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Pipelining




Laundry Example

" Sequential processing: Wash-Dry-Fold-Store
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Pipelined Laundry Example

* Overlapping execution

= Parallelism improves performance

6 PM 7 8 9 10 11 12 1 2 AM

Time

Task

order
A . O = Four loads:
5 . e Speedup =8/3.5=2.3
= Non-stop:
c e Speedup =2n/(0.5n+1.5)=4
D = number of stages




A RISC-V Pipeline

Five stages, one step per stage

IF:
ID:
EX:

MEM:

VVB:

Instruction fetch from memory
Instruction decode & register read
Execute operation or calculate address
Access memory operand

Write result back to register



Pipelined Instruction Execution

" Sequential execution

IF ID EX MEMWB | IF ID | EX MEM WB | IF ID EX MEM| WB
* Pipelined execution
IF | ID | EX MEM WB add x10, x11, x12
IF  ID EX MEM WB sub x13, x14, x15
IF | ID EX MEM| WB and x5, x6, x7




Pipeline Performance

= Assume time for stages is
* |00ps for register read or write

* 200ps for other stages
* Compare piplined datapath with single-cycle datapath

read daCccess write time

200ps 100ps 200ps 200ps 100ps 800ps
sd 200ps 100ps 200ps 200ps 700ps
R-type 200ps 100ps 200ps 100ps 600ps

beq 200ps 100ps 200ps 500ps



Pipeline Performance (cont'd)

Single-cycle
(T. = 800ps)

Pipelined
(T. = 200ps)

Program

execution Time

order
(in instructions)

Id x1, 100(x4)
Id x2, 200(x4)

Id x3, 400(x4)

Program

execution .
Time

order
(in instructions)

Id x1, 100(x4)
Id x2, 200(x4)

Id x3, 400(x4)

200 400 600 800 1000 1200 1400 1600 1800
Instruction Data
fetch Reg| ALU access Reg
Instructi Dat
800 ps M ton ||Rea| AU | o2 | Reg
Instruction
800 ps fetch
800 ps
200 400 600 800 1000 1200 1400
Instruction Re ALU Data Re
fetch g access g
200ps |"en|  reg| AU [ 252 e
200ps || [res| A | 2% e

200 ps 200 ps 200ps 200 ps 200 ps
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Pipeline Speedup

= |f all stages are balanced

* j.e,all take the same time

Time between instructionsS,npipelined

Time between instructions,,eiined =
ptp Number of stages

* |f not balanced, speedup is less
" Speedup due to increased throughput

* |atency (time for each instruction) does not decrease
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Pipelining and ISA Design

= RISC-V ISA designed for pipelining

= All instructions are 32-bits
* Easier to fetch and decode in one cycle
* (cf.) x86: |- to |7-byte instructions

* Few and regular instruction formats
* Source and destination register fields located in the same place

* Can decode and read registers in one step

* | oad/store addressing

* Can calculate address in 3¢ EX stage, access memory in 4" MEM stage
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Pipelined Datapath and Control

Chap. 4.6



RISC-V Pipelined Datapath

MEM

Right-to-left
flow leads
to hazards

IF: Instruction fetch

ID: Instruction decode/

register file read

EX: Execute/
address calculation

4—p

Add

Read Read

Address

Instruction

Instruction
memory

register 1 data 1

Read
register 2

Registers

Write Read
register data 2

Write

WB

data

Shift
left 1

MEM: Memory access

32

\ Imm

64
A\
\\Genj\

Address

Data
memory

Write
data

Read|
data

WB: Write back
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Pipeline Registers

" Need registers between stages

* To hold information produced in previous cycle

IF/ID ID/IEX EX/MEM MEM/WB

Add » > > \

4 —»| Add Sum -
Shift
left 1

(0
M g
u PC - Address ] _ | Read
X 2 " | register 1 Read -
—\ 3 data 1
c
- p|Read Zero > =
Instruction " |register2 ALU
> Register ALU N _ Read
—e Read o - »| Address -
memory | Write data 2 DM result dat
\:,glster u / Dat u
rite memory X
™ data [ 1
- | Write
o "| data
32 Imm 64 -
\ P r—
r en




Pipeline Operation

" Cycle-by-cycle flow of instructions through the pipelined datapath

= “Single-clock-cycle” pipeline diagram
* Shows pipeline usage in a single cycle
* Highlight resource used

* (cf.) “multi-clock-cycle” diagram: graph of operation over time

= We'll look at “single-clock-cycle” diagrams for load & store
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IF for

oad

Id

Instruction fetch

>Add

IF/ID

PC

=@ Address

Instruction
memory

Instruction

Read
data

ID/IEX EX/MEM
»Add Sum >
Shift
left 1
| Read
" | register 1 Read > >
data 1
Read Zero - =
register 2 . >ALU ALU
Registers pggq _ it > —@—| Address
Wite data2[ > 1% -
reg_lsler u / Data
Write x memory
data
o | Write
- " | data
32 Imm 64
L - e
AN Gen
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1D for

Loa

Id

Instruction decode

u PC

Y

>Add
4 —
[ 2
|—@—| Address
Instruction
memory

IF/ID

Instruction

Y

Shift
left 1

-

|

| Read
" | register 1 Read
data 1
Read
register 2
Registers Zeat
Write data 2
register
Write
data
32\ Imm
—> Gen

64

A |

S

>A'-” ALU

e

EX/MEM
Zero - =
result - @ Address
Data
memory
o _ | Write
- 7| data

Read
data

MEM/WB
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EX for Loa

Execution

Read
data

MEM/WB

IF/ID EX/MEM
Add > > > \
4 . AddSum| »
Shift
left 1
Address < » | Read Read
2 register 1 ea - >
2] data 1
= Read Zero > —
Instruction _ = registe&Z ist ALU A1y
memory > Write egis ersRead > =0 result > —@—» Address
register data 2 ':' / Data
Write X memory
data
Write
- data
32 Imm | 64
AN —
V0 Gen
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MEM for Load

Y

>Add

IF/ID

PC

Address

Instruction
memory

ID/EX

\

Instruction

Read

Shift
left 1

YAdd Sum|

Y

> register 1 Read
e data 1
Read
register 2
Registers Read
Write data 2
register
Write
data
32\ _ Imm
A Gen
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Zero
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result
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- | data

Y
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VVB for Load

PC

>Add
4 —
|
—@—»| Address
Instruction
memory

IF/ID ID/EX

Y

Read

Shift
left 1

Y

register 1 >

Instruction

Y

Wrong
register
number

Y

Y

3:—1 Imm
A Gen
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EX/MEM
> Zero > >
ALU
ALU -
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/ Data
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_ _ | write
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Read
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MEM/WB

\
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Corrected Datapath for Load

Y

>Add

u PC

Address

Instruction
memory

Y

IF/ID ID/EX EX/MEM MEM/WB
»Add Sum
Shift
left 1
5
= .| Read
2 " | register 1 Read > >
B data 1
_EI_> Read > Zero - P
register 2 ALU
Registers ALU > Read
N Read > o result > @ Address data ™
o | Write data 2 M
register u Data
Write x memory
" | data 1
o - | Write
w 7| data
32 64 >
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IF for

tore

Id

Instruction fetch

>Add

IF/ID

u PC

=@ Address

Instruction
memory

Instruction

Read
data

ID/IEX EX/MEM
»Add Sum >
Shift
left 1
| Read
" | register 1 Read > >
data 1
Read Zero - =
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L - e
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1D for

Store

Id

Instruction decode

u PC

Y

>Add
4 —
[ 2
|—@—| Address
Instruction
memory

IF/ID

Instruction

Y

Shift
left 1

-

|

| Read
" | register 1 Read
data 1
Read
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register
Write
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Data
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o _ | Write
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Read
data
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EX for Store

Read
data

MEM/WB

Y

| ” |
| Execution I
IF/ID ID/EX EX/MEM
Add > > -
4 —p AddSum
Shift
left 1
-0
M
u PC Address I= . |Read Read
[«] Ll .
B=] ter 1 > >
[, 1x 5 register data 1
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Instruction - < register 2 ALU aAly
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memory Write d Read > clpw result
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data 1
_ Write
- data
3% [ imm 64 |
v\ Gen
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MEM for Store

Y

>Add

IF/ID

PC

Address

Instruction
memory

ID/EX

\

Instruction

Read

Shift
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YAdd Sum|

Y

> register 1 Read
e data 1
Read
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register
Write
data
32\ _ Imm
A Gen

64

Zero
DALY

result

| '°' |

| Memory |
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Data
memory

_ | wiite
- | data

Y
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VVB for Store

>Add
4 =
[
== 0
M
u PC [H@»|Address

X
|, |

Instruction

memory

IF/ID

A

Read
data
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W
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MEM/WB
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X
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2 register 1 € > >
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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

A\

Time (in clock cycles)

CC1 ccz2

ﬂml

IM

* Form showing resource usage

Multi-Cycle Pipeline Diagram

CC3

]

CC4

—[DM—

R

CC»so

e

CC6

s

CcC7

e

CCs8 CCo9

e

J{
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Multi-Cycle Pipeline Diagram

= Traditional form

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)

Y

CC1 CC2 CC3 CC4 CC5 CC®6 CC7 CC8 CC9
Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction Execution Data Write_back
fetch decode access
Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction Execution Data Write-back
fetch decode access
Instruction | Instruction Execution Data Write-back
fetch decode access
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Single-Cycle Pipeline

= State of pipeline in a given cycle

| Id x13, 48(x1)

Diagram

add x12, x3, x4

sub x11, x2, x3

Id x10, 40(x1)

add x14, x5, x6
Instruction fetch | Instruction decode | Execution Memory | Write-back |
IF/ID ID/EX MEM/WB
—p
Shift
left 1
= 0
M
u PC | Address Read
x s register 1 Read -
1 B data 1
% Read Zero -
Instruction c register2 ALU
—4 Registers .. ALU Add Read Lo 1
memory Wiite data 2 > uM result ress data M
" | register u / Data M
Write X memory X
™ data j 0
Wiite
data
32 Imm 6‘\1 -
@ | B
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Pipelined Control (Simpli

“xe=°
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data
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]
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Instruction
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Instruction
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Imm
Gen
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Y

Instruction
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Lr\\\\\\\
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A

Add p

result

Branch
1

MemWrite
|

PCSrc

> —o—| Address

Data
memory

Write

ALUOp

data

Read
data

MEM/WB

MemRead

MemtoReg

Y
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Generating Control Signals

Execution/address

calculation stage Memory access stage Write-back stage
control lines control lines control lines

Mem- Reg- Memto-
I P P P I S el
R-format 0 0 0 0
fo 00 1 0 1 0 1 1
sd 00 1 0 0 1 0 X
beq 01 0 1 0 0 0 X
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Pipelined Control

= Control signals derived from instruction

* As in single-cycle implementation

| wB

WB
Instruction
— M
EX |
IF/ID ID/EX
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EX/MEM

ws

MEM/WB
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Pipeline

Control
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=
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