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Outline

* Background
* Single-cycle design

* Pipelined design
* Pipeline concepts and MIPS's pipeline
e Cost and issues of pipelining

* Detailed pipelined datapath and control
* Trace the pipeline
* Dependencies, hazards, and forwarding
 Stalls and exceptions



Recap Single-Cycle Datapath
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Multi-Cycle Datapath
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Trace the Pipeline

* Four examples
* Only one lw instruction
* Only one sw instruction
* Only one R-type instruction
* Five consecutive instructions
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LW's 2"9 (ID) Stage/Cycle

Iw rd, imm(rs1)
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LW's 39 (EX) Stage/Cycle

Iwrd, imm(rs1)
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LW's 4th (MEM) Stage/Cycle

Iwrd, imm(rs1)
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LW's 5th (WB) Stage/Cycle

Iw rd, imm(rs1)
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SW's 15t
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SW's 2nd (D) Stage/Cycle

sw rs2, imm(rsl)
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SW's 34 (EX) Stage/Cycle

sw rs2, imm(rs1)
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SW's 4th (MEM) Stage/Cycle

sw rs2, imm(rs1)
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SW's 5t (WB) Stage/Cycle

sw rs2, imm(rs1)

* Do nothing
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R-Type's 15t (IF) Stage/Cycle
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R-Type's 2"d (ID) Stage/Cycle
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R-Type's 3 (EX) Stage/Cycle
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R-Type's 4t" (MEM) Stage/Cycle
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R-Type's 5t (WB) Stage/Cycle
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Consecutive Instruction Example

80:
84:
88:
92:
96:

lw  t1,
lw  t2,
nop

add t3,
sw t3,

o(gp)
4(gp)

t1, t2
8(gp)

H H H H

H H H H H

a + b;
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First Cycle

80

80: 1lw t1,
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Second Cycle

84 lw t1, 0(gp)
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Third Cycle

88

Iw t2, 4(gp)
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Forth Cycle

92 nop

Iwt2, 4(gp)

80:
84:
88:
92:
96:

lw t1, o(gp)
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Fifth Cycle

80: 1lw t1, o(gp)
84: 1lw t2, 4(gp)
88: nop

92: add t3, t1, t2
96: sw t3, 8(gp)
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Write
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80: 1lw t1, o(gp)
84: 1lw t2, 4(gp)
. 88: nop
Sixth Cycle 2: 200, 1,
96: sw t3, 8(gp)
100 sw t3, 8(gp) add t3, t1;t2 nop Iw t2, 4(gp)
IF1D ID/IEX EX/MEM MEM/WEB
—___op, control  r~ op, control op, control
7>Add > > V\I
a H R E fa%?:mn l';‘:;d1 > :\
= Read Zero — -
4= el Lo M . ml
N e — o
data
16 >
— ]
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Simplified Pipeline Diagram

lw t1,
Iw t2,
nop

add t3,
sw t3,

Time (in clock cycles)

CC 1 cCc2 CcC3 CC4 CC5 CcCe6 cCc7 CcC8 CC9

Program
execution
order
(in instructions)

0 ( gp ) Instruction | Instruction | £ . Data | \yrite back

fetch decode access
Instruction | Instruction . Data .
4 ( gp ) tetch decode | EXecution |70 | Write back
Instruction | Instruction Execution Data Write back
fetch decode access
Instruction | Instruction . Data .
tl 3 tz fetch decode Execution access Write back
Instruction | Instruction Execution Data Write back
fetch decode access

8(gp)
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Resource Usage Diagram

lw t1,

lw t2,

nop

add t3,

sw t3,

Time (in clock cycles)
CC1 CcCc2 CC3 CC4 CCs5 CC6 CC7 CcCs8 CC9

Program
execution
order

(in instructions)

o(gp)

4(gp)

t1, t2

1

gl

g

8(gp)
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Resource Usage Diagram

Time (in clock cycles)
CC1 CcCc2 CC3 CC4 CCs5 CC6 CC7 CcCs8 CC9

program Same ALU at different cycles
execution I Same DM at different cycles
(in instructions) v
lw t1, o(gp) E‘l—l‘E 3rd-cycle ALU produces
result for 4t"-cycle DM

1w t2, 4(gp)

nop

add t3, t1, t2

sw t3, 8(gp)



Real Hardware Diagram

lw t1, o(gp) [H ik I&[ql

Iw t2, 4(gp) -]

nop

add t3, t1, t2

G WRE T
v P

sw t3, 8(gp)
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Pipeline Control

e Control signals are derived from each instruction
* Just like single-cycle datapath

e Control signals are passed along just like the data

PC

Instruction

IF/ID

\

Control

WB

—

M

WB

EX

[T

ID/EX

EX/MEM

WB

MEM/WB
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Pipeline Control

What are they?

WB

EX

PC

IF/ID

WB

[T

ID/EX

EX/MEM

WB

MEM/WB
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Datapath

without Control

PCSrc
IF/ID ID/IEX EX/MEM MEM/WB
Add > > ;\
4 AddAd? -
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L0 RegWrite
M |
u PC »[Address & | Read
x 5 ™ register 1 Read > > MemWrite
>\ 1 g data 1 |
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(15-0) 16 [ gjgn. | 32 & [ A 1 >
¥ extend "~ | control MemRead
Instruction
(20-16)
> 0 ) ALUOp
M » -
Instruction :
(15-11) 1
> —a
RegDst
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Datapath with Control

MemtoReg

xcz©

RegDst

PCSrc
ID/EX
WB LfoMEM
Control M WB | MEM/WB
EX M WwB
IF/ID
Add \
4 Adg Ao
shift resu Branch
jg left 2 L]
= ALUSrc
g —
0 = o
M =
u PC Address S Read £
X = register 1 Read -
L, S data 1 =
g gg?sdter 2 zero B
Instruction - . ALU 71U Read
memory . Registers g4 @ result >| Address data [[]
> ygnit; or data 2 M
el u Data
Write X memor
data o»\1 Y
Write
data
Instruction
[15-0] 16 sign- | 32 ? _
Y extend X \y control MemRead
Instruction
[20-16]
> 0
M -
Instruction u
[15-11] X
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Dependencies and Hazards

* Dependencies ¢ T )
e Operand of the current instruction S
depends on a previous instruction's C ot )
outcome
PC: (___dnst
e Hazards
e Current PC cannot control and data
be executed right now dependencies

* Pipeline needs to postpone executing
current PC (i.e., stall) for some cycles

* Dependencies may result in hazards

* Pipeline hardware design can resolve
some hazards

* Compiler can avoid some hazards
hazards

structure
hazards



Anatomy of Data Dependencies

* Source operand, rd or rt

< @ () Q) __ * Source instruction type,
\

e.g., R-type, lw, & branch

( \ ) * Distance, e.g., 175

_________________________

pc: () ()} — « Destination instruction type,
""""""""""""" e.g., R-type, lw, sw, & branch
e Destination operand, rd
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Results

(AW )

No haza

(ALU ) w )

Distance ==1
incurs a hazard
Distance >= 2
no hazard
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Detailed Analysis

* ALU - ALU

alur3, rsl, rs2

EX@ M

WB

alurd, r3, r4

IF

1D

EX

WB
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Detailed Analysis

* ALU - LW

alur3, rsl, rs2

EX@ M

WB

lw rd, imm(r3)

IF

1D

EX

WB
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Detailed Analysis

* ALU - SW

alur3, rsl, rs2

EX@ M

WB

sw rs2, imm(r3)

IF

1D

EX

WB
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Detailed Analysis

* ALU - SW

alur3, rsl, rs2

EX@ Wi

WB

sw r3, imm(rsl)

IF

EX

WB
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Detailed Analysis

e ALU - Branch

alur3, rsl, rs2| |F ID EX@ WA "B
IF ID EX M WB
Eorward;gFIS: beq /
ID ) . Hazard,
Instruction
beqr3, rs2, imm IF ID EX M | WB
beq r3, rs2, imm IF 1D EX M WB
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Max
Callout
其實這邊也是Forwardable, 但是後來beq有做加速的硬體(兩兩做XOR), 數值運算會變成在ID處直接運算,就可能造成Hazard,故中間要空一個instruction


Results

(AW )

* Distance ==
incurs a hazard

* Distance >=2
no hazard \ o hazard

\
\
aw ) Cw) Caw)

* rs2 can be forwarded (no hazard)
* rsl dependency causes no hazard if
distance >= 2 (similar to lw-R-type)

e Distance <=2
incurs a hazard
e Distance >=3
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Analysis

* LW - ALU

lw r3, imm(rsi

alurd, r3, rs2

alurd, r3, rs2

) IF ID EX I\/I@ WB
IF 1D EX M WB
IF ID EX M WB
|F 1B EX M WB
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Analysis

° LW - LW

lw r3, imm(rs]

lw rd, imm(r3)

lw rd, imm(r3)

) IF ID | EX M@ WB
IF D | EX|| M | WB
IF D% EX | M | WB
IF ID=>EX | M | WB
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Analysis

* LW -5W

lw r3, imm(rsi

sw rs2, imm(r3)

) IF ID EX I\/I@ WB
IF 1D EX M WB
IF ID EX M WB
|F 1B EX M WB

sw rs2, imm(r3)
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Analysis

* LW -5W

lw r3, imm(rs1) IF

sw r3, imm(rsl)

sw r3, imm(rsl)

sw r3, imm(rsl)

ID EX I\/I@ W
IF 1D EX M WB
IF 1D EX M WB
IF 1B EX M WB
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Analysis

* LW -5W

lw r3, imm(rs1) IF

beq r3, rs2, imm

ID EX I\/I@ W
IF 1D EX M WB
IF ID EX M WB
|F @ EX M WB
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Max
Oval

Max
Callout
有做加速


Results

Caw )

* Distance==1
incurs a control hazard
* Distance >=2
no hazard

h
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Hazard Example

Time (in clock cycles) >
Value of CC1 cc2 CC3 CC4 CC5 CCé6 CC7 CcC8 cC9

register $2: 10 10 10 10 10/-20 -20 -20 =20 -20
Program
execution
order
(in instructions)
sub $2, $1, $3 IM
ALU7Eregister
and $12, $2, $5 fileZ22p0 - K~
s i1E
- solution:
or $13, $6, $2 ALUCK At R
SEmRYIE
add $14, $2,52 Te_gJ}
| sw$15, 100($2) DM Ee_gj
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Forwarding (Bypassing)

Time (in clock cycles) >
Value of CC1 CC2 CC3 CC4 CC5 CCé6 CC7 CcC8 cC9

register $2: 10 10 10 10 10/-20 -20 -20 =20 -20
Program
execution .
order Write-back value

(in instructions) -

| — T —
sub §2, $1,$3  [IM Reg :D_

\ -

and $12\32, $5 IM —':|Flé§

L —

becomes rsl or rs2
before being written
into the register file

or $13, $6, $2 IM — eg
dd $14, $2,$2 DM Beq
add $14, $2,$ | eg

1 sw$15, 100($2) 'L :> DM (HReg
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Forwarding Paths

* For a 5-stage pipeline
* Forwarding destinations

rs1 of ALU, beq, and SW
rs2 of ALU and beq
rs2 of SW

* Forwarding sources

rd of the 1-cycle-earlier ALU
rd of the 2-cycle-earlier ALU
rd of the 1-cycle-earlier LW
rd of the 2-cycle-earlier LW



Forwarding Paths

ID/EX

b

Registers

EX/MEM

i
=

A

* rsl of ALU, beq, and SW

* rs2 of R-type and beq

LU—

Rt

Bt

* rs2 of SW
IVIEM/WV

ata .
emory

Rd

Yy
=

)

u
X
T S
“Im ipr {V
» U X
X
[ 2 2
g
]

._\ t -t
- uni /
K

BN

rd of the 2-cycle-
earlier ALU and LW

Y

* rd of the 1-cycle-
earlier ALU

N

rd of the 1-cycle-
earlier ALU and LW




Forwarding Control

* Take special care of

* Don't forward any result to SO, which is always zero
add $0,%$1,%2
add $3,%0,%4

* Forward the latest value for double dependencies
add $1,%$1,%2

add $1,%$1,$3
add $1,%1,%4



Forwarding Control

* Fwd x to rs = f,(inst, inst’, inst")

e Fwd inst'.rd to rs

* inst € {ALU, beeg; lw, sw} and
* inst' € {ALU} and
* inst.rs == inst'.rd and
* inst.rs I=0

e Fwd inst'.rd to rs

* inst € {ALU, beg; lw, sw} and
* inst" € {ALU, Iw} and
* inst.rs ==inst".rd and
* inst.rs 1=0 and
* Fwd inst'.rd to ALU in is false // not double dependency



Forwarding Control

* Fwd inst'.rd to inst'.rs2 = f,(inst, inst’, inst")

e Fwd inst'.rd to inst'.rs2

* inst' € {sw} and
e inst" € {lw} and
e inst'.rs2 ==inst".rd and

e inst'.rs2 1=0



Outline

* Background
* Single-cycle design
* Pipelined design

* Pipeline concepts and MIPS's pipeline
* Cost and issues of pipelining

* Detailed pipelined datapath and control
* Trace the pipeline
* Dependencies, hazards, and forwarding
* Stalls and exceptions
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