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e 4 H5KHR: Wash (30) ,dry (40) , fold (20)

— Sequential Laundry: 7% 6 /M. 4x(30+40+20)=360751®

— Pipelined Laundry: 73.5/Nif: 30+4x40+20=2104351©
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 Pipelining Idealism
F B (latency)
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NI, EERiblock/stall
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MK TR

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

K4-28

Load doubleword (Id) 200 ps 100 ps 200 ps 200 ps |100 ps 800 ps
Store doubleword (sd) 200 ps 100 ps 200 ps 200 ps 700 ps
R-format (add, sub, 200 ps 100 ps 200 ps 100 ps 600 ps
and, or)
Branch (beq) 200 ps 100 ps 200 ps 500 ps
Program
execution . 200 400 600 800 1000 1200 1400 1600 1800
Time T T T T T T T T T
order
(in instructions)
1d x1, 100(x4) '”5;[;’31‘-0” Reg| ALU ag;tzs Reg
Instruetion Data
Id x2, 200(x4) 800 ps feich  |Red| ALU access | Re9
Instruction
Id x3, 400(x4) 800 ps fetch
800 ps
Program
execution . 200 400 600 800 1000 1200 1400
Time T T T T T T T
order
(in instructions)
Id x1, 100(x4) insiruction Reg| ALU | Do IReg IZEI 4-29
Instruction Data
Id x2, 200(x4) 200ps | fateh Reg| ALU | ocess |Re9
Id x3, 400(x4) 200 ps |"meion|  |Reg| AU | 0% |Reg

200 ps 200ps 200ps 200ps 200 ps
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o j;[ﬁ P =—Faray 1_//( Bit position I 14 6:0
El 7 % ﬁ‘ (a) R-type | 7 ‘ rs2 ‘ ‘ funct3 ‘ | oooooo |
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© Stpe | immedra1:5] | rs2 | rs1 [ funct3 | immed4:0] |  opcode |
o TR TR FAE I
H< I IETJ JJ )\ (@) SBype | immed[12,20:5] [ rs2 | 1 [ funct3 [immedr4:1,111]  opcode |
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— WRR-typets S A Pi17?
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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 ?




=g byl by

1D: Instruction decode/
register file read

H

EX: Execute/
address calculation

IF: Instruction fetch MEM: Memory access WEB: Write back

Sum

I|Ef'|. I_-
N /

=P

S
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™ »| Read Read . \
jster 1 at:
u == PC Addrass :g;ar datai Zara H—
X B
i m_u I
ragistar 2 N-ﬁ | PuiddrESS |
Instructon ! Registers | —.-f/':_l—-\‘. re s | de:'_i_u-f/:\
| Write Read | | M L : Data | M
Instruction | ragistar data 2 | u | memory [ u
memory | | ) | x x
Writa - 1 | I "
data
I I I |
I \_\ I | |
I I I |
I .'1‘2 I | I
| | I
I I |
I I |
I 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
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daess
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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? /



R-typefg <58 BT [E]

* R-typetg &4 EBTER?

- Bl: ZEfe4Nld, T —%%E4% NR-type. CC5?

FIGURE e4.5.6 % JA {22 M) 115 4 5¢ i (7]

Ifetch | Reg | Exec |Mem I Wr

Action for R- type Action for memory Action for Load
instruction reference instructions branches

R-type. Ifetchl Reg IE.‘-ZE'C‘ I Wr

IR <= Memory[PC]
PC<=PC+4
A<= Reg [IR[19:15]]
B <= Reg [IR[24:20]]
ALUOut <= PC + immediate load Eega,A
ALUQut<=AopB ALUQut == A + immediate if (A ==8B)
PC <= ALUOut WB
Reg [IR[11:7]] <= Load: MDR <= Memory[ALUOut] IF ID EX MEM WB
ALUOut or
Store: Memory [ALUQut] <= B
Load: Reg[IR[11:7]] <= MDR
[ Register file ]
44 RS =S = E=gviet Mgt
RF‘ PEE—5” , RFEE G PR mul Reg3,Reg4, Reg5 ﬁ
P 1P 14 /—‘ =) =] . - IF ID EX WB
B2 AR RE NG AR, My
=i L2090 j:
HAERG—H#HAT” o« AFin ($4.6.1) | | | | |
time

cycle time




+ R-typefg&aeHa,

R-type¥$s4 58 BB 18]

+

H)

HASER, THEWB.

P EEX?

)&

— #l: ZJETFESAId, T—%#E4LAR-type. CC5?

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

a

CC3

JE

CC4

3L

CCS

]!

L

JL

CCé

¥

CC7 CcCs cC9

Loadl Ifetch | Reg | Exec IMem I Wr l

R—t}r’DE-I Ifctchl Reg IExec I Wr I

Loadl Ifetch I Reg I Exec I Mem I Wr !
R—typel Ifetch | Reg | Exec | Mem | Wr |
Sturel Ifetch I Reg I Exec I Mem l

] N\
=1

— !

—9’ \\oMl o

&4-41

21



& 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




—

L=

.fn"‘\,
M
u ={PC | Address
X
. 1]
Instruction
memary

IFAD

K4-48

56 B[R]

IDFEX, EX/MEM MEMMWE
—h"m..
T gmsu:l .
Shift | y Branc
I.Ief't 1}. T Lr—
Ly —
c I .
=] * Read
_ egisher Read T N "
E register 1 ) - —~ veml
z - HE@E'I 5 JSr Teri—
= register 2 Add | e
VWrita REQI'EtEFERa&j - EL\| result | | Address data [ _.....'/'L
| register data 2 ] -
u | 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] L

¥




2982 SE AT (8]

Lo
]
u —={PC | Address
X
_."-\1_‘;"
Instruction _
memary o

Load[ li'r:lchl Reg lExec lMem I Wr |

Storel Ifetch I Reg I Exec I Mem |

R-type | Ifetch | Reg IExec | Mem I Wr |
B-type | Ifetch | Reg | Exec | Mem |

IFAD

l Instrudion

£14-48

IDVEX EX/MEM MEM/WE
- e
s g.ﬁ.ddsu:] .
Shift j Eranct
Jeft 1) - L—
M o
= Read
enister 1 Read .
rege data 1 ~. , -
~Read Zero}— demio
register 2 Add gy R
Regist I N ead ¢
Wit o Read - EL\- result *| Address data [ = !:1
w| register data 2 M =
U — __.--"’ Data :
| Write x memony il
data 1) b,
_ Write
. ™ dat
Instruction .-/F \‘. 2 |
[F1-0] 32 ymm | &8 | -
I ] TR Gem [T BB Fee:
nstruction |
[20, 14-12] o / | —
Instruction
[11-7] - N

“FeSEMERK” ¢ BNERH—%f847? CPI? IPC?

“an instruction passes through a stage even if there is nothing to do” ?



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

Red

IKH 57/
£]4-45

CC3

R 5

CC4

A/

CC5

[——

CC6 CC7 cCCc8 CC9
‘ Time
gln‘mcﬂ“"ll big ‘RD ALU MEM WB‘ E i
Bl ' |
§ Instruction? ‘ ¥ |RD ALU | MEM |wB| !
%Instru:cun's | ¥ |1m ALU | MEM |WwB
Lil2]3]4|5]6]7]8]9]10]
] #41 L FLIDLIcQIFQ I ELIwg] | | | ]
-.Egl tﬁ*&zl _L_Flrl .CCL_FCL El wg' I |' I
R mes| | leloulcalralEilwg! 1|
~ meal || lELLDLCOIFQLELNG! |
#wes| | |l ELiLlcal Fol ELIwg!
[
DM — 2Eq|
T 1 1 I (Gantt chart)

JALU

E

1

Reqg

S

DM

DM

1
Re gjl

Kl4-46 “ALoidoRn”



Single-clock-cycle Diagram: CC5, $4.7.1

add $14, 55, 36 I w $13, 24 (§1) | add $12, §3, 54, 511 | sub $11, 52, $3 | w10, 20(51) |
Instruction fetch I Instruction decode | Execution | Memory | Write back |
IFD ID/EX EXMEM MEM/WE
4 —- }ﬁm
@/‘ﬂ
Iett 2
E PC | Addrass E Road i Flaad \
data 1
— 2 Asad Zero ==
Insiruction E g 2 JALU

3
|
4
ITE
.,
1 1
iz
|
L
]
.

Program vt
execution order 16 o |32

Iw $10, 20($1)
sub $11, $2, $3
add $12, $3, 54
Iw $13, 24($1)
¢ add $14, $5, $6 Kl4-47




K st

gy

I S e P
output Signal nam

X

Inputs 1[6] 0 0 0 1
5] 1 0 1 1
- =0 |{3} 0 0 0 0
M ltli 1 1 1 1
>Add u Outputs ALI[JOS]IC ; i 1 ;
x MemtoReg o} 1 X X
Reg\Write 1 1 0 0
4 DAdd Sumi—={1 — S
. H S
\ Branch :‘ y ‘ }IJ H E
|I 1 _-/ l:' y,
- | l MemPBead | . $‘ /HE1 %
Instruction [6-0] -|C I| MemtoReg
g ontro ALUOp
| | MemWrite
| ALUSrc
-‘\\._. /  RegWrite
Instruction [18-15]
- ER{:’E;%BE T = geg?sdler1 Read
r Instruction [24-20] Reaq data 1 -
»| FE3
Instruction e r‘EgistErE >AILLI Zaro
[31-01 1 Tinstruction [11-7] write  Read [ || @ AU Lee| AddressTe2d |1
Instruction ™| register data 2 M M
memory u X
_| write x 0
data Registers Write Data
> data memory
; r'/ ‘\‘.
Instruction [31-0] %f %m ?4 |"I ALU J
@ \control |
4-21
Instruction [30,14-12] I




K £k

dINEREs

7

/N
( ’7 PCWriteCond  / \  PCSource
— \\ - ."ll v
—— ] ( PCWrite Outputs | ALUOp
loD | | ALUSrcB
MemRead ‘ Control |
MemWrite | I ALUSTEA
MemtoReg Op RegWrite
. [6-0] /
IRWrite  \ / —(0
4
f
9
Instruction
5 [6-0]
pC M Instruction Read 0
: Address [18—15] register 1 Read huf ‘
1 M Instruction Read data 1 U o
r‘.r‘IemEID::‘f)ft [24—20] " register 2 L
embaa Instruction Registers ALU ALUOUL &
[11-7] " | Write Read resuy
| Write . register data 2 —E} UM -
data Instruction . 4+ 1u
register 5 Write ) X
] data
Instruction "lf
[31-0] b o
e /7 O\
L»| Memory I \
data Imm ALU
register Gen n,l\c ontrol )
N
Instruction [6-0]

FIGURE
ed.5.4



MK P 75 72

oM E D -

IFAD IDVEX EX/MEM MEMAWE
—
Add > J\
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the control of the pipeline register
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Pipelined processor with clock
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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)
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