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Pipeline Hazards

* Forecast
— Program Dependences

— Data Hazards
e Stalls
* Forwarding

— Control Hazards
— Exceptions



Sequential Execution Model

 MIPS ISA requires the appearance of
sequential execution

— Precise exceptions
— True of most general purpose ISAs



Program Dependences

A true dependence between
two instructions may only
Involve one subcomputation
of each instruction.

il: xxxx

12: XXXX

13: XXXX

The implied sequential precedences are
an overspecification. It is sufficient but not
necessary to ensure program correctness.



Program Data Dependences

* True dependence (RAW) _

— j cannot execute until |
produces its result

* Anti-dependence (WAR) _

— j cannot write its result until i
has read its sources

 Output dependence (WAW) _

— j cannot write its result until |
has written its result



Control Dependences

e Conditional branches

— Branch must execute to determine which
instruction to fetch next

— Instructions following a conditional branch are
control dependent on the branch instruction



Example (quicksort/MIPS)

# for (; (j <high) && (array[j] < array[low]) ; ++ );
# $10 = j
# $9 = high
# $6 = array
# $8 = low
bge ore, $10, %
mul $15—F10, A4
addu $24,_$6, ~$15
lw $247\ER$24 \
mul $13, $8, 4
addu $14.\ $6, ®13
lw $1 0(%14
bge done, $25, $15

cont: \
<::1ddu
done:

<Zaddu__

S0, $10, T

$11, $11, -1




Pipeline Hazards

* Pipeline hazards
— Potential violations of program dependences
— Must ensure program dependences are not violated
* Hazard resolution
— Static: compiler/programmer guarantees correctness
— Dynamic: hardware performs checks at runtime
* Pipeline interlock

— Hardware mechanism for dynamic hazard resolution
— Must detect and enforce dependences at runtime



Pipeline Hazards

* Necessary conditions:

— WAR: write stage earlier than read stage
* Is this possible in IF-RD-EX-MEM-WB ?
— WAW: write stage earlier than write stage
* |Is this possible in IF-RD-EX-MEM-WB ?
— RAW: read stage earlier than write stage
* Is this possible in IF-RD-EX-MEM-WB?
* |f conditions not met, no need to resolve
* Check for both register and memory



Pipeline Hazard Analysis

* Memory hazards
— RAW: YesfNo:

— RAW:No?
— WAR: YesfNo:
— WAW: Yes{No}




RAW Hazard

e Earlier instruction produces a value used by a
later instruction:

— add $1, §2,S3
— sub $4:$5\,$1

CVClEZl 2 |3 |4 |5 |6 |7 |8 |9 |10|111 12|13

Instr:

add FDX‘?/\/
sub F DX [M|W




RAW Hazard - Stall

* Detect dependence and stall:
—add $1, $2, S3
— sub $4, $5, $1

Cycle: |1 |2(314|5|6|7 8|9
Instr:

o

= =

N -

CONN

add |F [D|X|MWL_|

sub FIDIX|M




Control Dependence

e One instruction affects which executes next

— sw $4, 0($5)

— bne $2, $3, loop

— sub $6, $7, $8

Cycle:|1 (2345|678 ]9(1|1 1|1
Instr: 01123
SW F|DI X MW

bne FID M| W

sub F‘/b XMW




Control Dependence - Stall

* Detect dependence and stall

— sw $4, 0($5)

— bne $2, S3, loop

— sub S6, S7, S8
Cycle:|1(2(3/4|5|6|/7(8/9(1|1|1
Instr: 0112

CONN

SW FIDIX|MW
bne FID

X
A
<
O =

sub =




Pipelined Control

* Controlled by different instructions

* Decode instructions and pass the signals down
the pipe

* Control sequencing is embedded in the
pipeline
— No explicit FSM
— Instead, distributed FSM



Instruction

_>C

IF/1D

Pipelined Control

ontrol

WB

EX

ID/EX

WB

EX/IMEM

WB

MEM/WB



RAW Hazards

* Must first detect RAW hazards
— Pipeline analysis proves that WAR/WAW don’t occur

ID/EX.WriteRegister = IF/ID.ReadReqgisterl
ID/EX.WriteRegister = IF/ID.ReadRegister2
EX/MEM.WriteRegister = IF/ID.ReadRegisterl
EX/MEM.WriteRegister = IF/ID.ReadRegister2
MEM/WB.WriteReqister = IF/ID.ReadRegisterl
MEM/WB.WriteRegister = IF/ID.ReadRegister2



RAW Hazards

* Not all hazards because
— WriteRegister not used (e.g. sw)
— ReadRegister not used (e.g. addi, jump)
— Do something only if necessary



RAW Hazards

e Hazard Detection Unit

— Several 5-bit comparators

* Response? Stall pipeline
— Instructions in IF and ID stay
— |IF/ID pipeline latch not updated
— Send ‘nop’ down pipeline (called a bubble)
— PCWrite, IF/IDWrite, and nop mux



RAW Hazard Forwarding

* A better response — forwarding
— Also called bypassing

 Comparators ensure register is read after it is
written
* |nstead of stalling until write occurs

— Use mux to select forwarded value rather than
register value

— Control mux with hazard detection logic



Forwarding Paths

. . WISCONSIN
(ALU instructions) 7%
|
v
IF I
v
ID I
VA |
RD_ | itl: =Rl | i+2: =—RI| i+3: <—RlI
T ikl
c|b ALU LRl =— 1:<_ RI|it2: <—RI
|
|
| ALU MEM PRl - | itl: <—
FORWARDING
| v
PATHS ' L L
: WB 1: R —=
L m =2 > (i —i+1) (i —it+2) (i —>i+3)
Forwarding Forwarding i writes R1
via Path a via Path b before i+3
reads R1
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Write before Read RF

* Register file design
— 2-phase clocks common
— Write RF on first phase
— Read RF on second phase

* Hence, same cycle:
— Write S1
— Read $1
* No bypass needed
— If read before write or DFF-based, need bypass



File

N2 N
\|
ALU |
@
II
|‘I

© 2005 Mikko Lipasti 24



'

Forwarding Paths

)

)

(Load instructions)

MMMMMMM

RD

I 1+1;: <«— RI1

i+1: *— RI1

1+2: —— R1

@ rATH(s)

e |d ALU |
LOAD 1:Rl1 <« MEM[]
FORWARDING

1+1: «a— RI1

MEM

i:R1 <— MEM([]

WB I

(i i+1)

Stall i+1

(i—>itl)
Forwarding

via Path d

© 2005 Mikko Lipasti

i:R1 <— MEM][]

(i »>i+2)

i writes R1
before i+2
reads R1

25



Implementation of Load Forwarding

Reqister
Igile

Load ——

? Stall [ J I

IF,ID,RD




Pipeline with Forwarding  uue

MADISON

( Hazard ) ID/EX.MemRead
4_,' detection
—s unit
2
= ID/EX
T /\ wB EX/MEM
. Control M WB BEM/WB
|\ L o et
o
N
M
u
S X
'§ Registers N - M
pPC Instruction N = M
memory u Data | X
memo
X ry
_/
IF/ID.RegisterRs
IF/ID.RegisterRt
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd Rd,| &
— ID/EX.RegisterRt — J - -
Forwardingj
unit

FIGURE 4.60 Pipelined control overview, showing the two multiplexors for forwarding, the hazard detection unit, and
the forwarding unit. Although the ID and EX stages have been simplified—the sign-extended immediate and branch logic are missing—

this drawing gives the essence of the forwarding hardware requirements.
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Control Flow Hazards

* Control flow instructions
— branches, jumps, jals, returns
— Can’t fetch until branch outcome known
— Too late for next IF



Control Flow Hazards

e What to do?

— Always stall
— Easy to implement
— Performs poorly

— 1/6% instructions are branches
e each branch takes 3 cycles

—CPI=1+3x1/6=1.5 (lower bound)



Control Flow Hazards

Predict branch not taken

Send sequential instructions down pipeline

Kill instructions later if incorrect

Must stop memory accesses and RF writes

Late flush of instructions on mis
— Complex
— Global signal (wire delay)

orediction



Control Flow Hazards

* Even better but more complex
— Predict taken
— Predict both (eager execution)

— Predict one or the other dynamically
* Adapt to program branch patterns

* Lots of chip real estate these days
— Core i7, ARM A15

e Current research topic
— More later, covered in detail in ECE752



Control Flow Hazards

* Another option: delayed branches
— Always execute following instruction
— “delay slot” (later example on MIPS pipeline)
— Put useful instruction there, otherwise ‘nop’

e A mistake to cement this into ISA

— Just a stopgap (one cycle, one instruction)
— Superscalar processors (later)

* Delay slot just gets in the way



Pipelined Datapath and Control path

IF.Flush

w

Hazard

—— detection |

unit /

/\V

Oﬂjl

4

Instruction

memory

xc= -

left 2

5

Registers

vy

Q

Data
memory

X/MEM

N

WB
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FIGURE 4.65 The final datapath and control for this chapter. Note that this is a stylized figure rather than a detailed datapath, so
it's missing the ALUsrc Mux from Figure 4.57 and the multiplexor controls from Figure 4.51.
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Pipeline Walkthrough Examples

 Example complex sequence
* Detailed walkthrough

— No dependences
— Load dependence
— Branch instruction

34



Pipeline Walkthrough with contr

e Use walkthrough worksheets
— Use code segment shown
— Fill in controls
— Interesting stages

* Controls generated in Decode stage

* Controls consumed in subsequent
stages

— NOTE: THERE ARE INTENTIONALLY
NO DATA DEPENDENCES OR
BRANCH INSTRUCTIONS IN SNIPPET

Sankaralingam CS/ECE 552
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lw $10, 20($1)
sub $11, $2, $3
and $12, $4, $5
or %$13, $6, $7
add $14, $8, $9

(35)
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IF: Iw $10, 20(%$1) ID: before<1> EX: before<2> MEM: before<3> WB:
0 IF/ID ID/IEX EX/MEM MEM/MWB
M
!
Add \
4= >Add reégl(tj
@/
left 2
c Read
—{ PCI Address 3 register 1 Read \
% Read data 1
Instruction = register 2
memory Write et dstzaZd 0 >ALU re'éllilttJ »| Address Fé‘;"t"d — 1
reqster l\él / Data a v
] \é\;rtlét‘e [ 1x memory X
{ e :
W $10, 20($1) /\
Instruction
SUb $11, $2, $3 [15-0] . Sign
extend
and $12’ $4’ $5 Instruction U
or $13, $6, $7 20 9 q
M
add $14, $8, $9 I[ggmioltion ﬁ
Clock 1 -‘— [\ - __“
Sankaralingam CS/ECE 552 (36)

before<4>




IF: sub $11, $2, $3 ID: lw $10, 20($1) ‘EX: before<1> MEM: before<2> WB: before<3>

IF/ID IB/IEX EX/IMEM MEM/WB

11
/\T WB
Iw 010 R
Control M

Add > > > \
Add
4 / >Add result
Shift
left 2

1 > Read
PC Address ' register 1 Read| $1
X .| Read , data 1
. register
Instruction . Registers Read| $X ALU ALy

memory Write data 2 result »| Address Read

0
i data
register '\J' / Data
Write X memory
1 data 1

lW $1O’ 20($1) Instruction m
sub $11, $2, $3 20 | 115-0] | sign |20,

data
extend
and $12’ $4’ $5 Instruction U
or $13’ $6, $7 10 | [20-16] 10 .
add $14, $8, $9 X Egt_rulcltion «

Clock 2 ==

_/ _x==°
|
o
o
o
=
-
| =

Instruction

N

OXCzH

—

=9
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IF: and $12, $4, $5 ID: sub $11, $2, $3 ‘EX: lw $10, . .. MEM: before<1> WB: before<2>

IF/ID ID/EX EX/MEM MEM/WB
10 11
WB L
sub /\ EOO o010
Control M wB
/ o L L
1100 EX 00 M
1
Add \
Add
/ >Add result
Shift
left 2
ALUSrc
$1

1924
P xcz O
|
|
|

5 2 Read
PC Address § register 1 Read| $2
,‘5 3 Read data 1
Instruction £ register 2
men T ~ Registers Read| $3 % ALU AlU rend
Write data 2 result Address ead| | L1
register M . v 3
u ata v
Write X memory
| data J OX

IW $1O’ 20($1) Instruction /\
sub $1l, $2, $3 X_| [15-0] Sign X 20

extend
and $12, $4, $5 Instruction U
or $13, $6, $7 —== -
add $14, $8, $9 11 I[ggt_ml(gf]ion 11

Clock 3 T L

Sankaralingam CS/ECE 552 (38)
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IF: or $13, $6, $7

| 94
r—-ngo

Add
4 — /

Address

_H

Instruction
memory

lw $10, 20($1)
sub $11, $2, $3
and $12, $4, $5
or $13, $6, $7
add $14, $8, $9
Clock 4

Sankaralingam

ID: and $12, $2, $3 ‘ EX:sub $11, . .. MEM: Iw $10, . .. WB: before<1>
IF/ID ID/EX EX/MEM MEM/WB
10 10
WB L
and [\ \ 000 000 R
Control M WB|
/ 11 | L L_
1100 EX éo M 1 WB
L || - o
Add result
Shift
left 2
ALUSrc
< 14 Read
% register 1 Read| $4 $2
>S5
= 5 Read data 1
= register 2 ¢ 43
~ Registers Read| $5 “~ ALU ALU|
Write data 2 v result > Address Readl| { |
register M / data "
u Data u
| Write X memory X
data 1 0
Write
data
Instruction /\
X [15-0) Sign X MemRead
extend
Instruction U
X [20-16] X 5
Instruction g
12 15-11 12 11
[ ] . J
—‘7 T RegDst H BB
CS/ECE 552 (39)



IF: add $14, $8, $9 ID: or $13, $6, $7 EX:and $12, . .. MEM: sub $11, . .. WB: lw $10, . ..
.5 IF/ID ID/EX EXIMEM MEMMWB
0
'\dl 10 L
I; ok L
o o Control 900 M 000 WB 10
I I -
&/ 1100 [ L Lbs
EXps M wa| 1
>Add \‘
4 _'/ ° Add re/s_\L(le(tj
< left 2
@ ALUSTIC
c 16 Read g
| PC Address -% register 1 Read| $6 $4 @
;,g, 7 Read data 1 %
. c ister 2
'nr?:g:ﬁg:); b 10 \rzzltseelr?egisters dgtgazd $7 $5 G >ALUre’:LII|ltJ rrea Read| ___ 51
register M / Data data "
Write g A memory 3
| data 1 é(
Write
lw  $10, 20($1) to _I‘
sub $11, $2, $3 x 850 [ s |__x
extend
and $12, $4, $5 | U
Instruction
or $13, $6, $7 B :
add $14, $8, $9 Instruction = 3
13 | [15-11] 13 12
Clock 5 . Lh |
Sankaralingam CS/ECE 552 (40)




IF: after<1> ID: add $14, $8, $9 EX:or $13, ... MEM: and $12, . .. WB: sub $11,
5 IF/ID ID/EX EX/MEM MEMMWB
I
'\ijl 10 . 10
X ki |1
I: 1 add Control 1220 y 20 Wkl
k// o I—'_‘ o
1100 10 0
EXps M WB| 0
\ L - | ||
Sadd \
4 —»/ © Add reéglctj
= Shift
i left 2
= ALUSrc
c 18 Read ok
—>| PC Address B “| register 1 Read| $8 = $6 4
g 9 | Read data 1 %
Instruction = register 2 =
Regist $9 $7 ALU
memory N — Write e dthaZd 6 > re';\lljltfJ Address Read — i
register M data
0 Data l\ljl
-
. dart';e | 1X /]/ memory 8(
Write
IW $10, 20($1) data ‘
SUb $111 $21 $3 X I[Egt_r%c]tion égn\ X
and $12, $4, $5 U
Instruction
or $13, $6, $7 X | [20-16] X g_q
add $14, $8, $9 | - 12 1
Instruction
14 | 15-11] 14 13 1X J
Clock 6 - o - L

Sankaralingam
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cand $12,

IF: after<2> ID: after<1> EX: add $14, ... MEM: or $13, ... wWB
I IF/ID ID/lE_X EX/MEM MEM/WB
'\ljl WB 0
; N L-L
I-' 1 v 1000 welLe
iR | L.
EX 2 wB| 0
- | 0 | |
>Add \
Add
4 —»/ 2 gAdd result
%: Shift
T left 2
= ALUSTICc
c Read o4
| PC Address = | register 1 Read| $8 o
% Read data 1 e g
Instruction = register 2 =
R $9 ALU
memory ) 2 Write " dzI;tgaZd (o > reéb IltJ Address Read (1
register M 5 data M
: U ata M
— \é\;rtlée f memory OX
Write
lw $10, 20($1) gt
Instruction
sub $11, $2, $3 st m
and $12, $4, $5 U ' "|eonrol
7 17
or $13, $6, $7 e 0
ALUOp
add $14, $8, $9 M 13 12
Instruction u
[15—-11] 14 1X
Clock 7 - %egm L .
CS/ECE 552 (42)
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IF: after<3> ID: after<2> EX: after<1> MEM: add $14, . .. WB:
(0 IF/ID ID/IEX EX/MEM MEM/WB
!
X L.
r_’ 1 VB
M WB| 0
D \
4= / @ gAdd reégl(g
T left 2
4
c Read g
| PC Address 8 “| register 1 Read| 4
= | Read data 1 €
Instruction £ register 2 =
R
memory N 3 Write " d;gazd 0 >ALU reéb kj Address I?jead [ (1
register M Data ata M
Write >L<l memory u
| data p=>{ 1 OX
Write
lw $10, 20($1) s _l‘
sub $11, $2, $3 A
and $12, $4, $5 W
or $13, $6, $7 poote] gq
M 14 13
add $14’ $8’ $9 Instruction u
[15-11] U
Clock 8 _’, T T T
CS/ECE 552 (43)
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IF: after<4>

]

I
U

- PC Address

Instruction
memory

lw  $10, 20($1)
sub $11, $2, $3
and $12, $4, $5
or $13, $6, $7
add $14, $8, $9

Clock 9

Sankaralingam

WB: add $14, .

ID: after<3> EX: after<2> MEM: after<1>
IF/ID ID/IEX EX/IMEM MEM/WB
=1
wa| o
- — — ]
Add
o gAdd result
= Shift
ok left 2
4
< Read o4
§ register 1 Read x
= Read data 1 %
£ register 2 >
> Registers Read >ALU ALU
1 Write datgaZ 0 result Address Read rl
"| register M data
u Data M
Write X memory d
| data - (;(
Write
- data
Instruction
[15-0] Sign
extend
Instruction
[20-16]
0
Instruction u
[15—11] éJ
T CS/ECE 552 (44)




Dependence : Backward in time 0

cycles) e univessicyy
valueof CC1 cc2 cc3 cc 4 ccs cce cc7 CCWISEQIZISIN
register $2: 10 10 10 10 10/-20 -20 -20 -20 -20
Program
execution

order
(in instructions)

sub $2, $1, $3 IM Reg| | —I: DM
and $12, $2, $5 IM |— { H > —I: DM fH H—Reg

or $13, $6, IM — J:I: N —I: DM HReg

add $14, $2, IM |— J:[ S -I: DM |4 | {Reg

sw $15, 100 IM |— ~|:|: [ > DM Reg

Sankaralingam CS/ECE 552 (45)



oo

|-.-tir=
W\
\ n’J

True dependence : Forward in time

Time (in clock cycles) ———A—— — s uNMvERSHY

CC1 CC2 CC3 CC4 CC5 CC6 CC7 WIMS(;,O&IP}]
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) B [ ] [ ]

sub $2,$1,%$3 | IM Reg| | > —I: DM |— :|

and $12, $2, $5 IM < HC -‘—_DM — HReg

or $13, $6, IM JZ[ B “B- —l:DM— — Reg

add $14, $2, IM |— -EI: -l: DM [—Reg

sw $15, 100 IM — -E|: B DM Reg
v

Sankaralingam CS/ECE 552 || - -




Data Hazards and Forwarding:
Walkthrough

* Code snippet

— identify hazards s, 52,55
or $4,%4,$2
add $9, $4, $2

— identify forwarding paths

* NOTE:

— DATA DEPENDENCES ON
REG S2, REG $4

— ALSO TWO INSTRUCTIONS
WRITE TO REG $4

Sankaralingam CS/ECE 552 (47)



Walkthrough

0

or $4, $4, $2 and $4, $2, $5 sub $2, $1, $3 before<1> ‘ﬁ%ﬁﬁ
ID/EX
L
10 10
/\ I—'WB I_Iix/lYlEM
» Control L M wB MEM/WB
L |
i voLE I -
$2 $1 ™\
c . Im
3 —lu
g ~ X
. z Registers |\ Dat
m;tg::g?yn | $5 $3 e >ALU mezgry IR "
M X
U
2 1
b $2, $1, $3
erjld $4, $2, $5 : : fl\?
or $4,%4, $2 4 2 u
add $9, $4, $2 | | Q | ___‘
Clock 3
* Skip the boring stuff, jump to cycle 3
Sankaralingam CS/ECE 552 (48)



add $9, $4, $2

or $4, $4, $2

»
1 1
R

ntrol

\V,

EX/MEM
—
10

sub $2, ...

0

Instruction

Instruction

Registers

sub $2, $1, $3
and $4, $2, $5
or $4,%4,%2
add $9, $4, $2

Clock 4

GO rGED

EE

MADISON

EM/WB
—

WB

G=D

Forwarding

unit

* Forward ALUOut to Operand 1

Sankaralingam
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after<1>

memory

Instruction |,

sub $2, $1, $3
and $4, $2, $5
or $4,%4,%2
add $9, $4, $2

Clock 5

Instruction

add $9, $4, $2

ID/EX

—l
10

10

or $4, $4, $2

rWB
M

()

and $4, . .. s

EX/MEM
—l
10

Wi

R $4'—$4 ) | ] ]

2 Registers \it/_ Data

‘ el = |l 57 ¢ memary [ ,

J [
~ mj
T :/ L Forwarding |+ ___‘
* Forward ALUout to Op1, Mem to Op?2

CS/ECE 552 (50)
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after<2>

memory

Instruction |,

sub $2, $1, $3
and $4, $2, $5
or $4,%4,%2
add $9, $4, $2

Clock 6

IF/ID

Instruction

after<1>

0

add $9, $4, $2 or$4, ... THE g A
WISCONSIN
ID/EX
B
10
- l we —~ BEMLWB
EX M WB !
$4 a
M
Registers / aa
- $2 (T\_ >ALU mzmtory 1 |\l/J|
i M X
g T
9 u
T \J Forvva_rding — ___‘
 Two candidates match, forward the latest
CS/ECE 552 (51)
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Lookahead: RAW hazard with loagy

Time (clock cycles)

TTTTTTTTTTTTT

: WISCGNSIN

lw r1,0(r2)

sub r4,rl,r3

I+

—DRFE

VEM WE:

Im

Treal ),

2

[ Im

Reg|:

* Forwarding as solution to RAW hazard
— possible if no (true) dependence going backwards in time

— True for R-type instructions
* Data available after EX stage (i.e., at ALUOut)

— Not true for load instruction

Sankaralingam
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THE UNIVERSITY

Load instruction

Time (in clock cycles) WISCONSIN

Program CcC1 CC2 CC3 CC4 CC5 CC6 CC7 CcC8 CcCo
execution
order

(in instructions)

lw $2, 20($1) | IM Reg[ | > -[DM—
and $4, $2, $5 IM J:‘: N

;
— _ﬂ_r_ _
-

’_l:_‘

add $9, $4, IM |—

slt $1, $6, $7 IM H H]Reg[ | DM Reg

* Replaced “sub” with “Iw” in previous code-example

Sankaralingam CS/ECE 552 (53)



Hazards with load instruction

* True dependencies: backward in time
e Stall the pipeline

* Minor change in terminology
— If forwarding can solve it, it is not a hazard!

— “Hazard” refers only to true backward
dependencies in time.

Sankaralingam CS/ECE 552 (54)



Detection

e Conditions

— Preceding instruction must read memory
* MemRead must be asserted

— Destination of preceding instruction (rt) must
be one of operands of current instruction

* Logic equations— restate above conditions
formally

— If( ID/EX.MemRead AND
(ID/EX.RegRt = IF/ID.RegRs) OR
(ID/EX.RegRt = IF/ID.RegRt) )

STALL

Sankaralingam CS/ECE 552

w  $2, 20($1)
and $4, $2, $5
or $4,3%4,%2
add $9, $4, $2

(55)



Stalling the pipeline

* Instruction cannot proceed

— Following instruction must be stalled too.
— Otherwise state in pipeline registers is overwritten

* Preceding instructions may proceed as usual

e Solution
— inject NOP into EX/Mem pipeline
— Prevent writes to PC to IF/ID register

Sankaralingam CS/ECE 552 (56)



Walk-through (1 of 6)

0

and $4, $2, $5 lw $2, 20($1) before<1> before<2> . lE SI':IN>
¥ IDIEX
X ]
11
e & EX/MEM
3 AR
T Control ; M MEM/WB
|
IF/1D B
2 1 $1
5 5|1, ~{u \
% Registers
PC Instruction = gALU oo —
. ox memory M
, , u
D i / :
1
W $2, 20($1) X, 0
and $4, $2, $5 |
or $4, $4, $2 1 ID/EX.RegisterRt J . ___‘
add $9, $4, $2
Clock 2
e Skip to cycle 2
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or $4, $4, $2

2 >
5

and $4, $2, $5

Hazard
detection

Walk-through (2 of 6)

ID/EX.MemRead

unlt ID/EX
11
@ :

lw $2, 20($1)

I_IiX/MEM
-
WB

before<1>

O

THE UNIVERSITY

WISSRSIR

MADISON

MEM/WB
i = 1
$2 $1
5 ' “S
Instruction é Reo i Data
PC memory 1 $5 $X >ALU memoy B '\L/JI
> > : u
U
2 1
W $2, 20($1) =[x
and $4, $2, $5 — F r“ﬂ ,
or $4,%4,$2 L ID/EX.RegisterRt hen kXJ - ___‘
add $9, $4, $2 > ,
Clock 3
- All'O's => NOP (MemWr, RegWr, deasserted)
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0

Walk-through (3 of 6)

or $4, $4, $2 and $4, $2, $5 bubble w $2, ... “@E@W

MADISON

p— |
ID/IEX
5 - I

10 - 00
m EX/MEM
M
11
Control > ! M WB| I_I\/I'EI\/INVB
_— -
/1D EX M WB

IF/IDWrite

c

-

| | |
2 2 $2 $2
s >
8 sl ~|u
Instruction E RO V T_ >ALU > " —> —_—
PC memory 1 $5 $5 q memory |\L1|
— _':SJ R —|—§ X
2 R 2 .
lw  $2, 20($1) MME o
nop 4 4 ‘ ’\ljl 2 >
> X —_—
and $4’ $2’ $5 ID/EX.RegisterRt HE J | Forwarding — ___‘
or $4, $4, $2 . unit 7
add $9, $4, $2
Clock 4
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Walk-through (4 of 6)

add $9, $4, $2 | or $4, $4, $2 and $4, $2, $5 " bubble W SIN
‘2‘ — ||3_/Ex
10 10
() alE 5=
E »{ Control ,\g M WB 0 I_MVE_MANB
IFE U —{ EX > M wal L
.% 4 $4 $2 M\
=
: HiE [
% Registers U
H— revton | || - N ol e || 57 o memory [~ @
M X
g [
W $2, 20($1) — |
nor R=iniNe I
and $4, $2, $5 |_ —~ g || | |
or $4 $4 $2 ID/EX.RegisterRt Forwa_rding
) ’ unit
add $9, $4, $2
Clock 5
* Load value forwarded from MEM/WB register
(60)
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Walk-through (5 of 6)

after<1> add $9, $4, $2 or $4, $4, $2 and $4, . .. ﬂ;
WISCONSIN
;‘r: ID_/IE_X
10 10
WB EX/MEM
ol N
»| Control >L<l M wB BEM/WB
IEIE U EX v el
4 $4 $4 N\
C ™
) 2 —>| U —
g > X
| *’é Registers N
b e UL ST 0 1= T
> *( "
> U -
> X
\_/
4 4
lw  $2, 20($1) A
nop 1 @ 1
> > x h
and $4, $2, $5 ID/EX.RegisterRt | \J | Forwarding |+ _‘
or $4’ $4, $2 1 unit <
add $9, $4, $2
Clock 6

* $4 value forwarded from EX/MEM register
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Walk-through (6 of 6)

after<2> after<1> add $9, $4, $2 or$4, ... WISGONSIN. .
.\ ID/EX
e wer— EX/MEM
i
1 T
T |_MVEM/WB
IF/ID EX M we|=
$4 N
5 1 \
Instruction ) E 4 > B i B ALUF—— . Data |, N
memory $2 ~ / memory |\L/j|
> M X
U
W $2, 20($1) .
2
nop ‘m 1. \
and $4, $2, $5 9 ‘EJ
or $4,%4,%2 T ID/EX.RegisterRt ‘; Forwarding ‘:__ _‘
add $9, $4, $2 S,
Clock 7
- To values, pick most recent to forward
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RAW Hazard with Loads:
Summary

* True backward dependencies in time
— Need to stall

e Stall achieved by

— Detecting hazard (remember logic equation)

— Inserting NOP (all EX/MEM/WB controls set to 0)

— Preventing IF/ID register and PC from being overwritten
* Next Branch/Control Hazards
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When conditional branches

PC

resoived

'\ IF/ID ID/EX EX/MEM MEM/WB
>Add \
Add
4 —>/ >Add result
Shift
left 2
= Read
Address 2 register 1 Read
=)
= Read data 1
Instruction < register 2
memory — ~ Registers Read 5 > ALU ALy read
Write data 2 result »| Address eal 1
register M data M
Write )‘i Data u
| data |1 memory 0x
Write
data
Instruction
15-0 16 . 32 6 >
[ ] \ Sign \
N |extend A}
Instruction
[20-16]
0
. M
Instruction u
[15-11] X
1
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Branch Hazards

Program Time (in clock cycles) TEE N VERSITY
oot WISCONSIN
oxea cc1 cc2 cc3 ccC4 CC5 CC6 cc7 ccs CCUanison
(in instructions)
40 beq $1, $3, 7 IM Reg| | -[ DM |—
44 and $12, $2, $5 IM | FHReg| Reg
48 or $13, $6, $2 IM H HHReg| | -[ DM HHReg
52 add $14, $2, $2 IM H H{Reg| | DM{— (—Reg
=101 1=
[ \
72 Iw $4, 50($7) ¢ v FERed ] DM Reg
v
i i i
* Branch resolved in the MEM stage
* If taken,

— PC<-PC+4 + SX(Imm*4)
— 40+4+7*4=72
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Control/Branch Hazards

* Branch resolved in the MEM stage

— But next instruction has to fetched in the next
cycle

— Reduce the penalty by moving decision earlier in
pipeline

* Need additional comparator (r1=r2?) and adder
(PC+4+SX(IMM)*4)

— Reduced penalty from 3 cycles to 1 cycle
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Datapath for branch hazards

IF.Flush THE UNIVERSITY
\ANGC
( Hazard \. LA l.)\..ONSlN
detection _ MADISON
unit )
— > M } ID/IEX
u .
X
=
PN EX/MEM
" _—
Control . ;1 —>| M WB MEM/WE
~ EX M WB
IF/ID —> L,
i >+
+
4 Shift v
left 2 7\
M
—>| U
v R X
Registers /
_I Instruction t ALU . Data | .
pC memory memory M
() u
> M X
—>| U >
X
Sign —_—
@
u
;_ - X - |
\—/ Forwarding |[¢
unit »

N——

Sankaralingam CS/ECE 552 (67)



Eliminate 1-cycle stall?

* Two solutions

— Predict branch is always not taken
* More sophisticated prediction schemes

— Delay slots
e Compiler’s problem

* Walkthrough example for solution #1
— Predict not taken
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Walkthrough (1 of 2)
and $12, $2, $5 beq Q $3,7 rO us $10, $4, O before<1>
WISCONSIN
[ detooton o
" = F o
48| wB
Control

28

EX/MEM
—l
| e EEN /WB
EX M
2

D
~
o
|
xcZ
<

| 5 |

|ﬁ: D
8 |aa
+
4
$1
Shift

I(ft 2
. |
—I . Registers
| PC Instruction L,
72 44 memory

L) ik

ALY

Data
memory

$8

—((xe= I—’(xcz
S

10

—{ Forwarding ]I;_—I ___l
e unit
Clock 3
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Walkthrough (2 of 2)

lw $4, 50($7) bubble (nop) beq $1, $3,7 sub $10, ...
THE Uquf\_lf.RSlTY
WISCONSIN
I/ Hazard \
detection
uﬂt ID/EX
1
76 WB I‘EXL'\EM
Control | l\él M WB MEMAWE
0— — L I-—L
=D EX M WBl—
[\ﬁL 76 i_L 79 |—B~ | _J ||
4
Shiff /)
ift
left 2 ’\lﬂl $1 \
Registers —\_/
—I Instructi T_ | Data L
76_>|':_C\ 72 merr(:orc;n >ALL' memory '\S
’\S $3 X
\ Y
Sign J T_
extend
] 10
T _—: Forwarding j:——l _—_l
— unit L
Clock 4
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Dynamic Branch Prediction

* Better than static prediction
— Branches are predictable

— ~90% of program execution time is spent in ~10%
of code (inner loops)

— Think of a program loop of N iterations
* Taken N-1 times
* Not taken last time
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Dynam

c Branch Prediction

@t taken

Not taken |

1-bit branch predictor

2-bit branch predictor

[ )
|
Taken |
I Taken
|
I Not taken
Predict taken _
I Predict taken
|
| Taken
Taken Not taken
I Taken
|
I Not taken
Predict not taken | Predict not taken
|
| Taken
|
|
|
|

 How does hardware “learn” branch behavior?
* Store each branch instruction’s history ***

Predict not taken

— If a branch was taken “recently”, predict taken

* One bit saturating counter
* Two bit counters
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Branch Prediction

Branch prediction table
PC range

e Store each branch’s history ***
— Not really
* Keep a small table indexed by program counter
 PCislarge (32 bit number)
* Mapping to number of table entries
— E.g. 16-entry branch prediction table
— Mapping: use last 4 bits of PC
* Problem: Multiple branches may map to same entry in table -- Aliasing
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IF.Flush

[ Hazard

——— detection |

e unit /
|-IiX/M EM

/\T “EXIMEM
Control e L V.o MEM/WB
IFjD Ur EX M LWB_

+ |

4 Shift
left 2

Instruction
memory

ID/EX

-~
5
53]

xc=s

N

Registers

~u —
@

Data
memory M

vy

|
=) Ce=) G

|
|
(==

s |

unit )

FIGURE 4.65 The final datapath and control for this chapter. Note that this is a stylized figure rather than a detailed datapath, so

it's miscino the ATTJerc Miix fraom Fionire 4 57 and the multinlexor controls from Fiotire 4 51

2 3 4 5 6 7 8 9 10 11 12 13
D X \ M W
F D X M W
x-X fwi \
i2: or $6, $1, $4 F D X M w
x-x fwd($4)
m-x fwd($1)
i3: and $7, $4, $8 F D X M W
w-x fwd
i4: Iw $9, 4($7) F D X M W
x-x fwd
i5: add $1, $9, $2 F D D X M W
m-x fwd 74

i6: sw $1, 4($7) F F D X M w




i0: add $1, $2, $3
i1l: sub $4, $1, $5
i2: or $6, $1, $4
i3: and $7, $4, $8
i4: lw $9, 4(57)
i5: add $1, $9, $2
i6: sw $1, 4(57)

Instr

‘Memory

EX/MEM

MEM/WRB
-

Data Memory [¢—

L 4
]

n o=

o N

-

o X w

-

m o Z &

'n"'IUEU-'

(o)}

m O O X

~

m o X Z

(o]

m o 2 s

10 11
W

D X
F D

12 13
M W
D D

75



Exceptions and Pipelining

e add S1, S2, S3 overflows
e A surprise branch

— Earlier instructions flow to completion

— Kill later instructions

— Save PCin EPC, set PC to EX handler, etc.
* Costs a lot of designer sanity

— 554 teams that try this sometimes fail



Exceptions

* Even worse: in one cycle
— /0O interrupt
— User trap to OS (EX)
— lllegal instruction (ID)
— Arithmetic overflow
— Hardware error
— Etc.

* |Interrupt priorities must be supported



Pipeline Hazards

Program Dependences

Data Hazards
— Stalls
— Forwarding

Control Hazards
Exceptions




