Chapter 6: Pipelining



Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining



Pipelining Is Natural!

e Laundry example:

Ann, Brian, Cathy, D
earc]:rr]1 ha[\llgnonea:togd ofave @565

clothesto wash, dry,

and fold

=2
Washer takes 30 minutes
Dryer takes 40 minutes -

“Folder” takes 20 minutes QﬁF
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Sequential Laundry

6 PM 7 8 9 10 11  Midnight

| Time
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30 40 20 30 40 20 30 40 20 30 40 20
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e Sequential laundry takes 6 hours for 4 loads
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e |f they learned pipelining, how long would it take?
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Pipelined Laundry: Start ASAP
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Time
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ePipelined laundry takes 3.5 hours for 4 |oads
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Pipelining Lessons
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e Doesn’t help latency of
single task, but throughput
of entire

e Pipeline rate limited by
slowest stage

e Multiple tasks working at
same time using different
resources

e Potential speedup =
Number of pipe stages

e Unbalanced stage length;
timeto “fill” & “drain”
the pipeline reduce
speedup

e Stall for dependences



Single-, Multi- Cycle vs. Pipeline

: Cycle 1 Cycle 2 :
Clk _ I_

Sing:Ie Cycle Implementation:

L oad I _ Store : Wagte

Cycle 1 Cycle 2 Cycle 3 Cycle4§ Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9§Cyclé10
Clk

MultipIeCycIeImplementation: : :
: Load : Store Rtype
_ Ifetchl Reg I Exec I Mem I Wr I Ifetchl Reg I Exec I Mem I | fetch

Pi peline | mplementation:

L oad Ifetchl Reg I Exec I Mem I Wr

Store Ifetchl Reg I Exec I Mem I Wr

R-type Ifetchl Reg I Exec I Mem I Wr




Pipelining MIPS Execution

Program
execution
order

(in instructions)

lw $1, 100($0)

Time

lw $2, 200($0)

lw $3, 300($0)

Program
execution
order

(in instructions)

lw $1, 100($0)

Time

lw $2, 200($0)

lw $3, 300($0)
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Why Pipeline? Because the
Resources Are There!

Time (clock cycles)

Single-
1 cycle
n_Datapath

Inst O |!m -[Reg

Inst 1 é'm

Inst 2

Inst 3

Inst 4




Hazard

e Limitsto pipelining: Hazards prevent next instruction
from executing during its designated clock cycle

— Structural hazards: Hardware cannot support this combination of
Instructions - two instructions need the same resource.

— Data hazards: Instruction depends on result of prior instruction
still in the pipeline

— Control hazards. Pipelining of branches & other instructions that
change the PC

e Common solution isto stall the pipeline until the hazard is
resolved, inserting one or more “bubbles”’ in the pipeline

e To dothis, hardware or software must detect that a hazard
has occurred.
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Structural Hazards

Structural hazards occur when two or more instructions
need the same resource.

Common methods for eliminating structural hazards are:
— Duplicate resources

— Pipeline the resource

— Reorder the instructions

It may be too expensive too eiminate a structural hazard,
In which case the pipeline should stall.

When the pipeline stalls, no instructions are issued until
the hazard has been resolved.

What are some examples of structural hazards?
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One Memory Port Structural Hazards

Figure 3.6, Page 142
Time (clock cycles)

Cycle 1iCycle 2 iCycle 3 Cycle 4§Cycle 5 Cycle 6§Cycle 7 '
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One Memory Port Structural Hazards

Figure 3.7, Page 143

Time (clock cycles)

Load
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Outline

e An overview of pipelining

e A pipelined datapath (6.2)

e Pipelined control

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining

14



Designing a Pipelined Processor

e Examine the datapath and control diagram
— Starting with single- or multi-cycle datapath?
— Single- or multi-cycle control ?

e Partition datapath into stages.
— |F (instruction fetch)
— ID (instruction decode and register file read)
— EX (execution or address calcul ation)
~ MEM (data memory access)
— WB (write back)

e Associate resources with stages

e Ensure that flows do not conflict, or figure out how to
resolve

e Assert control 1n appropriate stage
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Use Multicycle Execution Steps

Action for R-type | Action for memory-reference Action for Action for
Step name instructions instructions branches [umps
Instruction fetch IR = Memory[PC]
PC=PC+4

Instruction
decode/register fetch

A = Reg [IR[25-21]]
B = Reg [IR[20-16]]

ALUOut = PC + (sign-extend (IR[15-0]) << 2)

Execution, address
computation, branch/
jump completion

ALUOut=AopB

ALUOut = A + sign-extend
(IR[15-0])

if (A ==B) then
PC = ALUOut

PC =PC [31-28] II
(IR[25-0]<<2)

Memory access or R-type
completion

Reg [IR[15-11]] =
ALUOUt

Load: MDR = Memory[ALUOut]
or
Store: Memory [ALUOuUt] = B

Memory read completion

Load: Reg[IR[20-16]] = MDR

But, use single-cycle datapath ...
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IF: Instruction fetch

”H

ID: Instruction decode/
register file read

EX: Execute/
address calculation

Split Single-cycle Datapath

MEM: Memory access | WB: Write back

eedback

Address

Instruction

Instruction

memory

Path

Read
register 1 Read
Read data 1l
register 2
Registers Read
Write data 2
register
R Write
data
16 m 32
\ Sign |\

Pxecxg©

Read el
Address data 1
Data ’\u/l
memory X
Write 0
data

\@\

Fig. 6.9
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Add Pipeline Registers

Pipeli/ne registers (latches)

o

PC

EXIMEé

IFID
Add
Add
4 Add result
Shift
left 2
5 Read
Address § register 1 Read
= Read data 1 o
; £ register 2
Instruction L Registers Read AU AL
memory Write data 2 0 eaLL
register M
u
Write X /
data 1
16 .
\ Sign
VT lextend

Fig. 6.11

Address
Data
memory

Write
data

Read
data

M/WB

OxczZzhr
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Consider | oad

Cyclelg Cycle?2 Cycle3§ Cycle4 ECycIeS

L oad| Ifetch IReq/DecI Exec I Meml Wr

e |F: Instruction Fetch
— Fetch the instruction from the Instruction Memory

e |D: Instruction Decode
— Registers fetch and instruction decode

e EX: Calculate the memory address
e MEM: Read the datafrom the Data Memory
e WB: Write the data back to the register file
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Pipelining | oad

Cyclelé Cycle?2 Cycle3§ Cycle4 ECycIeS ECycIe6 ECycIe7

Clock

1st lw|_Ifetch IReq/DecI Exec I Meml Wr

2nd Iw|_Ifetch IReq/DecI Exec I Meml Wr

3rd Iw |_Ifetch IReq/DecI Exec I Meml Wr

e 5 functional unitsin the pipeline datapath are:

Instruction Memory for the Ifetch stage

Register File’s Read ports (busA and busB) for the Reg/Dec stage
ALU for the Exec stage

Data Memory for the MEM stage

Register File’s Write port (busw) for the WB stage
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IF Stage of | oa

* IR=mem|[PC]; PC=PC+4

Iw

IR, PC+4 Fig. 6.12

Instruction fetch |

PC

0
M
u
X
s
lFﬂ) ID/EX EX/IMEM MEM/WB
Add
Add
) Add result
Shift
left 2
c Read
Address -% register 1 Read
2 b >
= Read data 1 R
Instruction = register 2 >
memo i . Registers Read
? e data 2 0 result Address Read [ | 1
register M tata ]
Writ . Data U
rite "
[ | data 1 memory 5(
Write
. data
16 ) 32
\ Sign |\ V
N lextend [ N

21



ID Stage of | oad

A =Reg[IR[25-21]]; B = Reg[IR[20-16]];
ALUout = PC + (sign-ext(IR[15-0]) << 2) (some ops moved to the
next stage)

| i | Fig. 6.12

p—{ 0 .
M | Instruction decode |
u
X
s
IF/ID ID/IEX EX/MEM MEM/WB
Add > >
— Add
‘ Add result
Shift
left 2
c Read
L PC Address 2 register 1 Read ,\
% Read data 1
Instruction £ register 2 Zero >
—> ~ Registers  Read ALU Alu
memory Write data 2 0 result »| Address Read__f |,
register M data M
Wit u Data u
rite X
data {1 memory (;(
Write
data
16 X 32
A\ Sign |\ N
A} @ A} _

N
N>




 ALUout = A + sign-ext(IR

EX Stage of | oa

115-0]

Fig. 6.13

' PC

Read
data

MEM/WB

Oxeczhr

| Iw
0
v | Execution |
X
1
> IF/ID ID/EX EX/MEM
Add
Add
N Add result
Shift
left 2
c Read
Address 2 register 1 Read \
=} » >
g oo 2 e Zero > >
i £ register >
Instruction L, S Registers Read AL Aul
nemoy Write data 2 o result Address
register M
Writ o / Data
rite X
data |1 memory
Write
g data
16 . 32
\ Sign |\
\ Tlextend [
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MEM State of | oad

« MDR = mem[ALUout]
| Iw |
p—. 0
u | Memory |
u
X
1
IF/ID ID/EX EX/IMEM MEM/WB
Add
- Add
’ Add result
Shift
left 2
c Read
—> PC Address % register 1 Read \
= data 1
g Read Zero > —
Instruction = register 2
memor " _ Registers  Read ALU AL
y Write data 2 0 result Address Read 1
t M data
register v o ;
Write X memory >L(l
data 11 ;
Write
data
16 . 32
\ Sign
N Vlextend [ M
Fig. 6.14
Ig. 6.
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b 0
M
u
X
1

WB Stage of | oad
+ Reg[IR[20-16]] = MDR

" Who will

supply this

IF/ID
Add
4 e—

c

—>| PC Address '%
=

2

Instruction L, -

memory

Fig. 6.14

address?

reg) Read
R

rgdister 2

~ Registers  Read
rte data 2
egister

Shift
left 2
Re

data 1

it 0
M
u
X
data —>| 1

Write
16 /\ 32
\ Sign |\

\@\

EX/IMEM
Add result
Zero >
ALU ALu
result Address
Data
memory
Write
data

Read
data

| |
T &

[w
Write back

MEM/WB
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The Four Stages of R-type

CyclelECycIeZ Cycle3§CycIe4

R-type]_lfetch IReq/DecI Exec I Wr

e | fetch the instruction from the Instruction
Memory

e |D: registers fetch and instruction decode
e EX: ALU operates on the two register operands
e \WB: write ALU output back to the register file
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Pipelining R-type and | oad

 CydleliCycle2 | Cycle3Cydle4 i Cydle5 i Cycle6 i Cycle7 i Cydle8 i Cycle |

Clod | L

e have aiproblem!

R-type| Ifetch IReq/DecI Exec I Wr Op:s!

R-type |_Ifetch IReq/DecI Exec I Wr

Load | _Ifetch IReq/DecI Execl Mem § Wr

R-type|_Ifetch IReq/DecI Exec

R-type]_lfetch IReq/DecI Exec I Wr

e \We have astructural hazard:
— Two instructions try to write to the register file at the same time!

— Only one write port .



Important Observation

e Each functional unit can only be used once per instruction

e Each functional unit must be used at the same stage for all
Instructions:

— Load uses Register File’swrite port during its 5th stage

1 2 3 4 5
Load |_Ifetch IReq/DecI Exec I Meml Wr

— R-type uses Regilster Fi Le’s wrige port4duri ng its 4th stage

R-type|_lfetch IReq/DecI Exec I Wr

Several ways to solve: forwarding, adding pipeline bubble,
making instructions same length
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Solution: Delay R-type’s Write

e Delay R-type’sregister write by one cycle:
— R-type also use Reg File’swrite port at Stage 5
- MEM 1saNOP stage: nothing is being done.
1 2 3 4 5

R-type

| fetch IReq/DecI Exec I Mem I Wr

: CycleliCycle2 | Cycle3iCycled | Cycle5 i Cycle6 i Cycle7 i Cycle8 | Cycled !

Clock

R-type]_lfetch IReq/DecI Exec I Meml Wr

R-type |_lfetch IReq/DecI Exec I Meml Wr

Load | _Ifetch IReq/DecI Exec I Meml Wr

R-type also
has 5 stages

R-type]_lfetch IReq/DecI Exec I Meml Wr

R-type]_lfetch IReq/DecI Exec I Meml Wr
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The Four Stages of st or e

Cyclel? Cycle?2 Cycle3§ Cycle4

Store|_lIfetch IReq/DecI Exec I Meml Wr

|F: fetch the instruction from the Instruction Memory
|D: registers fetch and instruction decode

EX: calculate the memory address

MEM: write the data into the Data Memory

Add an extra stage:
e \WB: NOP
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The Three Stages of beg

Cyclel? Cycle?2 Cycle3§ Cycle4

Beq | _Ifetch IReq/DecI Exec I Meml Wr

e |F: fetch the instruction from the Instruction Memory
e |D: registers fetch and instruction decode

e EX:

— compares the two register operand
— select correct branch target address
— latch into PC

Add two extra stages:
e MEM: NOP
e WB: NOP



Pipelined Datapath

Fig. 6.17

IFID ID/EX EX/VEM MEMMWB

L

NE S

> Add
* result
Shift
left 2
[= Read
Address -% register 1 Read
= v »
= | Read datal X
Instruction £ register 2 Zero N N
memo md ~ Registers Read AU ALy
ry Write data2 0 result Address Read
register M - e e
u
—| Wi ; / e
Wtite
" data
16 ! R
\ Sign |\
\ lextend|

Oxczgxhr




Graphically Representing
Pipelines

Time (in clock cycles)

Program cc1 cc2 cc3 cca
execution
order — — —
(in instructions)
w$10, 20($1) | M [l Reg ALU DM
|| = ||
sub $11, $2, $3 IM [ Reg > ALU
v
|| |

Can help with answering questions like:

— How many cycles to execute this code?
— What is the ALU doing during cycle 47?
— Help understand datapaths

CC5 CC6
Reg
DM Reg
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Example 1: Cycle 1

lw $10, 20($1)

Instruction fetch

0
M
u
X
-
IF/ID ID/EX MEM/WB
L 1 T
Add
4 ety |
5 Read
PC Address § register 1 Read
= Read data 1 o
i £ register 2
|n::;l:]$gon = ~ Registers Read ALU ALu
& »| Write data 2 0 result Address R(’jead L —(1
register M ata v
_ u Data u
__,| Write X memory u
data b 1 .
Write
data
16 ) 32
° \ Sign | \
Ig N Tlextend [ N
° °
Clock 1 | —l
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Example 1: Cycle 2

sub $11, $2, $3 lw $10, 20($1)
Instruction fetch Instruction decode
0
M
- o
ID/EX EX/IMEM MEM/WB
1 1

i L
Add \‘
Add
4 Add result
Shift
left 2

c Read
—| PC{—#—>| Address -% register 1 Read '\
= Read , data 1 - N
; £ register >
In:qt;t;::(t)lon —> ~ Registers Read ALU aALu
¢/ Write data 2 0 result »| Address Readl 1 |
register M data
Writ X / Data
rite X
data 1 memory
Write
e "| data
16 ) 32
\ Sign |\

Fig. 6.18 A

Oxecz b

Clock 2 T



Example 1: Cycle 3

sub $11, $2, $3 Iw $10, 20($1)
Instruction decode Execution
()
M
u
X
CY
IF/ID ID/EX EX/IMEM MEM/WB
L - —
Add > > >
Add
4 Add result
Shift
left 2
s Read
- PC Address g register 1 Read [\
% Read data 1 ‘
Instruction = register 2 g —
memor > ~ Registers Read Read
y Write data 2 result Address ead| | [,
register data
Writ Data
rite
> Jata memory
Write
" data
H 16 _ 32
Fi 1 N[EC R
. . | @ \
Clock 3 R . ___l
T |

Oxczr




Example 1: Cycle 4

" sub $11, $2, $3 lw $10, 20($1)
M Execution Memory
e
IF/ID ID/IEX EX/MEM MEM/WB
—L —L —L
Add > > >
dd Add :

) A result
Shift
left 2

5 Read
—( PC Address 5 register 1 Read \
=] >
= Read data 1 ‘
Instruction = - | register 2 Zero -
> ~ Registers  Read ALU ALU
memory Write data 2 »> 0 result Address Read
register M (oo —
x / Data
Write X o
| data 1 ry
Write
. ”| data
16 : 32
\ Sign |\ '

Clock 4 T "L L T—l

Oxeczr




Example 1: Cycle 5

sub $11, $2, $3

lw $10, 20($1)

—>PC

e O
M
u Memory
X
Y
IF/ID IDIEX EX/MEM
—L — L
Add > >
, Add
4 Add result
Shift
left 2
s Read
Address 5 register 1 Read
5
= ey data 1 - R .
) < register 2 o
Instruction > — Registers ALU
memory i Read 0 ALU Read
Write data 2 result Address
register M data
Write )li / Data
data L1 memory
Write
data

Fig. 6.18

Clock 5

16 /\32
N Sign |\

\@\

Write back

MEM/WB
——

Oxcgl—‘
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Example 1: Cycle 6

L PC

| sub $11, $2, $3 |

—>{ 0
v | Write back
X
Cs
IF/ID ID/EX EX/MEM MEM/WB
i I  — —
Add > >
Add
4 Add result
Shift
left 2
c Read
Address % register 1 Read ’\
% Read Gt Zero S
; £ register 2
In;t:rjr(]:(t)lon g _ Registers Read AU ALU
Y Write data 2 0 result Address Readl | [__,(7
register M data M
Write Y baia 0
X
data |, memory (;(
Write
data
16 . 32
° \ Sign |\ >
F I g 1 N lextend [ N
° °

Clock 6

39



Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control (6.3)

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining
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Pipeline Control: Con

0
M
u
X
e
—

Add

Add

EX/MEM

result

ALU ALU

result

trol Signals

IF/ID ID/EX
Add
4 —
Shift
left 2
5 Read
PC Address B register 1 Read| ]
5
2 Read data 1
. = register 2
Instruction -y Registers Read
memory Write data 2
register
Write
| data >
Instruction
15-0] 16 ian | 32 6
[15-0] N Sign | \ \
N *lextend [N N
F. 6 22 Instruction
I g . . [20-16] A
A M
Instruction u
[15-11] X
1

MEM/WB
»| Address Read| |
data
Data
memory
Write
data

o
OxcZ
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Group Signals According to
Stages

» Can use control signals of single-cycle
CPU (Fig. 6.23, 6.24 <==>5.12, 5.16)

Execution/Address Calculation | Memory access stage |Write-back stage
stage control lines control lines control lines
Reg ALU | ALU | ALU Mem | Mem Reg |Memto
Dst Opl | Op0 Src |Branch| Read | Write | write Reg
Rype| 1 1 0 0 0 0 0 1 0
Iw 0 0 0 1 0 1 0 1 1
sw X 0 0 1 0 0 1 0 X
beq X 0 1 0 1 0 0 0 X




Data Stationary Control

« Pass control signals along just like the data
— Main control generates control signals during ID

p

Instruction
Control > M | VWB
EX_ — M — WB
I » —_— —> [~
IF/ID ID/EX EX/IMEM MEM/WB

Fig. 6.26 43



Data Stationary Control (cont.)

e Signalsfor EX (ExtOp, ALUSKC, ...) are used 1 cycle later
e Signalsfor MEM (MemWr, Branch) are used 2 cycles later
e Signalsfor WB (MemtoReg, MemWr) are used 3 cycles later

I I I I
i ID i EX i MEM i WB
I - I - | : |
-6- ExtOp -6- ExtOp -6- -6-
ALUSrc ALUSrc
ALUOp —| ALUOp £<n I§I
-I:-I RegDst % RegDst 2 =
o Control 22 e 0 =
Py MemWw Il MemW | Memw W
& & & Y
Q Branch @ | Branch 2.| Branch &
@ Q a Q
MemtoReg MemtoReg - MemtoReg Q | MemtoReg
ReqgWr ReqgWr ReqWr ReqWr
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b 0
M
u
X
1

WB Stage of | oad
+ Reg[IR[20-16]] = MDR

" Who will

supply this

IF/ID
Add
4 e—

c

—>| PC Address '%
=

2

Instruction L, -

memory

Fig. 6.14

address?

reg) Read
R

rgdister 2

~ Registers  Read
rte data 2
egister

Shift
left 2
Re

data 1

it 0
M
u
X
data —>| 1

Write
16 /\ 32
\ Sign |\

\@\

EX/IMEM
Add result
Zero >
ALU ALu
result Address
Data
memory
Write
data

Read
data

| |
T &

[w
Write back

MEM/WB
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Datapath with Control

I_l\/lE M/WB

WB

=\ MemtoReg

PCSrc
0 ID/EX
M ]
;] e EX/MEM
1 | [
L Control M WB
> IF/ID EX M
Add > .
4 R
2
2 Branch
[o))
2 L
c | Read GE)
- PC Address % register 1 Read 2
>
= Read data 1 ‘ -
Instruction = register 2 >
> ~ Registers Read ~
memory Write data 2 0 Address Read
register M Reac
. u Data
Write X memory
data {1
Write
data
Instruction
16 32 6
= > o . \\ MemRead

Fig. 6.27

N Tlextend

Instruction
20— 16

Instruction

RegDst

OxecZ
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lw $10,
sub $11,
and $12,
or $13,
add $14,

Let’s Try it Out

20( $1)

$2,
$4,
$6,
$8,

$3
$5
$7
$9
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IF: lw $10, 20($1)

Example 2: Cycle 1

MEM: before<3>

— PC

Address %ea?g
Data
memory
Write
data

ID: before<1> ‘EX: before<2>
0 IF/ID ID/lEX
M
u
X
|
————
Add N‘
Add
4 Add result
Shift
left 2
5 Read
Address g register 1 Read
=} >
g Read data 1
i < register 2
Instrugliel = — Registers Read ALU ALu
memory Write data 2 0 result
register M
u
— Write X
data -
Instruction
[15-0] Sign
| extend "
Instruction
[20-16]
0
ﬂ
Instruction u
[15-11] 1X
Clock 1 L

WB: before<4>

Oxczhr
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Example 2: Cycle 2

IF: sub $11, $2, $3 ID: Iw $10, 20(%$1) EX: before<1> MEM: before<2> WB: before<3>
0 IF/ID IE/JEX EX/MEM MEM/WB
M 11
u WB
X —
1 lw 010
| —————————- M
0001 I
EX
p—— | | LR | ¢ .|
Add N‘
4= Add I’eél(ljrlj
Shift
left 2
1 Read
PC Address register 1 Read| $1

I Instruction
x

Read data 1
: register 2
In;t;l::g?n | ~ Registers Read| $X 5 ALU ALU
Y Write data 2 result Address Read L, 1
register M data
u Data M
Write X memory u
| data 1 OX
Write
7 "| data

Instruction
20 | [15-0] Sign 20
extend
Instruction
10 | [20-16] 10

Instruction
X [15-11] X

Clock 2 L

D
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Example 2: Cycle 3

IF: and $12, $4, $5 ID: sub $11, $2, $3 EX: Iw $10, ... MEM: before<1> WB: before<2>
0 IF/ID ID_/F_X EX/MEM MEM/WB
M 10 11
u WB
x ) ||
E 1 sub 000 010
Control M WB
) o L
1100 EX 00 M
pr— | | | | l | | | |
Add
Add
4 Add result
Shift
left 2
ALUSrc
< ]2 Read
—PC Address 8 register 1 Read | $2
% 3 Read data 1
: = register 2
Instruction ] Registers Read| $3
memory Write data 2 Address Read 1
register Data data M
Write memory u
| data OX
Write
data
Instruction /\
X [15- 0] Sign X
extend
Instruction
X | [20-16] X
Instruction
11 | [15-11] 11
Clock 3 - Lreanet - -
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IF: or $13, $6, $7

—| PC

(0

EX: sub $11, ...

10

EX/MEM

Example 2: Cycle 4

ID: and $12, $2, $3

MEM: Iw $10, . ..

MEM/WB

|

and \) 000 L 11
Comro) | L
1100
k/ 1 "
Add
Add
2 Add result
ALUSrc
5 4 Read
Address 2 register 1 Read
=1
= 5 Read , data 1
. < register
Instruction — Registers Read ey
memory Write data 2 0 Address Gata [T
register M Dat e
U ata
. g\gti;e 1x memory
Write
data
Instruction
X [15— .| sign MemRead
extend
Instruction
X | [20-16] 0
Instruction X
12 | [15-11] 1X
Clock 4 1

RegDst

WB: before<1>

O xeczhk




Example 2: Cycle 5

—| PC

IF: add $14, $8, $9 ID: or $13, $6, $7 EX:and $12, . .. MEM: sub $11, ... WB: Iw $10, . ..
0 IF/ID ID/EX EX/MEM MEM/WB
M 10 10
u WB
: L
1 or 000 000 10
Control M WB
/ 1100 : I_’ L__ e
EX 10 M WBJ 1
—— 0 — —
Add \‘
Add
e ° Add result
= Shift
< left 2
& ALUSrc
5 6 Rea_ld 2
Address 5 register 1 Read| $6 $4 x
ey U Read data 1 E
. < register 2 =
Instrugligg] > — Registers Read| $7 $5 ~
memory 10 Write data 2 0 Address Read 1
register M b data M
u ata u
Write X memory
| data 1 8‘
Write
data
Instruction
X | [15-0] Sign X ALU
“|extend control
Instruction
X | [20-16] X
>0 ALUOp
M 11 10
Instruction u
13 | [15-11 13 12 [ X
Clock 5 I L |
RegDst
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Example 2: Cycle 6

IF: after<1> ID: add $14, $8, $9 EX:or $13, ... MEM: and $12, . .. WB: sub $11, . ..
0 IF/ID ID/EX EX/MEM MEM/WB
L
M 10 10
u WB
X " L1
1 add 000 000 10
Control M WB
/ 1100 10 L__ .
EX L M WB| 0
—d— — O —
Add
, Add
4 P Add it
= Shift
< left 2
& ALUSrc
- |8 Read i
S ister 1 ¥
—>| PC Address 5 I€QIS Read| $8 $6 x
S 8
5 9 Rec’;ldt , data 1 g
£ register s
'”;t‘;ﬁg:’” - =1, " Registers Read| $9 ol ALU ALy
y Write data 2 result Address Readl | { |,
register M data M
u Data v
Write X memory
| data |1 (;(
Write
7 data
Instruction
X | [15-0] Sign X
extend
Instruction
x | 2o-16] X
0
/I\n 12 11
Instruction u
14 | [15-11] 14 13 1"
CIOCk 6 1 RegDst 1
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Example 2: Cycle 7

IF: after<2> ID: after<1> EX: add $14, . .. MEM: or $13, . .. WB: and $12, . ..
0 IF/ID ID/F_X EX/MEM MEM/WB
M 10
u WB
; ® L
1 000 10
M WB
—— ip B L L,
EX 10 M WB| 0
0
Add
4
2
2 Shift
< left 2
= ALUSTICc
s Read T
| PC Address g register . Read $8 S
% Read data 1 ‘g
i k= register 2 s
Instruction L " " Registers Read $9 AU ALy
memory Write data 2 result Address Readl | [,
register Data data M
Write memory "
| data (;(
Write
7 data
Instruction
[15-0] Sign
"|extend -
Instruction
[20-16]
0
M 13 12
Instruction u
[15-11] 14 | X
Clock 7 T : T L
RegDst
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Example 2: Cycle 8

IF: after<3> ID: after<2> EX: after<1> MEM: add $14, . .. WB: or $13, ...
0 IF/ID ID/FX EX/MEM MEM/WB
M
u
X (S
1 10
WB
— i LL,
M WB| 0
| L — | ||
Add
Add
4 e ® Add result
= Shift
5 left 2
@
c Read >
o : ()
—( PC Address 5 register 1 Read 5 %
2 =
g Read data 1 E
Instruction = register 2 =
> — 13 _ Registers  Read Read
memory ‘r/g”itgter data 2 Address dea?a | f—(1
g Data M
Write memory u
| data - OX
Write
data
Instruction
[15-0] Sign
extend
Instruction
[20-16]
0
M 14 13
Instruction u
[15-11] £J
Clock 8 T T T




Example 2: Cycle 9

IF: after<4> ID: after<3> EX: after<2> MEM: after<1> WB: add $14, . ..
IF/ID ID/EX EX/MEM MEM/WB
{0 |
M
u
X
|
1
WBJ 0
Add > >
Add
4 o Add o gyt -
S Shift
5k left 2
i3
c Read o
o i 3]
- PC Address = register 1 Read ’\ S
% Read data 1 g
: < register 2 =
In;tnrj;:tlon =] 114 . Registers Read ALU ALU
emory Write data 2 result Address Read| || 1
register Data data M
Write memory u
| data - (;(
Write
7 data
Instruction /\
[15-0] Sign
extend
Instruction
[20-16]
0
Instruction u
15-11] 1X
Clock 9 T T T
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Summary of Pipeline Basics

e Pipelining isafundamental concept
— Multiple steps using distinct resources
— Utilize capabilities of datapath by pipelined instruction
processing
e Start next instrunction while working on the current one
o Limited by length of longest stage (plus fill/flush)
o Need to detect and resolve hazards

e \What makesit easy in MIPS?
— All instructions are of the same length
— Just afew instruction formats
— Memory operands only in loads and stores

e \What makes pipelining hard? hazards
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Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control

e Data hazards and forwarding (6.4)
e Data hazards and stalls (6.5)

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining
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Pipeline Hazards

e Pipeline Hazards:

— Structural hazards: attempt to use the same resource in two
different ways at the same time

e EX.: combined washer/dryer or folder busy doing something else
(watching TV)

— Data hazards: attempt to use item before ready
e Instruction depends on result of prior instruction still in the pipeline

— Control hazards. attempt to make decision before condition is
evaluated

e EXx.: wash football uniforms and need to see result of previous |oad to get
proper detergent level

e Branch instructions

e Can aways resolve hazards by waiting
— pipeline control must detect the hazard
— take action (or delay action) to resolve hazards
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S~ N 5D -

WCDQ_WO

Structural Hazard: Single Memory

Time

Mem?

Load

Mem-él: Reg

Instr 1

5
8

% :Memlé Reg

e

Instr 2

&

>

=
Y
&
v,
<
g
Y
&

EMem:

Instr 3

éMem-!: Reg % EMem

Instr 4

Reg

Use 2 memory: data memory and instruction

memory
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Pipeline Hazards lllustrated

1=

EX

| __MEM

wB

Structural
Hazard

Y
_I_.I

ID
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Data Hazards

Time (in clock cycles)

value of cc1 CcCc?2 CC3 Ccc4 CC5
register $2: 10 10 10 10 10/ -20
Program
execution
order
(in instructions) ] ]
sub $2, $1, $3 | I Reg[ | ;I: DM ,Rgg
B -
and $12, $2, $5 M~ FRrEkg[ / DM
or $13, $6, $2 M — H Rﬂeg:
add $14, $2, $2 M — FHRrEg
sw $15, 100($2) M —
V |

CCob CC7 CC8 CC9

-20 -20 -D -20

Fig. 6.28

DM — Fﬁeg
= _
DM | (— RFg
=
Regl_| [ D’M REg
| |
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Types of Data Hazards

Threetypes. (inst. 11 followed by Inst. 12)

e RAW (read after write):
12 tries to read operand before 11 writes it

e WAR (write after read):
12 tries to write operand before 11 reads it
— Getswrong operand, e.g., autoincrement addr.
— Can’t happen in MIPS 5-stage pipeline because:

o All instructions take 5 stages, and reads are always in stage 2, and writes
are awaysin stage 5

e WAW (write after write):
12 tries to write operand before 11 writes it

— Leaveswrong result (11’snot 12’s); occur only in pipelines that
write in more than one stage
— Can’t happen in MIPS 5-stage pipeline because:
o All instructions take 5 stages, and writes are alwaysin stage 5
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Pipeline Hazards lllustrated

I= ID EX ME/MA WB RAW (read after write) Data Hazard
L\,
“ MEM W
I | 1b=T EX I I,/ I%NAW Data Hazard
E | ID | EX MEM WE (write after write)
IF ID / I EIEX I\/*err
e o | ex I MEI/I V\//B WAR Data Hazard

(write after read)
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Handling Data Hazards

e Usesmple, fixed designs
— Eliminate WAR by always fetching operands early (ID) in pipeline
— Eliminate WAW by doing all write backs in order (last stage, static)
— These features have alot to do with ISA design

e Internal forwarding in register file:

— Writein first half of clock and read in second half

~ Read delivers what is written, resolve hazard between sub and add
e Detect and resolve remaining ones

— Compiler inserts NOP

— Forward
— Stal
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Software Solution

e Have compiler guarantee no hazards
e \Where do we insert the NOPs?

sub
and
or

add

SW

e Problem:

$2, %1, $3
$12, $2, $5
$13, $6, $2
$14, $2, $2
$15, 100( $2)

thisreally slows us down!
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Data Hazards

Fig. 6.28

Time (in clock cycles) >
Value of CC1 CC2 CC3 CC4 CC5 CC6 CcC7 ccs8 CCH9
register $2: 10 10 10 10 10/ -20 -20 -20 -D -20
Program
execution
order
(in instructions) ] ]
sub $2,%$1,$3 | IM Reg[ | ﬁg

\l |

—/I: DM
and $12, $2, $5 M H FHRkg %/7 DM RFQ

or $13, $6, $2 IM [ o Rﬂeg: DM Fng
| | |
add $14, $2, $2 M — FHRrEg DM (— | RFQ
= UL
sw $15, 100($2) M Reg|_| > D’M REg
v
| | _
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Data Hazards : Forwarding

Time (in clock cycles) >
Value of CC1 CC2 CC3 CC 4 CC5 CC6 cc7 ccs CC9
register $2: 10 10 10 10 10/ - O -20 -20 -20 -20
Program 2
execution
order

(in instructions)

sub $2, $1, $3 1M

REg

and $12, $2, $5

. Fig. 6.28

or $13, $6, $2 DM FﬁLg
i
add $14, $2, $2 M Hrbgl] oM | [ RFg
i i =
L osw $15, 100($2) M — R g: > D’M REg
i | |




Pipeline with Forwarding

ID/EX
R (]
I*V” Lw Fig. 6.32
»| Control Lﬂ WB I_'\iEM/WB
IFID i M WB
- M
§e) > U >
3] > X
2 —
© Registers
Instruction |_| = R t > AL R Data | |
memory memory
. ' I
—>{ U >
X
> ForwardA
IF/ID.RegisterRs ‘ Rs >
IF/ID.RegisterRt R Rt
IF/ID.RegisterRt Rt
g . m orwardB EXIMEM RegisterRd
IF/ID.RegisterRd Rd J >
» q B
| Foverdng MEMMB RegisterRd
,k e

xcZ




Detecting Data Hazards

e Hazard conditions:
— la. EX/MEM.RegisterRd = ID/EX.RegisterRs
— 1b. EX/MEM.RegisterRd = ID/EX.RegisterRt
—- 2a MEM/WB.RegisterRd = ID/EX.RegisterRs
— 2b. MEM/WB.RegisterRd = ID/EX.RegisterRt

e Two optimizations:

— Don’t forward If instruction does not write register
=> check If RegWrite Is asserted

— Don’t forward if destination register is $0
=> check If RegisterRd =0
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Detecting Data Hazards (cont.)

e Hazard conditions using control signals:

— At EX stage:
EX/MEM .RegWrite and (EX/MEM.RegRd=0)
and (EX/MEM.RegRd=ID/EX.RegRs)

- At MEM stage:
MEM/WB.RegWrite and (MEM/WB.RegRd=0)
and (MEM/WB.RegRd=ID/EX.RegRS)

— (replace ID/EX.RegRt for ID/EX.RegRs for the other
two conditions)
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Resolving Hazards: Forwarding

Use temporary results, e.g., those in pipeline registers,

don’t wait for them to be written

Time (in clock cycles)

CC1 CC 2 CC 3 CC 4 CC5 CC6
Value of register $2 : 10 10 10 10 10/-20 -20
Value of EXIMEM : X X X - 20 X X
Value of MEM/WB : X X X X - 20 X
Program
execution order
(in instructions) ] ]
sub $2, $1, $3 IM Reg| | DM |— R
$2,%$1, % g| | o\-l: €9
and $12, $2, $5 M — FHReg[ | DM — {Reg
— I
or $13, $6, 2 M | — O Reg } M DM |—
add $14, $2, $2 IM — HHReg[ :97

sw $15, 100($2)

CcC 8 CC9
-20 -20
X X
X X

Reg

Reg
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Pipeline with Forwarding

xcZ

ID/EX
R (]
I*V” Lw Fig. 6.32
»| Control Lﬂ WB I_'\iEM/WB
IFID i M WB
- M
§e) > U >
3] > X
2 —
© Registers
Instruction |_| = R t > AL R Data | |
memory memory
. ' I
—>{ U >
X
- ForwardA
IF/ID.RegisterRs ‘ Rs >
IF/ID.RegisterRt R Rt
IF/ID.RegisterRt Rt
g . m orwardB EXIMEM RegisterRd
IF/ID.RegisterRd Rd J >
» q B
| Foverdng MEMMB RegisterRd
,k e




Forwarding Logic

e Forwarding: input to ALU from any pipe reg.
— Add multiplexorsto ALU input [=]
— Control forwarding in EX => carry Rsin ID/EX

e Control signals for forwarding:

— If both WB and MEM forward, e.g., add $1, $1, $2; add
$1, $1, $3; add $1, $1, $4; =>let MEM forward

— EX hazard:

oif (EXMEM RegWite and ( EX/ MEM RegRd=0)
and ( EX/ MEM RegRd=I Y EX. RegRs) ) Forwar dA=10

— MEM hazard:

oif (MEMWVB. RegWite and ( MEM WB. RegRd=0)
and (EX/ MEM RegRd # | D/ EX. Reg. Rs)
and ( MEM VB. RegRd=I U EX. RegRs) ) Forwar dA=01

74



Example 3: Cycle 3

or $4, $4, $2 and $4, $2, $5 sub $2, $1, $3 before<1> before<2>
ID/EX
S
10 [ J1o
/\ I_'W“ I_IiX/MEM
,@ L M wB MEM/WB
L |
IF/ID EX | M
O | A _
2 $2 $1 N\
g - Im
S 5 > u
I3] X
= —
2 Registers /
pC Instruction L, = R >ALU > Data —| —
memory 5 3 P memory ’\L/,l
> "l v
> U
X r
_/ >
2 1
> ()
LY
4 2 u >
X
1 1 N 1 __—‘
Clock 3
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add $9, $4, $2

Clock 4

Instruction
memory

Example 3: Cycle 4

BEMMB
1
WB

before<1>

or $4, $4, $2 and $4, $2, $5 sub $2, ...
ID/EX
B —
10 10
/\ I_'WB EX/MEM
_— R —
10
»{ Control > M WB
IF/ID U L EX M
| || ||
$4 $2 7\
c - - i M
9 —>| u
g RS
7 Registers |\
= Data
L >ALU memory ]
$2 $5 ™\
s . [m
—>| U ——>
| x
U .
2
~ 5
() :
4 4 u
' v

Forwarding
unit

y
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after<1>

Instruction
memory

Clock 5

|>i
o

Instruction

Example 3: Cycle 5

add $9, $4, $2 or $4, $4, $2 and $4, . .. sub $2, ...
ID/EX
-
10 10
[\ I_'WB I_IiX/MEM
_— -
10
»| Control M WB MEM/WB
L_ _— I-‘_;
EX > M wal-
$4 $4 M
g - (™
> U >
X
Registers —/
2 f > s Data | | ,
$2 $2 /\ memory [\L/l|
> (4 y
p—»{ U »> r
X
4
2 | |2 M
M 4
2
9 4 g >
o X
HE ~ Forwarding —— ___‘
unit
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Example 3: Cycle 6

after<2> after<1> add $9, $4, $2 or$4, ... and $4, . ..
ID/EX
1
n 10
S EX/MEM
1
10
" e IiEM/WB
- L
1
IF/ID EX M WB
- || i ]
| M
c M
il —>| U >
5 R " \
2
7] Registers —/
PC Instruction = 4 t >ALL,' . s Data | | N
memory $2 —~ memory M
> > u
> M / X
> U >
—/ .
4
2 M
M 4 4
9 u >
i s i | ]
\_/ Forwarding |
unit < J
Clock 6
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Can't Always Forward

| wcan still cause a hazard:
— If Is followed by an instruction to read the loaded reg.

(in instructions) }
Iw $2, 20($1) | IM ~| ’-EReg: > -[ DM [— :l

and 54, 82, 85 3 __{ —#}_I sl ed Fig. 6.34

or $8, $2, $6 IM |— -EI: 9— —l:DM— — Reg

add $9, $4, IM |— J:[ B 497 DM+ HReg
Use stalling or L i =

compiler to

IM —H HReg DM Reg
resolve

sit $1, $6, $7
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Stalling

 Stall pipeline by keeping instructions in same
stage and inserting an NOP instead

(ininstructions)
Iw $2, 20($1) IM ~|:|.IZ Reg: % _I: DML_ Fieg

1 — 5T } Fig. 6.35

and $4, $2, $5 M Reg7[ o Reg| | -I: DM Reg

M
or $8, $2, $6 IM% IM =~ Reg| %- DM |- |HReg
— bubble — —

add $9, $4, $2 M 4 Reg[ | — Reg

1 I

S|t$1,$6,$7 IM -EReg: %—\ ‘ﬂ‘r|:|;

_h
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Pipeline with Stalling Unit

« Forwarding controls ALU inputs, hazard

detection controls PC, IF/ID, control signals
" nazad . IDEX MemRead

detection -
Mﬂt IIIII F. 6 36
m » ig. 6.
= 1tr v / \ 4+ | EXIMEM
= | L_
&) M
L Control u M WB
- X I-IiEMNVB
0— — —
IF/ID EX M WB
. A J — —
£
g c
8 i —> \
g >
=
@ Registers
pC Instruction || £ t >ALL,' Data | |
memory memory M
u
> M X
—>| U
X
IF/ID.RegisterRs L
IF/ID.RegisterRt )
»| M gisterRd
u >
> X
ID/EX.RegisterRt WB RegisterRd
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Handling Stalls

e Hazard detection unit in ID to insert stall between aload

Instruction and its use:
| f (I DEX MenRead and
((I D EX Regi sterRt | F/ 1 D. Regi ster Rs) or
(I DY EX Regi sterRt | F/ I D.registerRt))
stall the pipeline for one cycle
(I D EX. MenRead=1 indicates a | oad instruction)

e How to stall?

— Stall instruction in IF and I D: not change PC and |F/1D
=> the stages re-execute the instructions

— What to move into EX: insert an NOP by changing EX, MEM,
WB control fields of ID/EX pipéelineregister to 0

e as control signals propagate, all control signalsto EX, MEM, WB are
deasserted and no registers or memories are written
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Example 4: Cycle 2

before<2>

and $4, $2, $5 lw $2, 20($1) before<1>
Y IDIEX
x— |
11
L WB
= |
@ M
s Control u M
X S
IF/ID EX
v -
3 1 $1 N\
= - g M
8 .§ X —> u
v o X
2
; § Registers
PC Instruction L, = .
memory $X A~
. Y
p—>{ U
X
A\
1
0 N
2 o M
u
> 7l X
ID/EX.RegisterRt -/
Clock 2

>ALU

EX/IYIEM

before<3>

MEM/WB
|

Data
memory M
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Example 4: Cycle 3

Hazard
. detection P ID/EX.MemRead‘
é_, unit IE/EX
11
" I—IiX/l}AEM
Control M - -
0 — |
IF/ID EX !
L/ J d e
2 $2 $1
S ] Y
S 5 o ,
| e X
E >
§ Registers 5 .
Instruction = " V B
PC memory —> . N osa -
- u
> M u
—>| U >
X
U ,
2 1
SN ~
o M
4 | u R N
J U u
ID/EX.RegisterRt I \_/ h
Clock 3
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PCWrite

Example 4: Cycle 4

or $4, $4, $2 | and $4, $2, $5 bubble w $2, ... before<1>
2 ID/EX
5 ——
I 10 | oo
2 e EX/MEM
= _— _L
&) M 11
T Control u M WB MEM/WB
L “ - . I_'_l
IF/ID EX b4 e
v - - L
2 $2 $2
c - M
S 5 —| u >
4 8 > > X
% Registers \_/
Instruction = t > ALU . pata | [ |
PC memory M
memory $5 R $5 e u
M X
—| u >
X r
N .
M
> > M 2
4 4 u >
L > X | .
ID/EX.RegisterRt \_/ | Forwarding —‘
unit < 4
Clock 4
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Example 4: Cycle 5

PCWrite

add $9, $4, $2 or $4. $4, $2 and $4, $2, $5 bubble w $2, . ..
4 '
2 ID_/EX
. 10 e 10
e EX/MEM
s || -
@ M L 0
[ Control u M WB|
11
IB/ID 24 ™ e
4 $4 $2 Y
M
sz ME
4 S i X
Z Registers U
pC Instruction N = 2 L >ALU o ]
memory $2 $5 ) e '\lfl
—>{ u
J -
_/
4
2
4 4 u > |
X —
T ID/EX.RegisterRt T Forwarding T ___‘
_ unit
Clock 5
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after<1>

Instruction
memory

Clock 6

Example 4: Cycle 6

add $9, $4, $2 or $4, $4, $2 and $4, . ..
N e IDIEX
2+— 1
10 10
we I_IiX/MEM
_;
10
Control M WB
IF/ID EX M
ol - |
4 $4 $4 N\
c M
) 2 —»| U —
S g ¢ \
3 Registers N\
£ R t >ALU . Data ]
memory
$2 $2 M
M /
> u —
o] x
N .
4 4
2 2
()
»| M 4
9 4 u -»> >
— X —
ID/EX.RegisterRt —/ Forwarding |*
unit <

MEM/WB
—L

0
WB

bubble
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Example 4: Cycle 7

after<2> after<1> add $9, $4, $2 or$4, ... and $4, . . .
—>
— IEEX
10 10
WB EX/MEM
|| 1
10
M WB I—M'EM/WB
. - _
1
IF/ID B M e
] | || |
4 a
C g . M
9 > U >
g > X
= _/
@ Registers
Instruction = 4 L gALU > e — 7
PC memory | | ' emer "
y $2 N u
> U >
X
\_/ >
4
2 )
M 4 4
9 u
ID/EX.RegisterRt / Forwarding
unit
Clock 7
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Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards (6.6)

e Exceptions

e Superscalar and dynamic pipelining
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4 |

Feedback Path

#{ PC > Address

Instry
me

ction
hory

Fig. 6.11

Read

register 1

Read

I Instruction

register 2

Write
register

Write
data

Registers Read

Read
data 1

data2

Add
Add result
Shift
left 2
Zero
ALU
{0 oy
M
T ==
X
e{ 1

Address

D
me

g

ta
nory

Read
data
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Pipeline Datapath with Control
Signals

0
M
u
X
|
—

Add

Add

EX/MEM

result

ALU ALU

result

IF/ID ID/EX
Add
4 —
Shift
left 2
5 Read
PC Address B register 1 Read| ]
5
2 Read data 1
. = register 2
Instruction -y Registers Read
memory Write data 2
register
Write
| data >
Instruction
15-0] 16 ian | 32 6
[15-0] N Sign | \ \
N *lextend [N N
F. 6 22 Instruction
I g . . [20-16] A
A M
Instruction u
[15-11] X
1

MEM/WB
»| Address Read| |
data
Data
memory
Write
data

o
OxcZ
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Pipeline Hazards lllustrated

1= ID EX > MEM WB
Structural > |IF ID
Hazard
IF ID EX /Mli‘ WB RAW (read after write) Data Hazard
1= ID<T EX MEM W
I I,/ I%/VAW Data Hazard
IE D | Ex MEM WEH (write after write)
IF ID / I EIEX I\/*err
e o | ex I MEI/I V\//B WAR Data Hazard
(write after read)
IF ID EX MEM WB

_—— Control Hazard

1=

ID
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Branch Hazards

 When decide to branch, other inst. are in pipeline!

(in instructions)

40 beq $1, $3, 7 IM ~|:|—EReg: %— -I:DM— — Reg
" M E il 0 Fig. 6.37
44 and $12, $2, $5 IM i HRed | -I:DM— — Reg
48 or $13, $6, $2 IM— H{Red | :D— -I:DM— — Reg
52 add $14, $2, $2 M H{Reg %— -I:DM— - Reg
72 lw $4, 50($7) -HRed | :D— ﬂ-l_ﬂ— Reg
v
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Handling Branch Hazard

e Predict branch always not taken
— Need to add hardware for flushing inst. if wrong
— Branch decision made at MEM => need to flush instruction in
|F/1D, ID/IMEM by changing control valuesto O

e Reduce delay of taken branch by moving branch execution
earlier in the pipeline
— Move up branch address calculation to ID

— Check branch equality at ID (using XOR) by comparing the two
registers read during 1D

— Branch decisiton made at ID => one instruction to flush

— Add acontrol signal, |F.Flush, to zero instruction field of IF/ID
=> making the instruction an NOPL=

e Dynamic branch prediction
e Compiler rescheduling, delay branch
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Gush )

Pipeline with Flushing

v
[ Hazard \
detection [
unit )
—|
u
- /\v
Control
IF/ID U
v >+
+
4 Shift
left 2
—| Instruction
—|PC memory

Registers

ID/EX

WB

I_IiX/MEM
WB

EX

Fig. 6.41

r»(ch)r(ch)
Y

Data
memory

IiEM/WB
WB

-

/.

Forwarding [
unit
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Example 5: Cycle 3

and $12, $2, $5 beq $1, $3,7 sub $10, $4, $8 before<1> before<2>
IF.Flush
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_»' detection
\ unit
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M -
48| WB y
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48 e 44 72 - - -
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Example 5: Cycle 4

before<1>

w $4, 50($7) bubble (nop) beq $1, $3,7 sub $10, ...
IF.Flush
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— unit
ID/EX
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Delayed Branch

e Predict-not-taken + branch decision at ID
=> the following instruction is always executed
=> branches take effect 1 cycle later
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Dynamic Branch Prediction

e Performance = f(accuracy, cost of misprediction)

e Branch History Table: Lower bits of PC address
Index table of 1-bit values
— Says whether or not branch taken last time
— No address check

e Problem: inaloop, 1-bit BHT will cause two
mispredictions (avg is 9 iterations before exit):

— End of loop case, when it exits instead of |ooping as
before

— First time through loop on next time through code, when
It predicts exit instead of looping

99



1-Bit Prediction

e For each branch, keep track of what happened |ast
time and use that outcome as the prediction

e \What are prediction accuracies for branches 1 and
2 below:
while (1) {
for (1=0;1<10;1++) { branch-1

}
for (j=0;)<20;)++) { branch-2

}
} 100



2-Bit Prediction

e For each branch, maintain a 2-bit saturating counter:
If the branch is taken: counter = min(3,counter+1)
If the branch is not taken: counter = max(0,counter-1)
e If (counter >= 2), predict taken, else predict not taken

e Advantage: afew atypical brancheswill not influence the
prediction (a better measure of “the common case”)

e Especialy useful when multiple branches share the same
counter (some bits of the branch PC are used to index into
the branch predictor)

e Can be easily extended to N-bits (in most processors, N=2)
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N-bit Branch Prediction Buffers

e \When the counter is greater than or equal to one-
half of Its maximum value (2"-1), the branch is
predicted as taken.

® The counter I1sincreased on ataken branch and
decremented on an untaken branch.

e A branch buffer can be implemented as a small
cache accessed during the | F stage.
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N-bit Branch Prediction Buffers

Use an n-bit saturating counter
Only the loop exit causes a misprediction
2-bit predictor aimost as good as any genera n-bit predictor

" Taken

[

Not taken
Predict taken / Predict taken
1 N 10
Taken
Taken Not taken
Not taken
Predict not taken Predict not taken
01 ............................. 00
Taken

A

© 2003 Elsevier Science (USA). All rights reserved.
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Basic Branch Prediction Buffers

a.k.a. Branch History Table (BHT) - Small direct-mapped cache of T/NT bits

Branch Instruction

I

» Branch Target

BHT T (predict taken)

NT (predict not- taken)

PC+4
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Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining
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What about Exceptions?

» Another form of branch hazard
—How to stop the pipeine? restart?
—~\Who caused the interrupt?

~Who to servefirst, If multiple interrupts at the
same time?
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Handling Exceptions

How to stop the pipeine? restart?
e Suppose overflow occur at add $1, $2, $1

— Disable writes of instructions till trap hits WB, e.g.,
flush following instructions using I F.Flush, ID.Flush,
EX.Flush to cause multiplexers to zero control signals
(overflow exception detected at EX => flush
offending instruction)

— Force trap instruction into |F, e.g., fetch from 4000
0040hex by adding 4000 0040hex to PC input MUX

— Save address of offending instruction in EPC
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Pipeline with Exception

IF.Flush ID.Flush EX.Flush
( Hazard \
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_'\ unit ) .y by
M ID/EX (W °
s ! - : Fig. 6.55
: ; —y . O.
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— 0 —» —
IF/ID EX Cause M wB
i >+ | | |

+ Except
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4= Shift -
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X
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Forwarding
unit
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Who caused the exception ?

e 5 instructions executing in 5 stage pipeline

e \Who caused the exception? Need to know in which stage
an exception can occur => help determine cause

Sage Problem interrupts occurring

|F Page fault; misaligned memory access,
memory-protection violation

|D Undefined or illegal opcode

EX Arithmetic exception

MEM Page fault; misaligned memory access,

memory error; mem-protection violation,
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When to Serve?

e \Who to servefirgt, if multiple interrupts at
the same time?

— Multiple interrupts. use priority hardware to
choose the earliest instruction to interrupt

— External interrupts: flexible in when to
Interrupt
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Outline

e An overview of pipelining

e A pipelined datapath

e Pipelined control

e Data hazards and forwarding

e Data hazards and stalls

e Branch hazards

e Exceptions

e Superscalar and dynamic pipelining
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Instruction Level Parallelism

How to increase the potential amount of |LP:

e |ncrease the depth of the pipeline to overlap more
Instructions
— super-pipeline

e |_aunch multiple instructions

— Static multiple issue (decision made by compiler before
execution)

— Dynamic multiple issue (decision made during
execution by the processor)
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Different Pipelined Designs

DPIpellnlng I—l-l_—=D==E" al vy Limitation
BT=d Ein¥ N=vi H V1 RY.Y,
Ll ple d oyl )l Issue rate, FU stalls, FU depth

OSuper-scalar Eﬁ% Hazard resolution
- Issue multiple scalar

instructions per cycle %

OVLIW (EPIC)

- Each instruction specifies
multiple scalar operations
- Compiler determines parallelism

Packing
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Static Multiple Issue

e Use compiler to assist with packing
Instructions and handling hazard

e VVery Long Instruction Word (VLIW)

e Explicitly Parallel Instruction Computer
(EPIC) (Intel 1A-64)
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A Static Two-issue Datapath

97 Fig. 6.45
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Dynamic Multiple Issue

e The hardware performs the scheduling?
— hardware tries to find instructions to execute
—out of order execution is possible

— gpeculative execution and dynamic branch
prediction

® Superscalar
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Superscalar: Three Primary Units

Instruction fetch
and decode unit

In-order issue

|

!

Reservation Reservation
station station
Functional Integer Integer

units

l

|

Reservation
station

Reservation
station

Floating

point

Load/

Store Out-of-order executs

Commit
unit

In-order commit

Fig. 6. 49
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Simple Superscalar

e |ndependent INT and FP Issue to separate pipelines

I-Cache
INT Reg Inst Issue | Fp Reg
and Bypass
Operand /
Result
Busses

INT Unif Load / FP Add FP Mul

Store
Unit

D-Cache
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Dynamic Scheduling

e All modern processors are very complicated

— DEC Alpha 21264. 9 stage pipeline, 6
Instruction issue

— PowerPC and Pentium: branch history table
— Compiler technology important
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Summary

® Pipelines pass control information down the
pipe just as data moves down pipe

e Forwarding/stalls handled by local control
e Exceptions stop the pipeline

e MIPS instruction set architecture made
pipeline visible (delayed branch, delayed
load)

e More performance from deeper pipelines,
parallelism
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