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An overview of pipelining

A pipelined datapath

Pipelined control

Data hazards and forwarding

Data hazards and stalls

Branch hazards

Exceptions

Superscalar and dynamic pipelining
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Pipelining Is Natural!

¢ Laundry example:

Ann, Brian, Cathy, Dave
each have one load of
clothes to wash, dry,

HBOD

and fold

Washer takes 30 minutes =

Dryer takes 40 minutes =—j
)

“Folder” takes 20 minutes
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Sequential Laundry
6 PM 7 8 9 10 11

|
' Time

Midnight
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¢+ Sequential laundry takes 6 hours for 4 loads
i ?
,ﬁﬁo,%f th%yilg_a};ped pipelining, how long would it take?
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Pipelined Laundry: Start ASAP

Pipelining Lessons

6 IPM 7 8 9 10 11 Mldnlght 6 IPM 7 8 9 ¢ Doesn’t help |qfency of
| Time | Time single task, but
| | | | | | | | | fhl’OUthUi‘ of entire
30 40 40 40 40 20 30 40 40 40 40 20 ¢Pipeline rate limited by
- =57 T =5 e slowest stage
a 55 OP_F a 55 o_F ¢ Multiple tasks working
s = , s = , at same time using
k =T k =T ifferent r r
) 7. ) 7. diffe e. esources
¢ Potential speedup =
‘r) =/ . ‘r) =/ . Number pipe stages
d @ i d @ =1/l +Unbalanced stage
e =150 e s [ e IS length; time to “fill” &
, 65 S[i7 ; 65 o7 drain” the pipeline
reduce speedup
¢ Pipelined laundry takes 3.5 hours for 4 loads ¢ Stall for dependences
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Single-, Multi-Cycle, vs. Pipeline Pielining MIPS E +i
Cycle 1 ‘ Cycle 2 lpe lnlng xeCU IOn
Clk J L
Single Cycle Implementation: :;‘;i[ﬁ{gn Time 2 4 6 8 10 12 14 16 8
Load Store WM ?i:\diirstructions) l | ' ' ' ' | | Y
lw $1, 100($0) Insften:;t]ion Reg ALU aE::;s Reg
Cycle 1 éCycleZ éCycle3 éCycle4 éCycleS Cycle 6 éCycle7 éCycleS éCycle9 éCycleélO w $2, 200($0) 8 ns Instuction| geg|  ALu [ D31 | Reg
N T I Y I A I B B < -
Cm \_I_l_ w $3, 300($0) 8 ns InsfterLtl;:mn
Multiple Cycle Implementation: sns
Load Store R-type Program
Ifetch I Reg I Exec I Mem I Wr Ifetch I Reg I Exec I Mem Ifetch Z‘?;ecrmb” Time 2| “1 ? ? 1|0 1|2 1‘4 >
(in instructions) -
w $1,100(0) |"Siruoton Reg| ALU | D2 [Reg
Pipeline Implementation: | —
nstruction ata H
Loadl Ifetch I Reg I Exec I Mem I Wr I w $2,200(30) 2ns fetch Reg[ ALU access | 79 Flg 6.3
<+——*Instruction Data
Storel Ifetch I Reg I Exec I Mem I Wr I Iw $3, 300($0) 2ns fetch Reg| AW access [ 119
2ns 2ns 2ns 2ns 2ns
~ = > -3 Betype fylfetch | R E M W P \
= @ 22, &'% %: %g.e‘é'Ll_eg—l);eisdinm.ee_l_ml_rl Computer Architecture = @] 22, .’/% i‘ 7?: ‘%ﬂ’ Pipelining-7 Computer Architecture

CTKing/TTHwang

National Tsing Hua University

National Tsing Hua University

CTKing/TTHwang




Why Pipeline? Because the
Resources Are Therel

Outline

Time (clock cycles) ¢+ An overview of pipelining
: ¢ A pipelined datapath
Single- ¢ Pipelined control
;| Inst0Q [m H Reg :%— chCIei'h ¢ Data hazards and forwarding
" H Batapa ¢ Data hazards and stalls
s | Inst 1 Im  H]Reg ¢ Branch hazards
rt ¢ Exceptions
Inst 2 Im ¢ Superscalar and dynamic pipelining
o
o| Inst 3 {Ree
e
r
Inst 4 Pm e
|y
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Designing a Pipelined Processor Use Multicycle Execution Steps
¢+ Examine the datapath and control diagram
Stqrﬁng with single- or mulﬁ-cycle dcﬂdpdih'? Action for R-type | Action for memory-reference Action for | Action for
o o 2 Step name instructions instructions branches jumps
SIngle' or mulh-cycle control? Instruction fetch IR = Memory[PC]
e : . PC=PC+4
. quhhpn daigpath info siqges. . . etraction” A Ros IAE5.2T]
IF (instruction fetch), ID (instruction decode and register decodelregister fetch ALUOUL - Pe :;Z% [552&132[15 o) << 2)
. . . = + - -0]) <<
flle reqd), EX (exeCUilon or qdc!ress CG'CUIG"O“), MEM Execution, address ALUOut=A op B ALUOUt = A + sign-extend if (A ==B) then | PC =PC [31-28] Il
(data memory access), WB (write back) computation, branch/ (IR[15-0]) PC = ALUOut | (IR[25-0]<<2)
. . liump completion
¢ ASSOCthe resources Wlth Stqtes Memory access or R-type Reg [IR[15-11]] = Load: MDR = Memory[ALUOut]
H H leti ALUOut
¢ Ensure that flows do not conflict, or figure out how to compretion ’ Store: Memory [ALUOU1 = B
resolve Memory read comoletion Load: Reg[IR[20-16]] = MDR
¢ Assert control in appropriate stage
But, use single-cycle datapath ...
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Split Single-cycle Datapath

IF: Instruction fetch

ID: Instruction decode/
register file read

EX: Execute/
address calculation

MEM: Memory access | WB: Write back

vvvvvv

What to add to split the datapath into stages?
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Add Pipeline Registers

Pipeline registers (latches)

Read
register 1

Read
Read data 1
register 2

egisters Read
Write data 2

register

Write
data

Fig. 6.11
¢+ Use registers between stages to carry data and
control
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Consider load

Cycle 1 éCycleZ Cycle 3 éCycle4 éCycle 5

[N N I KN (N I NN I N

Loadl Ifetch IIEgIDecl Exec I Mem I Wr I

¢ IF: Instruction Fetch
Fetch the instruction from the Instruction Memory
¢ ID: Instruction Decode
Registers fetch and instruction decode
EX: Calculate the memory address
MEM: Read the data from the Data Memory
WB: Write the data back to the register file

> & o
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Pipelining 1oad

Cycle 1 éCycleZ Cycle 3 éCycle4 éCycleS éCycleﬁ éCycle7

cock L LT L L L LT L 1

1st lwI Ifetch IReg/DecI Exec I Mem I Wr I

2nd lwI Ifetch IReg/DecI Exec I Mem I Wr I

3rd lwI Ifetch IRegﬂ)ecI Exec I Mem I Wr I

¢ 5 functional units in 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 load

¢ IR=mem|[PC]; PC=PC +4
|

Iw

|
[ Instruction fetch

ID Stage of load

¢ A =Reg[IR[25-21]]; B = Reg[IR[20-16]];
ALUout = PC + (sign-ext(IR[15-0]) << 2)

: = | Fig. 6.12

IR, PC+4 .
0 .
o Flg. 6.1 2 v [ Instruction decode
u
i :
I—' 1
'F/l' ID/EX EXIMEM MEMWE IF/ID IDEX EX/MEM MEM/MWB
Le{Pc Address eder 1 Read s Read
Read data 1 [ Ll pc Address £ register 1 Road| |
Instruction regster 2 — £ e data 1 L.
| Registers Read Instruct £ register 2
" g e Iy T e P | -
wie Data " register 5 M
ata
e memory Ox - g\;:w;e memory X
0
16
#‘_,’ L 16 Sign 32 ||
extend
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.
¢ AlLUout = A + sign-ext(IR[15-0]) ¢ MDR = mem[ALUout]
L lw L Iw
0 0
M ‘ Execution L M Memory L
x H 6 3 X
U Fig. 6.1 -
IF/ID ID/EX EX/MEM MEM/WB IF/ID ID/EX EX/MEM MEM/WB
’w Add
4 —] Add Add 4 — Add | ogyit
@-‘
left 2
s Read s Read
L PC! Address £ register Read Lfpc! Address 2 register Read
H Read data 1| L. 2 Read data 1 [
Instruction = register 2 Instruction £ register 2 [~
R e R te
memory Il wite 0 et (0 Address —(7 memory wrig "9 ead sl Address Readl | L
register M 5 M register Data data M
u
| write X m;ﬂ‘iw M __ | write marnghy M
data 1 . data o
Writ
data’
16 Sign 32 | | 16 sign 32 ||
extend extend
.
Fig. 6.14
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WB Stage of load

+ Reg[IR[20-16]] = MDR

lw
. Write back
Who will
supply fhiS EXIMEM MEMWE

address?

Fig. 6.14 L] L]
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The Four Stages of R-type

Cycle 1 éCycle 2 Cycle 3 éCycle 4

S A N A I O I N
R-typel Ifetch IReg/I)ecI Exec I Wr I

¢ IF: fetch the instruction from the Instruction Memory
¢ ID: registers fetch and instruction decode

¢ EX: ALU operates on the two register operands

¢+ WB: write ALU output back to the register file

=3 S 2 U
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Pipelining R-type and load

Cycle 1 éCycleZ Cycle 3 éCycle4 éCycleS éCycle6 éCycle7 éCycleS éCycle9

ok L L L L L L L LT

R-type |_Ifetch ||Reg/Dec | Exec | Wr | i  Ops! We have a problem

R-type I Ifetch IReg/DecI Exec I Wr I

Load | Ifetch IIgg/Decl Exec | Mem

R-type |_Ifetch | Reg/Dec | Exec Wr

R-typel Ifetch IReg/DecI Exec I Wr I
¢ We have a structural hazard:

Two instructions try to write to the register file at the
same time!

Only one write port

’;‘E&\ I@ fl., 5’% i‘ 71:- 'l%% Pipelining-22 Computer Architecture
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Important Observation

¢ Each functional unit can only be used once per
instruction

¢ Each functional unit must be used at the same stage
for all instructions:

Load uses Register File’s write port during its 5th stage
1 2 3 4 5

Load I Ifetch IReg/DecI Exec I Mem I Wr I

R-type uses Register File’s write port during its 4th stage
1 2 3 4

R-typel Ifetch IReg/l)ecI Exec I Wr I

Several ways to solve: forwarding, adding pipeline
bubble, making instructions same length

T = - [
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Solution: Delay R-type's Write

¢+ Delay R-type’s register write by one cycle:
R-type also use Reg File’s write port at Stage 5
MEM is a NOP stage: nothing is being done.

1 2 3 4 5

R-typel Ifetch IReg/I)ecI Exec I Mem | Wr I

Cycle 1 éCycleZ Cycle 3 éCycle4 éCycleS éCycle6 éCycle7 éCycleS éCycle9

o LI LML ML L L L Ll
R-type |_Ifetch || Reg/Dec | Exec | Mem | wr | i ; :

R-type I Ifetch IReg/DecI Exec I Mem I Wr I

Load I Ifetch IIgg/Decl Exec I Mem I Wr I

! Cycle1iCycle2 | Cycle3iCycle4 i

SN N I SN B N I B

Storel Ifetch IMDecI Exec I Mem

Add an exira stage:

The Four Stages of store

¢ IF: fetch the instruction from the Instruction Memory
¢ ID: registers fetch and instruction decode

¢ EX: calculate the memory address

¢ MEM: write the data into the Data Memory

R-’rype also R-typel Ifetch Ilgg/Decl Exec I Mem I Wr I ¢ WB: NOP
hGS 5 Snges R-typel Ifetch IReg/DecI Exec I Mem I Wr
4‘3’"\ I@ L;)_, 5’%‘ i‘ 7’: ‘%ﬂ’ Pipelining-24 Computer Architecture %'a ]@ L;)_, 3%‘ i‘ 7’: ‘%ﬂ’ Pipelining-25 Computer Architecture
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The Three Stages of beq Pipelined Datapath
Cycle 1 éCycle 2 Cycle 3 Cycle 4 0
M
[N (N By N B N r Fig. 6.17

Beql Ifetch Ilgg/Decl Exec || Mem I Wr I

¢ IF: fetch the instruction from the Instruction Memory
¢ ID: registers fetch and instruction decode
¢ EX:

compares the two register operand

select correct branch target address

latch into PC

Add two exira stages:

¢ MEM: NOP
¢+ WB: NOP
'.ﬁ:‘e I@ jf_, ;1}5]_ i‘ 7’: '%"2‘1’ Pipelining-26 Computer Architecture
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l Instruction

16 32
Sign |\
extend

MEM/WB

=

AL AEERE

National Tsing Hua University

Pipelining-27

Computer Architecture
CTKing/TTHwang




Graphically Representing Pipelines

Time (in clock cycles) >
Program cci cce ccs cc4 ccs cce
execution
order — — —
(in instructions)
Iw $10, 20($1) | M Reg | | —|: DM }— | Reg
sub $11, $2, $3 M — H Reg| | DM Reg

¢ Can help with answering questions like:
How many cycles to execute this code?
What is the ALU doing during cycle 4?
Help understand datapaths

=k = > [
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Example 1: Cycle 1

Instruction fetch

Address

Fig. 6.18

Clock 1

VRLEEAY

Instruction
memory.

register 1 Read
data 1

|

Read
register 2

Registers R
wite e —|
Togister

Write
data

MEM/WB
—

Write
data

Address
Data

memof

Read

dai

ry

ta

|

]

o

I
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Example 1: Cycle 2 Example 1: Cycle 3
| sub $11, $2, $3 Iw $10, 20($1) } sub $11, $2, $3 % Iw $10, 20($1) I
I Instruction fetch Instruction decode Instruction decode Execution
b i
ut =
‘ |FLD |DJEX EX/VLEM MEM/WB
|i|_D |DE( I:)S‘IEM MTE —— . —— —
e
Read ] ader
ca ] register
—. Address register 1 Jeaal g R;d d:leaa?—
Read o @ 2o L, Instruction IR ES register 2 g

Instruction N
Registers
memory Wiite oS [Read | (0
register M
_Jwne :
data ! 1
1 2
. ° Sign g
Fig. 6.18 —
. 6.
Clack2 T, T T ]
%

A HEA | ' :

National Tsing Hua University

ALU ALY
result

Address

Data
memory

Write
data
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Fig. 6.18

Clock 3

TRLAEEARS

memory

Registers R
Write daleEan
register

Write
data

Address

Write
data

Data
memory

Read
data

mll

Il

Pipelining-31

National Tsing Hua University

Computer Architecture

CTKing/TTHwang




Example 1: Cycle 4

0 | sub$i1,$2, $3 I Iw $10, 20($1) |
\ | Execution I Memory |
X
Cu \ |
\F‘ID \DJEX EX/MEM MEM/WB
—L L b =M
Add esuit
Shift
left 2
c Read
= Address € register 1 Read
£ Read datai [ |
Instruction < register 2 =
memory ™™ ™1 Wt Registers Read G fead
register bt i Address Read ||
D
__| wiite M me:;y
data 1
Write
data
° 16 sign 32
Fig. 6.18
Clock 4 o - L
I 1 :
=R S - i, .
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Fig
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Example 1: Cycle 5

sub $11, $2, $3

| Iw$10,20($1) |

Memory

\
|
|
! ! \

I Write back l

MEM/WB
—

IF/ID ID/EX EX/MEM
™ L XME
—| Add
‘ Add rosuit
Shift
left 2
s [Read
Address 8 register 1 Read
g | |Read data 1
Instruction £ register2
™~ Registers Reag
memory . 5
register
Write
data
16 32
Sign
6.18 s —
. .
Clock 5

T + +

]
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Example 1: Cycle 6

0 sub $11, $2, $3
M Write back

E

IF/ID ID/EX EX/MEM MEM/WB
—L
- Read
L. | Address 2 reglster Rocal |
5 Read data 1
. 2 register 2
Instruction L= Registers Reagd
memory Write data 2 .
register 4
Write / :
i memory ;
Write
data
16 32
. sign (-
Flg 6 1 8 extend
. O.
Clock 6 + ]
T ! ‘

TRZAEE RS

National Tsing Hua University
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Outline

An overview of pipelining

A pipelined datapath

Pipelined control

Data hazards and forwarding

Data hazards and stalls

Branch hazards

Exceptions

Superscalar and dynamic pipelining
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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)

Pipeline Control: Control Signals

= = e e Execution/Address Calculation | Memory access stage | Write-back stage
stage control lines control lines control lines
Reg | ALU | ALU | ALU Mem | Mem Reg |Mem to
s —o Dst | Op1 | Op0 | Src |Branch| Read | Write | write Reg
| L, 1 1 0 0 0 0 0 1 0
e 0 0 0 1 0 1 0 1 1
== X 0 0 1 0 0 1 0 X
056 s on | X 0 1 0 1 0 0 0 X
] [15-11] ] K ] _—‘
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Data Stationary Control (cont.)

¢ Signals for EX (ExtOp, ALUSIc, ...) are used 1 cycle later

Data Stationary Control

¢ Pass control signals along just like the data .
. . . ¢ Signals for MEM (MemWr, Branch) are used 2 cycles later
Main control generates control signals during ID .
¢ Signals for WB (MemtoReg, MemWr) are used 3 cycles later
N\ “|lwB
> ' 1D | EX | MEM i WB
| i _ [ 1 1 1
nstruction .| o ntrol —* M ,|WB L 1 [ 1 i
= - ° Buop (& B ° °
EXE o M — WB}_ o =L
- > — .. > - ALUSrc ALUSrc - =
[ | [ ] [ | — ALUOp 5| -ALUOD % S
2 Main | poopgt =| ReeDst & é
=) Control ol =
7z MemWr 5 MemWr = MemW ;
u% Branch Z| Branch %.| Branch e,
e = @
- MemtoReg K MemtoReg = MemtoReg % | MemtoReg
— T — RegWr RegWr RegWr RegWr
IF/ID ID/EX EX/MEM Fig. 6.26 MEM/WB [ L || [ | ||
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Datapath with Control

|ueuwe

IF/ID
Add
Add
‘ Add rosult
Shift
left 2
ALUSrc
< Read
PC Address ST "|registert Read
£ Read data 1 [ |
Instruction £ register 2 Ze
— Registers Read ALU ALy
e Yoohe data 2 result Address
register
Wiite
|data
Write
data

Fig. 6.27

VR EERE

Instruction
fi5-0] ¢

memory

Read
data

sign

Instruction
[20- 16]

extend

Instruction
[15-11]

L]

=
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Let's Try it Out

lw $10,

sub $11,

and $12,

or $13,

add $14,

VR EEAE

National Tsing Hua University

20 ($1)

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

$3
$5
$7
$9

Pipelining-41
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IF: lw $10, 20($1)

Example 2: Cycle 1

‘ID:befcre<1>

‘EX: before<2> ‘MEM: before<3>

IF/ID

ID/EX EX/MEM

WB: before<4>

MEMWB

Read
Address register 1 Read
data 1
Instruction | 'EQ‘S'E'RZNM.\,A ALU
memory wiite "o o reul i
er m i
!
e ; :
; 4
Instuction _|
[15-0 sign
oxtond
isiructon
B8] ;
M
Instruction M
[15-11] K
Clock 1 T
i i i
3 = >
_— -~ - L
RHZEERG Pipelining-42
2 12, ~ ipelining-
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IF:sub $11, $2, $3

Example 2: Cycle 2

D:lw $10, 20($1)

‘EX: before<i>

‘MEM: before<2>

Address

Clock 2

TRLAEERY

EX/MEM

WB: before<3>

MEMWB

fp—! Address

memory

Write
data

5 IF/1ID
M
u
X
C\ w
Add
Add rosult
Shift
eft 2
< | Read
§ —os
] register 1 Read| 81
2 x data 1
B " register 2
Instruction = = Registers Read| $X_| -~
Write data 2
register M
u
Write x
[ data !
Instruction
20 | [15-0]
Instruction
10 | [20-16] {0
M
u
Instruction
X_|1i5-11] X g
]

National Tsing Hua University
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IF: and $12, $4, $5

Example 2: Cycle 3

‘ID:sub $11,$2, $3

‘EX:IW $10, ...

‘MEM: before<i>

Address

Clock 3

AL AEERE

Instruction
15-0]

B3

Instruction
[20-16]

Instruction
15-11]

EX/MEM

IF/ID
sub
£ )2 [Read ]
5 $—
£ register 1 Read| 52 .
=8 Read datat [ |
Instruction £ register 2
— 3
memory. | Write Registers Read| $: | |
register
| write
data

WB: before<2>

MEMMWB

Pipelining-44
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Example 2: Cycle 4

WB: before<1>

MEM/WB

v

IF: or $13, $6, $7 ‘ID:and$12,$2,$3 ‘EX:sub$11,... ‘MEM:IW$1O,...
IF/D EX/MEM
0
Add
)
snitt
joit2
ALUSIC
sl Read
PC Address ] register 1 Read| $4_| $2
2l Rea‘ s data 1
’ B feiler
Instruction - — Registers Read| $5 $3 ALU ALy
memory. Write data s —] (0 [eSU fmfmtms |
register M
u
| wiite x
&l -
Instruction
x| [15-0]
Instruction
X [20-16]
10
Instruction
12 | [15-11]
Clock 4
Il

R J‘%@
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xample 2: Cycle xample 2: Cycle
IF: add $14, $8, $9 ‘ID:or$13,$6,$7 EX:and $12,. .. MEM: sub $11, ... WB:w $10, . . . IF: after<1> ‘ID:add$14,$8,$9 EX:or $13,... MEM: and $12, ... WB: sub $11, ...
\ i
0} IF/ID MEM/WB ? IF/ID MENIUWB
M M
X X
\ or 0 E \ add
st
3 joft 2 -
pu Read s {8 Read —
PC Address g register 1 Read| $6 Address £ register 1 Read| $8 $6
sl |Read GERl Sl e datat [
Instruction L= I s $7 Instruction 2 " register 2
memory 10 Write ag'sa'sd:;azd.—» Address memory g £E Wit Registers Reag| $9 | L4 Read
Gin ) s daa 2 paess
| e
lata
Wite wiite
daia data
Instructi
P x| B
Instruction Instruction
X | [20-16] X | [20-16]
10
Instruction Instruction
Clock 5 13 | [15-11] 13 14 | [15-11]
T Clock 6
1

TRZAEE RS

National Tsing Hua University

Pipelining-46

1

T
Computer Architecture
CTKing/TTHwang

Al %T%i

National Tsing Hua University

I
Pipelining-47

Il

T
Computer Architecture
CTKing/TTHwang




Example 2: Cycle 7

IF: after<2> ID: after<1> EX: add $14, ... MEM: or $13, ... WB:and $12, ...
I
o ol e e
s

q. L LL.

Read
register 1 Read 58

Read

ALU ALY
result

Registers Fead $9
Write datas I (]
register M
u
Write x
| data 1

Instruction
[15-0;

Instruction
[20-16]

Instruction
[15-11]

Clock 7
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Example 2: Cycle 8

EX: after<1> MEM: add $14, . .. WB: or$13, ...

IF: after<3> ‘ ID: after<2>

T
MEM/WB

T
1D/EX EXMEM

IF/ID

7 - I__ “

Read
register 1

Read
el data 1

z register 2
— Registers Read
data 2

Write
register

Write
data

Instruction
[15-0]

extend
Instruction

| | e0-ie) 5

M 14

Instruction Y

[15-11] x

Clock 8 T T _]_

1

T T l
Computer Architecture
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Example 2: Cycle 9

IF: after<4> ID: after<3> EX: after<2> MEM: after<1> WB: add $14, . . .

T
MEM/WB

EXMEM

|
1
IF/ID IDEX

Read
register 1 Read
E— data 1

cgister 2
" Registers Read
ata2 [

e o
register
Write
| data
Instruction
[15. Sig:
extend
Instruction
20- 16
[ ) o
M
Instruction u
[15-11] ‘X
Clock 9
I

= T

-~ = o = |
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Summary of Pipeline Basics

¢ Pipelining is a fundamental concept
Multiple steps using distinct resources
Utilize capabilities of datapath by pipelined instruction

processing
m Start next instrunction while working on the current one

= Limited by length of longest stage (plus fill /flush)
= Need to detect and resolve hazards
¢ What makes it easy in MIPS?
All instructions are of the same length
Just a few instruction formats
Memory operands only in loads and stores
¢ What makes pipelining hard? hazards

T = - [
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Outline

An overview of pipelining

A pipelined datapath

Pipelined control

Data hazards and forwarding

Data hazards and stalls

Branch hazards

Exceptions

Superscalar and dynamic pipelining
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Pipeline Hazards

¢ Pipeline Hazards:
Structural hazards: attempt to use the same resource in
two different ways at the same time

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

Data hazards: attempt to use item before ready
m Instruction depends on result of prior instruction still in the
pipeline
Control hazards: attempt to make decision before
condition is evaluated

= Ex.: wash football uniforms and need to see result of
previous load to get proper detergent level

= Branch instructions
¢ Can always resolve hazards by waiting
pipeline control must detect the hazard
take action (or delay action) to resolve hazards

=3 S 2 U
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Structural Hazard: Single Memory

Time
/ Load Mem [ Reg :@r ﬂ,— Reg
n
? Instr 1 Mem ] Reg :@- Mem Iii_ Reg
r. =

1 |

. Instr 2 Mem || Reg _%— Mem 7 Reg
r o E A
4 |Instr3 Ree | oo riem i
© Mem |- BaEY R
r |nStI‘ 4 em - Reg E HMem a eg

Use 2 memory: data memory and instruction memory
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Data Hazards

Time (in clock cycles)
Value of CC 1 CC2 CC 3 CC 4 CC5 CC#6 CC7 CCs8 CC9
register $2: 19 10 10 10 10/-20 -20 -20 -0 -20

Program
execution
order

(in instructions)
wooe 51,53 ] I-ﬁg-l-’
and $12, 52, $5 n' I-Eg

or $13, $6, $2 @_ .
o 514,52,52 ot

sw $15,100($2)

%
B B
5T TW@
7

-
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Types of Data Hazards

Three types: (inst. i1 followed by inst. i2)

¢ RAW (read after write):
i2 tries to read operand before il writes it
¢ WAR (write after read):
i2 tries to write operand before i1 reads it
Gets wrong operand, e.g., autoincrement addr.
Can’t happen in MIPS 5-stage pipeline because:

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

¢ WAW (write after write):
i2 tries to write operand before i1 writes it
Leaves wrong result (i1’s not i2’s); occur only in
pipelines that write in more than one stage
Can’t happen in MIPS 5-stage pipeline because:
= All instructions take 5 stages, and writes are always in

siage 5
’3“ Iﬂ 2 d%_ i‘ Pipelining-56 Computer Architecture
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Pipeline Hazards Illustrated

| F | D | Ex  |MEM | wB |

Structural | IF | ID |
Hazard

| F | | Ex MEM | wB |
Contral Hazard

Lie [0 [ex [mem| we | raw (read after write) Data Hazard

| IF ||De|*E7|MEM

I WB | WAW Data Hazard

| IF | ID |EX | MEM | WB f] (write after write)
| IF | 1D / I EX IMem |
Lir |io |ex [mem| we”| WAR Data Hazard
m\-\ ]ﬂ EZA v% i‘ Pipelining-57 (WrégiyJauge,’ACCﬁfeacgze
SCLUBLURL CTKing/TTHwang

Handling Data Hazards

¢+ Use simple, 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 a lot to do with ISA design

¢ Internal forwarding in register file:
Write in first half of clock and read in second half
Read delivers what is written, resolve hazard between
sub and add

¢ Detect and resolve remaining ones
Compiler inserts NOP
Stall
Forward

mﬁ Iﬂ IZ5 4%— i‘ Pipelining-58 Computer Architecture
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Software Solution

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

sub $2, 81, $3
and $12, $2, $5
or $13, $6, $2
add $14, $2, $2
sw  $15, 100($2)

¢ Problem: this really slows us down!

m. ]ﬂ B2 «% i‘ Pipelining-59 Computer Architecture
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Data Hazards

Time (in clock cycles)

Value of CC1 cCc2 cC3 CcC 4 CC5 CC#6 cc7 ccs cco
register $2: 10 10 10 10 10/ -20 -20 -20 -20 -20
Program
execution

order
(in instructions)

and $12, $2, $5

or $13, $6, $2

add $14, $2, 2

. sw $15,100($2) III[I—
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Detecting Data Hazards

¢ Hazard conditions:
Ta. 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
¢+ Two optimizations:
Don't forward if instruction does not write register
=> check if RegWrite is asserted
Don’t forward if destination register is $O
=> check if RegisterRd = 0

=3 S 2 U
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Detecting Data Hazards (cont.)

¢ 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)
TN = - [
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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)

CC 1 CC2 cc3 CC 4 CC5 CCé6 cc7 cC 8 CCo
Value of register $2 : 10 10 10 10 10/-20 -20 -20 -20 -20
Value of EXIMEM : X X X -20 X X X X X
Value of MEM/WB : X X X X -20 X X X X
Program
execution order
(in instructions) ]
sub $2, $1, $3 IM Reg DM Reg .
Fig. 6.29
and $12, 2, $5 IM Reg D

ar 15,80, I .
s $16, 52,52 [ (7 ’ Iml oo
ow 15, 100052 [ [ .’ I I e
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Forwarding Logic

¢ Forwarding: input to ALU from any pipe reg.
Add multiplexors to ALU input [=]
Control forwarding in EX => carry Rs in ID/EX
¢ Control signals for forwarding:

Pipeline with Forwarding

A

g
vl
X

a

=13

Fig. 6.32

V

| T

w
L

|_NiEM/WB
WBF—

IF/ID
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: g ;
= if (EX/MEM.RegWrite and (EX/MEM.RegRd+#0) Instruction 2 Registers AL Data | |
and (EX/MEM.RegRd=ID/EX.RegRs)) PO Tmemory [ [ memory m
ForwardA=10 i §
MEM hazard: . ] ForwardjA _f
m if (MEM/WB.RegWrite and (MEM/WB.RegRd#0) ‘F,ID:Rezim,m .
and (EX/MEM. RegRd # ID /EX. Reg.Rs) IF/ID.RegisterRt Rt
and (MEM/WB.RegRd=ID/EX.RegRs)) 10 Poomrrd na m rwards EXEN Fogsirhy
ForwardA=01 L L CJ o — ——‘
orwarding 17— | MEMWB.RegisterRd
(ID/EX.RegRi<->ID/EX.RegRs, ForwardB<-> ForwardA) ot S
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Example 3: Cycle 3 Example 3: Cycle 4
or $4, $4, $2 and $4, $2, $5 sub $2, $1, $3 before<1> before<2> add $9, $4, $2 or $4, $4, $2 and $4, $2, $5 sub $2, ... before<1>
ID/EX ID/EX
Control ire MEM/WB Control rﬂ I_' wal MEM/WB
IF/ID U I—‘j I_‘_ IFID U |—>—<1 |—>T L—‘r
L — — — L | — —
2 52 $1 4 $4 52
5 ~{4 5 — i
Instruction g R T Data — Instruction g Reo il B Data
PC memory | | [ " % memory [ ] memory = [ . . memory ]
L |— - L |~ ”
2 R 2 ——
5 3 6 5
= B - B
1 :J ;__] __—I I 1 \XJ \ F ‘ :\‘ i ]W‘;_—I __—I
Clock 3 Clock 4
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Example 3: Cycle 5

and $4, . .. sub $2, ...

or $4, $4, $2

after<1> add $9, $4, $2

Contro IiEM/WB
.
wel—

IF/ID
—

Registers
Instruction 2
PC < -
memory

| Instruction

Data
memory

xcZ

Clock 5
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Example 3: Cycle 6

after<2> after<1> add $9, $4, $2 or$4,... and $4, . ..
ID/EX
el
_| EX/MEM
R,
R . 10
\ L o |_M‘EM/WB
— -
IF/ID :1 M Wb’"—'
— - I I
$4
c M
§ lu
g I
g Registers
2 4 b
\n;‘;;ﬂz\ = o ALY meiv[jry 7 M
M X
= u
AN _|"
i -
12
m 4 4
9 u
X
1 L]
1 init I
Clock 6
T A = |
= @] EZA Vg_ 2‘ A ‘%’ Pipelining-69 Computer Architecture
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Can't Always Forward

¢ lw can still cause a hazard:
if is followed by an instruction to read the loaded reg.

(in instructions)

Iw $2, 20($1) m I'm.l-’ . Reg

and $4, 2, $5 ’ D% @ Fig. 6.34
Hie &

orss. 52,56 (W]

i‘.'g
%E

add $9, $4, $2
Use stalling or

slt$1, $6,$7 compiler to
resolve
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Stalling

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

Time {in giock eycles)
cc1  ©C2 ©C3  CC4 C©CE  CCE  CCT  GCCB  CGB  CG1o

Fig. 6.35

or §8, 52, 36
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Handling Stalls

¢ Hazard detection unit in ID to insert stall between a

load instruction and its use:
if (ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or
(ID/EX.RegisterRt = IF/ID.registerRt))
stall the pipeline for one cycle
(ID/EX.MemRead=1 indicates a load instruction)

¢ How to stall?
Stall instruction in IF and ID: not change PC and IF/ID
=> the stages re-execute the instructions
What to move into EX: insert an NOP by changing EX,
MEM, WB control fields of ID/EX pipeline register to 0

= as control signals propagate, all control signals to EX,
MEM, WB are deasserted and no registers or memories
are written

= I—Z—(] j’» 5)%_ ﬁ‘ A '%ﬂ) Computer Architecture
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Pipeline with Stalling Unit

¢ Forwarding controls ALU inputs, hazard detection

PC. Ins|
m

truction | |

emory

Wl AP B

controls PC, IF/ID, co

Hazard
detectior

emRead

ntrol signals

| Instruction

Registers

IF/ID.RegisterRs

IF/ID.RegisterRt

IF/ID.RegisterRt

EX/MEM

Fig. 6.36

IF/ID.RegisterRd

L

IiEM/WB

Data

memory M

EX/MEM .RegisterRd

ID/EX.RegisterRt

T1]rd
|

Rs|

MEM/WB Regi

Rt
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Example 4: Cycle 2 Example 4: Cycle 3
| | | |
and $4, $2, $5 w $2, 20($1) before<1> before<2> before<3> or $4, $4, $2 and $4, $2, $5 Iw $2, 20($1) before<1> before<2>
Ha d
;(:, ‘ \E/;E)( H ;
£ i EX/MEM EX/MEM
=) M [ —
l MEN/WB i —l_ 'l MEM/WB
/D EX IF/ID EX M
=l = || - — . -
1 $1 2 s2 $1
’) < M s 'ﬂ'
. s s X g X
% Registers M ot s 2 Registers 1 Dat
i — —| p———r| Instruction = ata L
F® '"i'é”&i'?y" M X memory M e memory [ [ 5 X memory M
M :(‘ M X
:I u '— _r u _,—‘
- x | | X
1 2 1
X 5 X
2 1 /ﬂ n 1 m
X X
ID/EX.RegisterRt | \J :J ‘_—I ID/EX.RegisterRt | \.J :__] __—I
Clock 2 Clock 3
T N — - | T — |
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Example 4: Cycle 4

Example 4: Cycle 5

bubble

w $2, ...

or $4,$4,$2 | and $4, $2, $5 bubble w$2, ... before<1> add $9, $4, $2 or $4, $4, $2 and $4, $2, $5
el ‘=
Exew EXpEw
el 2 wal2
NEN * T E
11
v A D M WB—
IR/ID l f e - L
g 4 $4 $2
< M g < M
S —|u o -3 | u
(g X E -
) E Registers Dat ) 2 Registers Data
PC |n;|2:rr‘:§?yn = . 55 m;“:ry e y |:,_:|_ |n:‘t:“c‘|;'c;n > — 52 s5 memory ,\:
M X M X
: I : I
X X
2 2 I 4 2 B
5 5 2 1>
m 2 m 2
4 4 u 4 4] u
(] LI i g LIT ]
ID/EX.RegisterRt I 1 r(,»\-,;{"j‘,,g,\'— ID/EX.RegisterRt 7
\ t | \
it ] ,
Clock 4 Clock 5
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Example 4: Cycle 6 Example 4: Cycle 7
after<1> add $9, $4, $2 or $4, $4, $2 and $4, . .. bubble after<2> ‘ after<1> add $9, $4, $2 or$4,. .. and $4, . ..
|
i ~ ofex
10 R 10
10 10
WB| M p— WB
= [ I = 1ot
IF/ID M wel® \F/ID EX M wel—
L L - —— — L -
$4 $4 $4
B M B M
=] u =3 u
g N H g
3 % Regi ]
bl tnstruction || E Rl e pata | | | mstucion | | [ 2] 4 Sdisters Data
memory $2 2 memory M mermory 52 memory u
M : M X
P u u
Inf T |
4 4 N 4 |
2 2 2
9 4] m : o m 4 4
u u
X X
ID/EX.RegisterRt | \J %’HJH»;\'[W(N‘:_—] __—I I ID/EX RegisterRt T I J %’;O,M,d ‘;(N‘ZJ __—|
1 unit | | unit |
%
Clock 6 Clock 7
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Outline

An overview of pipelining

A pipelined datapath

Pipelined control

Data hazards and forwarding

Data hazards and stalls

Branch hazards

Exceptions

Superscalar and dynamic pipelining
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Pipeline Datapath with Control Signals

IF/ID ID/EX EX/IMEM MEM/WB

a

ister 1 Read
a

i

i

d
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I Instruction
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reg

Wri
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Instruction
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Branch Hazards

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

(in instructions)

40 beq $1, $3, 7 m I-@.I-’ ﬂDM _IJ @
— m T Fig. 6.37

44 and $12, $2, $5 m I- %—

48 or $13, $6, $2 0 Re %— J—@

52 add $14, $2, $2 J:B— ﬂrl @

B g .’ ﬂrl =

=]

=N = o )
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Handling Branch Hazard

¢ Predict branch always not taken
Need to add hardware for flushing inst. if wrong
Branch decision made at MEM => need to flush
instruction in IF, ID, EX by changing control values to 0
¢ 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 ID

Branch decision made at EX => one instruction to flush

Add a control signal, IF.Flush, to zero instruction field of
IF/ID => making the instruction an NOP[=]

¢ Dynamic branch prediction
¢ Compiler rescheduling, delay branch
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Pipeline with Flushing

(" Hazard

ID/EX

Fig. 6.41
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Example 5: Cycle 3

and $12, $2, $5 beq $1,$3,7 sub $10, $4, $8 before<1s> before<2>

et ‘ e
LU B 0 i

Shift
left 2

7
6A
@

Registers

Fig. 6.38 I Tﬂ

Clock 3 T ‘

R EEAE
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lw $4,50($7)

Example 5: Cycle 4

bubble (nop)

beq $1,$3,7

sub $10, ...

memory

before<1>

Fig. 6.38

Clock 4
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Delayed Branch

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

/ Time (clock cycles)

n :

S Mem [} Reg Mem Ir— Reg

¢+ |add :

r. beq Mem % Mem Ir Reg

(@]

(; misc Mem -E Reg :FI%- Mem ?'- Reg

e

r IW M Reg -[Mem Reg

0 clock cycle penalty per branch insfruction if can find
instruction to put in slot (=50% of time)
ELAEERE
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Outline

¢+ An overview of pipelining
¢ A pipelined datapath
¢ Pipelined control
¢ Data hazards and forwarding
¢ Data hazards and stalls
¢ Branch hazards
¢ Exceptions
¢ Superscalar and dynamic pipelining
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What about Exceptions?

¢ 5 instructions executing in 5 stage pipeline
How to stop the pipeline? restart?
Who caused the interrupt?
Who to serve first, if multiple interrupts at the
same time?
¢ Need to know in which stage an exception
can occur => help determine cause

Stage Problem interrupts occurring
IF Page fault; misaligned memory access;
memory-protection violation
ID Undefined or illegal opcode
EX Arithmetic exception
MEM Page fault; misaligned memory access;
memory error, mem-protection violation;
a& ]ﬂ %—é %ﬂ) Pipelining-89 Computer Architecture
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Handling Exceptions

¢ Suppose overflow occur at add $1, $2, 51

Disable writes of instructions till trap hits WB, e.g., flush
following instructions using IF.Flush, ID.Flush, EX.Flush to
cause multiplexers to zero control signals

(overflow exception detected at EX => flush offending
instruction)

Force trap instruction into IF, e.g., fetch from 4000
0040hex by adding 4000 0040hex to PC input MUX
Save address of offending instruction in EPC

¢ Multiple interrupts: use priority hardware to choose
the earliest instruction to interrupt

¢ External interrupts: flexible in when to interrupt

aal-F %2
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Pipeline with Exception
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Outline

¢+ An overview of pipelining
¢ A pipelined datapath
¢ Pipelined control
¢ Data hazards and forwarding
¢ Data hazards and stalls
¢ Branch hazards
¢ Exceptions
¢ Superscalar and dynamic pipelining
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Different Pipelined Designs

OPipelining Leloleedplwl Limitation
Lelpled m
wlple # Issue rate, FU stalls, FU depth
OSuper-pipeline el p e wlw

- Issue one instruction per
(fast) cycle

- ALU takes multiple cycles Clock skew, FU stalls, FU depth

OSuper-scalar
- Issue multiple scalar
instructions per cycle

Hazard resolution

OVLIW (EPIC)
- Each instruction specifies GellpTe Ll Packing
multiple scalar operations lese | vyl
- Compiler determines parallelism LEx W

OVector operations Applicability
- Each instruction specifies
series of identical operations
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Alternative Simple Superscalar

¢+ Independent INT and FP issue to separate pipelines

I-Cache
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Multiple Pipes (Harder Superscalar)

¢ lIssues:
Register Register file ports
File

Detecting data
dependencies
Bypassing

" RAW Hazard
WAR Hazard

I:T:i o Multiple load/store

ops?
Branches
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Simple MIPS Superscalar

Instruction

memory | | Write
data

A
{extend kfjr\‘“ 1

xtend

J 5 J

_ _ ]

Registers

Data || f
memory

Address

=X = [
’E I@ 2, 3’%‘ i‘ 7’: ‘%ﬂ’ Pipelining-96 Computer Architecture
CTKing/TTHwang

National Tsing Hua University

Dynamic Scheduling

¢ The hardware performs the scheduling?

hardware ftries to find instructions to execute

out of order execution is possible

speculative execution and dynamic branch prediction
¢ 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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Three Primary Units

Instruction fetch In-order issue
and decode unit
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Reservation Reservation Reservation Reservation
station station station station

Functional Floating Load/ .
units e G point Store Out-of-order execute
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In-order commit
Commit
unit Fig. 6. 49
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Summary

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

¢+ Forwarding/stalls handled by local control
¢+ Exceptions stop the pipeline

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

¢+ More performance from deeper pipelines, parallelism
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