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MK TR ”

I!egl ALU I!aﬂstar
nstruction Bteh IIII'I gl

° /\ﬁﬁj:b/\\;ﬁ[‘/* _u:gmt;(
]j q: El ? /f:r y /;R Load doubleword (Id) 200 ps 100 ps 200 ps 200 ps |100 ps 800 ps
Nyie D14 b3 & EILY Store doubleword (sd) 200 ps 100 ps 200 ps 200 ps 700 ps
/} lb7j< zjé QE& / 'E R-format (add, sub, 200 ps 100 ps | 200 ps 100 ps 600 ps
and, or)
!:/\ /}IL 7J( EXF)? E]/J E]‘J‘ IE—IJ Branch (beq) 200 ps 100 ps 200 ps 500 ps
[ ] —‘/\ ) ﬂ: £ :H:
IS ) L2 J )
Program
\“2:\‘ > \‘H )—L * H
i 7J( gjz NS g . EX%& E}:{,jeg:mon _— 200 400 600 800 1000 1200 1400 1600 1800
. %T% ﬁ} ?ﬂé ﬁ} ? (in instructions)
. P . I .. I d | ) Id x1, 1000e4) e Reg| AU | D% | Reg
I pe I n I n g ea IS m 1d X2, 200(x4) 800 ps Insft;LtJ;t]ion Reg ALU agge}gs Reg
SB35 (latency) 03, 40000 300 ps
PHAT IS TE] & FRIIAL 7K BORS 800 ps
R, 1 R p
j\jﬁﬁ:ﬁj\ ’ mmblOCk/Stall e;(e)?:[jati'gn Time 200 400 600 800 1000 1200 1400
— A b d T T T T T T T
E E IEJ *qé El,(J TEI /?'\ ?I:'l iirslmctions}l
HLIIREL K £ axt 1000 (MR (Rea| AU | OC2 (Reg [€14-25
Instruction Data
e /\\‘\ﬁ 1'2[ Id x2, 200(x4) 200 ps | eton Reg| ALU access | Fed
EI:EI ~ /Jlb?liﬁ( ;FJ\ Id x3, 400(xd) 200 ps | "pmaction Reg| AU | %2 |Reg

200 ps 200ps 200ps 200ps 200 ps

John P. Shen, Mikko Lipasti. Modern Processor Design: Fundamentals of Superscalar Processors, 2013/



TH ALK ZR IRISA: RVIFIAYE 5 (sa6.1)

(Bit position) 31:25  24:20 15 4:12 7 6:0
= 5 /
o j:El‘ é\ % —:‘ézr R ‘k (a) Rtype ‘ funct | rs2 | sl | funct3 | d ‘ opcode ‘
» [ﬁ \X EUJ (b) Iltype ‘ immediate[11:0] | rsl | funct3 | d ‘ opcode ‘
— I& T HUE AR
(c) Styp ‘ immed[11:5] | rs2 | rs1 | funct3 | immed[4:0] ‘ opcode ‘
| |

1 [ funct3 [immed[4:1,11]]  opcode

N =Ry v SR W RES S @soope  [mmeaizios | w2 | w
— PR EFEE: v AE RS H [E B B opr, 75 U A i — 2R A /K B ?
« H’Hload/storeifj {7
— AT RAEEPHATH Bt B bk, SRIGTE T — M B2 -
— INRR-typeta S Al U542
SRS BEZRE—INER, BERE—Z#T (WB)
— FIFRiHE ($4.6.2) , load-Rtypesz4+ (race, IR
— BT RELE ($5.7.9) : B RH SRS
o FUHRFE. LG ST
o FEIEFIENIFH “FEX]F” ——COD MIPS /%, RVIARM L ?
— BIUE IR B LR A 77 2o [ 7 i 75 2 X




RISC-Vi5 4

F 3
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k7 3

—Fa
\
Kl4-16
Name Field Comments
(Field size) 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
R-type funct? rs2 rsi funct3 rd opcode Arithmetic instruction format
I-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SBiype immed[12,10:5] rs2 rsi funct3 |immed[4:1,11] opcode Conditional branch format
Ultype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format
1. Immediate addressing functé | immed rs1 funct3 rd opcode
S immediate | rs1 |funct3| rd | op
s BYTEK
b/\)l%‘tjs %[I] 2. Register addressi IZEIZ-17
j:El % I JL[‘*I% : 6 | egisler aadressing '
funct?| rs2 | rs1 |funct3| rd | op ‘ Registers
TN > .
RegflImmAz & & 2 | Register |
=} N > I > . i
j?E[ /v\giéﬂ_j:é 5 %ﬁg}l& % 3. Base addressing
. R immediate | rs1 [funct3| rd | op Memory
FhErE: 3R |
Register [Byte'] Halfword Word Doubleword
* Imm, Reg, Base [ ‘i
° Ioad/StO re ;Jlg 1;@ 4. PC-relative addressing
imm | rs2 | rs1 |funct3|{imm| op | Memory
l [
PC |®— Word
+
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Instruction number 1 2 3 4
\ ‘ Instruction i IF ID EX MEM WB
‘ ? Instruction i+ 1 IF ID EX MEM WB
Instruction i+2 IF ID EX MEM
" o -
Instruction i+3 IF D EX
Instruction i+4 W ID
—| Data
Instruction
—>| Register # PC Address register Data
PC Address Instruction = Reqgisters AL Address A
Instruction =] Register # Instruction Register # .
memory Data - Memory ©F data Registers - ALUQut
—{ Register # memory Register # —
Memory _{ B
Data "‘ Data data  ~9e= Register # “
register
Data
i ||':I,| ——
. Regqister &
Instruction
Address Instruction == . = — Registers >,q| L ALUOut Address
register o] Redister
Instruction egister = Memory
MmOy —= B * Data
1 — data —
* Regqister # e maory -
register
| Data
° 3 ?




FE B IHE B I Ir: SAAT I [R] 11l

J
g
d

EX: Execute/
address calculation

1D: Instruction decode/ WEB: Write back

register file read

IF: Instruction fetch MEM: Memory access

| | | |
| | | |
| | | |
| | I [
[ I | |
| | | |
I I I |
4— | | | I
| I | I
| | _ | |
;7 Aad T T v | I
I I I |
. | | >ADD Sum | |
| TN | |
| | [Shift | | |
| | laft 1 | |
| I N | I
| | I [
o N | | | I
" : o | Read Read : . | :
jster 1 I
u == PC Addrass | rRgi=ter datai | Zara H— |
x I Read I ALU I |
1 | ragistar 2 | > A.LLF_|_._._ Addrass |
. T st [
_/"I Instructon ! Registers | _._{fa—ﬂ\l re s | Hdﬂ,:{:' I 1
| Wit Read | | o : Data | M
Instruction | ragistar data 2 | u | memory [ u
memory | | ) | x x
| Write - 1 | I
| data | | - | \.{'
| | ~ l B | -~
I I I |
| \_\ I | |
| o | |
32 G4
| | o B | |
L | Yo | | | |
44-35 ' | l |
~ I I I |
I I I |
| | I |
| | | |



K|4-37

IF: Instruction fetch 1D: Instruction decode/ EX: Execute/ } MEM: Memory access 'WB: Write back
register file read address calculation |
L
|; |
|
|
v D . :;f‘:.;m ™ B B
b e o)
K_‘I%“F: > rﬁ |::|[‘ IQ_E:% A
- f B \ :ur—
% IL W , /l:l \/
IFAD IVEX EXMEM MEMWE
\\\
A - . - R*—-,_
4 — .'/- -\'- »add E.--:’—»
| Shift | _
| left1 ,|—"' T
o
ddresg b - Read . h"""\-\-..
£ regiater 1 - o= .
ki data 1 —
R Fiiaac‘é - ALU 2ero _.'
Instruction -~ Teqater ; ALU Fegd =,
memony " — ée-grgtera Read - —l-'/nﬂ\ et | Auddress data | _-_-": |
P—— L data 2 M P M
regiater » ________..f Data u
Winitz T b4
— - X a
data [ S0 -
c L ~
- | write
r/’_\\. o T | datz
1
32 Imm | ©4 -
| S
'\\__f,,r"
=5 u ] 5 @R Vg
= w 9
BE AT A N S A HL
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daess

IF/ID ID/EX EX/MEM MEM/WB
AN
4= » '\S Z Z Zijz
) o >| O | 8
w, X O @) > =07 ——>| S |-
—> 1 —
IR[rs]
i (M)
e IR[rt] EJ NN/ )lé >
B | Ay > >
i 1o IR MEM/WB. IR ﬁ >2< >E == 2 =
| i M S v PSS I—
4 U > 17fife% | ||O
X
3 J
U~ | - f
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load$5< FJH I8 pT BL

Id
|

Instruction fetch

&|4-38

IFND IDVEX EXMEM MEMMWE
-
4 — h
Shift
left 1
[ 2
c
Address :% Read Read
£ register 1 data 1 \
= Read Zero = a
Instruction registar2 ALU Read
— Registers Roaq AL Add Bl 1
memo! = ress e
ry _E Wiite data 2 — e DM result data "
register ) / outa |
Write x memory X
data 1 a
Write
© | data
az imm | 64
LY . S—
v Gen
lw $s1,100($s2)
immediate[11:0] rsl funct3 rd opcode 14

l-type




load 84 I EE KB

Id
|

| | %4-38

Instruction decode

IFIND IDVEX EX/MEM MEMMWE
p——-
4 — Add Sum
Shift
left 1
c
Addmess = Read

(&}

2 register 1 Read - >

‘:."C- data 1

= Read ZEro j—- [

Instruction | register2 ALU Read
r—- Registers paoq ALU r—— -
& mio Address | 1
vy Wiite data 2 [ result data "
register / Data .
Wirite memory Dx
data
Write
data
32 Imm 64
L - f—
Id $51,100($s2 —\ o
)

|FELAE T 7
R ERE. o5 !

[Ixx@ustc.edu.cn 15



load$8 FIHAT B

| ’ |
\/
K4-39. adder{ET-1? | |
IF/ID ID/EX EX/MEM MEMWB
————
> o e ————
4 —
Shift
left 1
LD
M
—
u PC Address _5 Regd Read R
X = register 1 = -
1 ] data 1
= . Read Zero — -
Instruction c register 2 ALU a1y R
E : o ead
memory — _,'. Write ReglstersRead . |, D —=ih »| Address data == —
register data 2 P: Data
| Write x memory
data
Wirite
> *| data
32 Imm | 64 -
kY P S
Gen

Id $51,100($s2)

Cx ez

[Ixx@ustc.edu.cn 16



14-40

oad¥8S KV M Bt

IFID

pr—
4 —
|
0
M
u PC Address
X
Insfruction
memaory

Id $s1,100($s2)

| ° |
| Memory |
IDVEX . EX/MEM MEM/WEB
Add Sum I
Shift
left 1

g
E Read
k=]
2 > register 1 Read >
‘;C.. data 1
= Read Zero i

register 2 ALU

Registers geag e S Read |
| Address

_E Write dataz il result data

register Data

Write memory

data

_ Write
data
32 64 >
4 f—

[Ixx@ustc.edu.cn
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load W E HKrB: bug?

K4-40
Write-back

IF/ID IDVEX EX/MEM MEM/MWEB
Add \
A — Add Sum =

Shift
left 1

=4

Address B oy |Read

Z register 1 Read \

B data 1

- Read Zero [t

Instruction register2 ALU
memeny i _E Write " [T::ad.? — | F:SLULI-l | Ao Rd:i: - —
register / Data
- Write memory
data [ o
. Write
data
32 64 e
LY p—
]
Id $51,100($s2)
I-type immediate[11:0] rsi funct3 rd opcode 18




MK R IE AR

l-type immediate[11:0] rsl funct3 rd opcode
IFND ID/EX EX/MEM MEM/WB
>hdd = \
4 — Add Sum I
Shift
left 1
<
c
Addmress -% | Read
3 register 1 Read > >
b E data 1
- Read Zero - i
Instruction register 2 ALU 414 Read
memory I I  Registers Reaq 5 result = | f\ddress data [ [
VWnte data 2 b
register M /
. u Data
.| Wite x memory
data 1
_ Write
" | data
32 B4 >
M e

R-type? beq? /



2982 SE AT (8]

IFAD IDVEX, EX/MEM MEMMWE
—
Add = -h"h_.
4 — ,f; h';‘- ghddsu:} . —
IIIEfH'I.'_" L L—
| Ry I
Lo /5 S
[7] |
u = PC | Address s > Read
X o resgister 1 Read | R MemWrite
L wld 3 data 1 e | . :
e g »| Riead ALLISE Zero}— famiok
[= B ALUO
Instruction N = register 2 Add g Read
meamary - —1 Write Reglswmﬂaa:l - =3 IIL\| result [ *| Address data [ — (1
| ragister data 2 M = "
T Data :
| Write x memory i
data 1) \
_ Write
- ™ dat
Instruction .-/F = |
0] 32 [ imm |8 .
¥ :_'u Gen [ T T B TN l
Instruction \ [
[30, 14-12] A o contral |
|-|:|.|||.I Ifeich I I‘!l.‘,' I Exeg I Mam I Wy | = A\ )
.‘-lc\-l-tl Ifeich I HReg I Exec I Afem | Instruction \'-r'f
; 11- i - .
H-':.[-;I I|'-=rch| Reg I Exec I Mem I Wy | (1171 - L -
Betype | Tietch | Reg N Exec | Mem | — — —

“RLEIER” ? P RABREJLETES? CPI? IPC?
Y hkp211l:  “an instruction passes through a stage even if there is nothing to do”



BANCCRBMHIBIE: SHMHR?

PC: ﬂliﬁg

_ flﬁli E:,;j Load li‘elchl Reg IExec I}.flem I Wr
—_ beq’ ja|/ja|r: —Qkiiﬁ?/\jyjﬂ\_"l;j (ifm“? ) R-type: Ifetchl Reg IE?-IE'C I Wr

° ﬁ\i%ﬁi}r\m%ﬁ': ’fEPC “ —A-‘Li_A_"%' ” 9
Load| Ifetch | Reg | Exec | Mem Wr

\_:‘I;_‘l_?
RF: W‘ib& 5 R-type | Ifetch | Reg | Exec | Mem | wr

\:‘I; 'rewd
- %IJ\*E —":j ? Store| Ifetch Reg Exec Mem

o VEE HAWIRNLIEES

— %E}E‘ii “Eﬁlﬂ]?ﬁ” Load] Ifetch Reg iE_\'ec Mem | Wr

Imem: —Ai;i' Store If::tchi Reg | Exec I?\[cm

Dmem: —i&/—5

Load | l§f=ich Reg Exec Mem Wy

!'-Ii.'-l-tl Ifech Rea Exec Mem

sz > Sz =1s]
- iﬁjﬁﬁﬁ%ﬁﬁﬁ R-type ||'.=|;|-.| Reg Il--mr I"-h-m I W

2 | f22 EL 5= 75 Ba
- }I%U'fm—?ﬁﬁﬁ B-type Ilie!chl Reg I|"-.-:'\..' I".‘h:l:'. I
— e EE, downiEups




R-typets & 5e BB E]: WBER

* R-typeta &4 ABITERL?
- Bl HZEfE4SNlw, T—2%$H4SAR-type. CC5?

FIGURE e4.5.6 % J& HHZ2 ¥ K138 4 52 R (8] Load| Ifetch | Res | Exec | Mem | wr

Actiad for E-type Action for memory Action for R-type | 1fetch | Reg | Exec | Wr
instruction reference instructions branches

IR <= Memory[PC]
PC <=PC + 4
A<= Reg [IR[19:15]] load Regl,A
B <= Reg [IR[24:20]]
ALUOut <= PC + immediate WB
ALUOut <= Aop B ALUOuUt <= A + immediate if (A == B) IF ID EX MEM WB
PC <= ALUOut
Reg [IR[11:7]] == Load: MDR <= Memory[ALUOut] 4
ALUOut or
Store: Memory [ALUOut] <= B [ Register file ]
Load: Reg[IR[11:7]] <= MDR
mul Reg3,Reg4,Regb f
RF “Wix—5” , RF5imlIppsR! [AESHHE]) WB
? =3 IF ID EX WB
JTRL: pplEin (stall) /FHZE MEM
» 74 /—‘ . o
7?7&2 %EF ?Hﬁ% = /\ % E.fﬁif i | | | |



Program
execution
order

(in instructions)

id x10, 40(x1)

sub x11, x2, x3

add x12, x3, x4

id x13, 48(x1)

add x14, x5, x6

TAETEL SE R [A]:

e R-typets & 8E 41 B 5E A ?
o« S-typeti T EAWBEER?

Time (in clock cycles)
CC2

CC1

ARX?

(| .

Load | Ifsich E
.*i.1c\-r¢| If=ich I Reg I Exes I Aem |

Exec Mam

W

R-type [ Ifetch | Reg | Exec | Mem | wir |

Betype | Tietch | Reg N Exec | Mem |

CC3

L

CC4

N

1L

CCS

L

DM

CCé

CC7

cCs8 cC9

Loadl Ifetch | Reg I Exec I Mem I Wr

R—t}r’pe-l Ifctchl Reg IExcc I Wr I

Loadl Ifetch I Reg I Exec I Mem I Wr
R—typel Tfetch | Reg | Exec | Mem | wr |
Sturel Ifetch I Reg | Exec | Mem |

—

u

To_r]—
Lg

Lcadl Ifetchl Reg IE.\;:::: |Mem I Wr

St-::rcl Ifetch I Reg lExcc [ Mem I

&]4-45

23



& 4
beqTa/v\joFZHTIEﬂ?
FIGURE e4.5.6
LTS NER

N IR <= Memory[PC]
ﬁ'ﬁl/ﬁ‘ﬂ PC <= PC + 4
A<= Reg [IR[19:15]]

z’ }% :/H‘:H B <= Reg [IH[2_4:20]]

ALUQut <= PC + immediate

ppl ALUOut <=Aop B ALUQut == A + immediate if (A==B)
PC <= ALUOQut
Reg [IR[11:7]] == Load: MDR <= Memory[ALUOut]
ALUOuUt or

FIG U RE e4 5 4 Store: Memory [ALUOut] <= B

Load: Reg[IR[11:7]] <= MDR

- e IFD IDVEX EX/MEM MEM/WE
Instruction — — — —
[6-0]
1 Read 1
Address [19-15] register 1 Read Add
= Instruction Read data 1 f—-
T:MT)W [24-20] register 2
embata Instruction Registers 1
[11=7] Wri let ead 0
| Write register u PG Rmad
data Instruction ) data 2 L. B[ et S
gist 5 Write H |
| - — M data Instruction 1] e R egistars -
nstruction mamary — e Rax
131-0] x - "
o
— [ |d=a
Memory __J
data Imm
register Gen control . .
T U/
Instruction [6-0] L | L L | L




4

.

L=

SERGESfIR]: M

IFD
———————=
Add
4 —Il-{/
.fn“w,
M
u —=|PC | Address
. 1]
Instruction _
memary -

K4-48

X

IDVEX EXMEM MEM/WE
—h"m..
T gmsu:l .
Shift | Eranct
left 1| _— L —
Ly —
c I .
=] * Read
_ egisher Read T N "
E register 1 ) - —~ veml | |
c . LUISr Zeri—» WemtcR
= register 2 Add | e
' VWrita REQI'EtEFERa&j - EL\| result | | Address data [ _.....'/'L
| register data 2 ] -
u—f Data :
—| Wit x memory x
data [ —— \1 _J. X
o Witz
- -
Imstruction .r‘/- 3 |
[3 1—':'] 3‘? || Imm | '34 I -
| . TRl Gen [T — L
nstruction \
[30, 14-12] I\ | =
Instruction k
[11-7] ] R h




Activity of each instruction in each
stage of the pipeline: MIPS

Instruction |-fetch (IF) 1-decode (ID) Execute (EX) Memory (ME) Write back (WB)
LW R1.#20(R2) fetch: decode; fetch R2  compute read write in R1
PC+4=4 address — (R2)4+20
SW RL#20(R2) fetch; decode; fetch R1  compute write —
PC4+=4 and R2 address — (R2)4-20
ADD R1,R2,R3 fetch; decode; fetch R2  compute - write in R1
PC4+=4 and R3 (R2)4+(R3)
ADDIRI,R2,imm. feich; decode; fetch R2  compute - write in R1
PC4+=4 (R2)4+1imm
BEQ R1.R2.offset fetch; decode; fetch R1 subtract (R1)and - -
PC+=4 and R2 compute (R2); take branch
target — address if zero
(PC)+offset
J target fetch; decode; take jump - - -
PC4+=4

RV? DIY! ! ! Michel Dubois, et al. Parallel Computer Organization and Design (2012)



Multiple-clock-cycle Pipeline Diagram, $4.7.1

Program
execution
order

(in instructions)

Id x10, 40(x1)

sub x11, x2, x3

add x12, x3, x4

Id x13, 48(x1)

add x14, x5, x6

Time (in clock cycles)
CC1 CC2 CC3

CC4

5. % CChH AR TR

‘H‘dﬁ'@[

M

CC5

£]4-45

[——

CC6

1

eqgl

|

CCT cC8 CCB
‘ Time
glﬂﬂ"‘jc‘imll ¥ ‘RD ALU MEM WB‘ E i
g : 1 : 1
<3 ' ' | '
8 Instruction? i ‘ i |RD ALU | MEM |wB| !
2 '
= I ] 1
% Iﬂstml"ﬁ'f’ | ¥ |RD ALU MEM |WB
Lil2]3]4|5]6]7]8]9]10]
| I | I | I | I | | |
e I EDLILOFOIELING | 1 |
me2|  lEDLlcglralEiiwgl L]
73] | FLDLICQIFQLELIVG] | |
W) || |FLDLICOIFOIEIING) |
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Single-clock-cycle Diagram: CC5, $4.7.1
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the control of the pipeline register
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Pipelined processor with clock

Figure 7.47
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