 A EER

BRIRFAVEARNT TENES:

40 sub
44 and
48 or
4C add
50 sub
54 1d

x11,
x12,
x1,
x1,
x15,
x16,

X2,
X2,
X2,
X2,
X2,

x4
x5
x1
x1
x1

100 (x7)



Assume the instructions to be invoked on an exception begin like this {RiZHI7MER O

A .
N\ .

1C09 0000 sd xX26, 1000(x10)
1C09 0004 sd x27, 1008(x10)

BRI ER R EHIS, MBABIELERIT

1. addiGTRIEXBERRY, &REFISN, FTEHITHH. ID.FlushFEX FlushiFID/EXFIEX/MEM
EEERPAVEIRE R, 1C09 000045EIPC, EIMBKEFEHIT

Id x16, 100(x7) , sub x15, x6, x7 j add x1, x2, x1 , orx13,... Jandx12,...
| i [EX.Flush |

IF.Flush

ID.Flush

/” Hazard \
detection |
unit J 'Q

ID/EX
0,
0,

10
=] M
u
0 X

\WB|
M
EX

58
54
4

0,
x6

1C090000 =

Clock 6

1
~ 1
L omardmgﬁ_

unit  j=

T

|

T

|

T

'

2. @E—1EH, addRhEZEN25IESIHAush, 43 bubble



sd x26, 1000(x0) . bubble (nop) ' bubble . bubble ,orxi3, ...

i EX.Flush
IF Flush : i
ID.Flush :
/ Hazard '
——=| detection | .
unit ¥ ! Nq
ID/EX ub—-2
WB X

.
1
:
0 = 0 :
V 0 -
=] M M e
. lcanta u O Im 00! M WB
X SCAUSE u
0 9, |EX serc | 0= X
hift

Y
B om0 £—
1N 13 ters @ L ALU
10090000-:':9 :b@
U \\‘

. L .
Clock 7 ' H Forwardin

\ ' unit

Multiple Exceptions

LIS EFISNERKER, SCAUSERERSAMARSSOMNMEE. NRBINESES,
TR S A S

—MRNERNIIME, EM—FOME—FK, METHREHFERNITRIED. XEET
precise exceptionfF %Y, BISEPCH{RFIZREGIIMESHIUMELL, TIEALERFIMNIPCLHELE

(RAEREFII, BLELZNTIEXME, WLERIPCEZ+87, W R ZEimprecise
exception, MISEPCICFEMIZ+8/GRIMIE, ToiHIREIR & A HIFMIHLE)

Instruction-Level Parallelism 3§ 8171714 (ILP)
BAILPEY X
KA REIE S BT, BERFP, BT

1. Deeper Pipeline: Less work per stage => Shorter clock cycle, EZIRERJLAEE
17
2. Multiple Issue: B0k AEPINEEEMHEZE, BEAMIT MR L ZRKIES

o Start multiple instructions per clock cycle



o Replicate pipeline stage => Multiple pipelines, EXSEBENEHZEIES,
HETREZEKIELEENT, REZHEMKEHTHIENBR
o CPI< 1 => Use Instruction Per Cycle (IPC)

tban, B—4GHz 4-way multiple-issuefSiik & 4biEs: (BFACI I HE
Hi, B8 1 IHEARRZ LKE14%1ES) , NAE:

16BIPS, peak CPI =0.25, peak IPC =4

o ffm: Dependencies reduces

3. Speculation ¥5ill: Speculationth @ —Ffie AILPREE /5%, FpredictionEE—K,
BN—FELEEFMUMIT (Start operation as soon as possible) ., #R¥EE, ROE
fth

The processor usually buffers the speculative results until it knows they are no
longer speculative, BMNERBEFAEZTX, BIANEBEBEAN

Multiple Issue
BYE: BE(RIEmultiple issueBIEFHAT, B2 LTEIERIE

1. Packaging instructions into issue slots: &GRS & 51HIIELIT B EI— 1152 1EH
2. Deadling with data and control hazards: 42§

9% IREIES RIS TSR, SRS NI TR

1. Static Multiple Issue: H7RIZ2I5TRIES & FTRIFHT
2. Dynamic Multiple Issue: ITIIFEFPHFEHEISIH, JRiFs3n AZEBNEHHES DU
g [
Static Multiple Issue

WIFRNERRER, BIESEHIHITE A issue packets, E—"packageFHIIES 2%
dependencyfy, AIUMAN—FKBREXNKIET, XtHEStatic Multiple IssueRI/ER
Very Long Instruction Word (VLIW)

Example: RISC-V with Static Dual Issue



. 3781 B35, HFR—%MNALU opro’non‘JZbrc:nch B—%Hloadgjstore;

Lt E & 64-bit aligned, MRE—FIEL I AERH, BMAnopiEFR (pad an unused
instruction with nop)

T2, BMAREHITHRKEREE

Address | Instruction type Pipeline Stages

n ALU/branch IF ID EX MEM | WB

n+4 Load/store IF ID EX MEM | WB

n+8 ALU/branch IF ID EX MEM | WB

n+12 Load/store IF ID EX MEM WB

n+16 ALU/branch IF ID EX MEM | WB
n+ 20 Load/store IF ID EX MEM | WB

2. Datapath: ﬁ%—ﬂﬁl‘ﬂ% PrExEf B2 IESENIT, ELRENRERAIEE NG

T EREY (EeSoLR AR T S — RN R B D EEREIEER)
o FirsaEnfs, ANEUEBEIR LMEURSEE
o ALUENME, B[UIEBRNHIT2DMIINITE (Imm Gen[EiE)
o WNRTFrEhazard, FEMHFZE—TIHERREE, FRAuse latency (HAXE—EH

=E2%1ELT)

~
+ ] ] M ] ]
u
4 — |—’ X
bt ALU —
~
M
L Registers u
Instruction — - X
1 s P Y —>
C090000 E L memory |~ o @ :
—> | Write
data
/ Data
Imm ALU! > > —
| Gen tmm | memory
A Gen
U Address

3. Scheduling: XEHHE—MEENG]TF



Loop: 1d x31, 0(x20)
add x31, x31, x21
sd x31, 0(x20)
addi x20, x20, -8
blt x22, x20, Loop

ALU/branch
Loop: nop
addi x20, x20, -8
add x31,x31, x21

blt x22, x20, Loop

load/store
ld x31, 0(x20)
nop
nop

sd x3T1, 0(x20)

IPC =5/4 = 1.25

cycle

(24)

4. Loop Unrolling: EEHRAZR, MR#H—FREMHZE, RIRFANELENERRE

FrAmR:
ALU/branch
Loop addi x20, x20, -32
nop

add x28, x28, x21

add x29, x29, x21

add x30, x30, x21

add x31, x31, x21
nop

blt x22, x20, Loop

load/store
Id x28, 0(x20)
Id x29, 24(x20)
Id x30, 16(x20)
Id x31, 8(x20)
sd x28, 32(x20)
sd x29, 24(x20)
sd x30, 16(x20)

sd x31, 8(x20)

IPC = 14/8 = 1.75

Dynamic Multiple Issue & Scheduling

cycle

(25)

S Z R AR thiR superscalar processor, HCPUREIESBRE R, BRI LEH

HCPUAZ, BXMRERPERFEERIFIRAVIT



A Z A SAMNERBEESHDUR Dstall, T EEM TN IE:
e Instruction Fetch and Issue Unit: EX3E. %13, JE&18< &KIEZIHENAIfunctional unit
AT

e Multiple Functional Units : & 4 functional unit - #8 & buffers, ¥R 7 reservation

stations, ATFRTFIESHIRIEFIAEEZVIREL
e Commit Unit: IERXEBETHRFTETHIESHNITER, EEEEERRINEHZF1F28
HANTE. EAEbufferifgreorder buffer

Register Renaming: Reservation stationsflreorder bufferstg {7 register renaming#y 75z

1. REHESR, 1I8SERE NEIENMreservation stationd, MR IRIEEESF25ME
reorder bufferdd, NJ#E N \reservation station, G RIELENESRLF, HBEEAMINEE
ST, MAIMNES., WREFERTPNEIALTERT, IRHMSFESRNERE, H
DAIREZ (overwritten)

2. MRIGIEMAES ERESreorder bufferd, HIBEIFEZSFEMunctional unitiditE

4R, FHITEREESEEHIE I Areservation station

M IEENEREFTUEY, B8SILFHMITH, #RAout-of-order execution, BIEFIFBHHFTE
BREHIT, RBRRETIZEESINFEEARITER, XFMRTFIEDFRAIN-order commit

Power Efficiency

e MESEHMBNHMIEEEFEREE Complexity of dynamic scheduling and
speculations requires power

o ZIZIRITRI ABRUB/ N BEFEM K& K 2L Note the drop in pipeline stages and power
as companies switch fo mulficore designs

SC{51
ARM Cortex-A53

e ARMVS instruction set
e Static in-order pipeline

e 37 xUfloating-pointFISIMDIRE, 1&n27 stage



Intel Core i7 920

e Dynamic pipeline scheduling, out-of-order execution and speculation

e Misprediction cause a penalty of = 15 cycles

FMTHRNBLERE, FERMEIBICE, ARAKANATRST



	计算机组成
	Chapter 1: Prelude
	设计的八大思想
	性能
	计算机性能
	CPU性能
	Amdahl's Law
	MIPS：Millions of Instructions per Second


	Chapter 3: Arithmetic for Computer
	ALU: Arithmetic-logic Unit
	加法
	减法
	1-bit ALU
	64-bit ALU

	乘法
	Version1 被乘数左移，乘数右移
	Version2 被乘数不左移，右移乘积
	Version3 乘数和被乘数都不移动
	有符号乘法
	Booth's Algorithm

	除法
	Version1 除数右移，商左移
	Version2 被除数与余数合一，左移

	浮点数
	格式
	单精度与双精度
	浮点运算


	Chapter 2: Instructions
	Operations of the Computer Hardware
	设计原则

	RISC-V Instruction Set
	The Memory Alignment of RISC-V
	RISC-V指令格式
	寻址方式
	常用指令
	递归的实现

	章末汇总
	指令格式汇总
	指令汇总
	地址对照


	Chapter 4: Processor
	Datapath 数据通路
	Instruction Execution
	Instruction Execution in RISC-V
	不同指令类型的数据通路

	Signals for Datapath
	7 Control Signals
	ALU Control

	Pipelining 流水线
	Five Stages 五级流水线
	流水线

	Pipelining Hazards
	Structure Hazard
	Data Hazard
	Control Hazard

	RISC-V Pipelined Datapath
	Pipeline Operation
	Multi-cycle Pipeline Diagram
	Pipelined Control 流水线控制通路

	Dependencies & Forwarding
	数据冒险的判断
	Forwarding Condition
	Datapath with Forwarding

	Load-Use Hazard Detection
	Load-Use冒险的发生与处理
	Datapath with Hazard Detection

	Branch Hazards
	Reducing Branch Delay
	Dynamic Branch Prediction
	Calculating the Branch Target

	Exceptions and Interrupts
	定义
	Handling Exceptions
	Vectored Interrupt 向量式中断
	Handler Actions

	Exception in a Pipeline
	Example
	Multiple Exceptions

	Instruction-Level Parallelism 指令间并行性（ILP）
	提升ILP的方法
	Multiple Issue
	Static Multiple Issue
	Dynamic Multiple Issue & Scheduling
	Power Efficiency

	实例
	ARM Cortex-A53
	Intel Core i7 920




