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Pipelined Datapath

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

Add

dd Add

4 A result
Shift
left 2

c ReadO
Address % register 1 Read \
=
= Read datal 7o ,
i £ register 2 >
In;ter;;:gonm md — ~Registers  Read[ ALU aArup
i WriteUJ data 2 0 result Address Fée?d - 1
register M Datal ata M
u atal
Write[d X / memory Q
data —! 1 .
Writed
data
16
\ p—
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Pipelining Example

add $14, $5, $6 lw $13, 24($1) add $12, $3, $4 sub $11, $2, $3  Iw $10, 20($1)

< >4 >
N L | > ¢ > <

>

PxceZ©

IF1D ID/EX EX/MEM MEMMWB

Add \

—_ Add

! Add result
Shift
left 2

S Read
—>( PC Address = register 1 Read . ; \
>
Instructi = register 2 Zero »
e M __ Registers Read AU Ay
Y White data2 0 result Address I?jead — 1
register M ata M
4 Data
— s X / memory X
data 11 :
> | White
data
16 ' k7
AN Sign |\

\@\
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lw: Instruction Fetch (IF)

Instruction fetch

0
M
u
X
1
IFID ID/EX EX'MEM MEMWB
Add \
Add
4 Add result
Shift
left 2
5 Read
—(pC Address 2 register 1 Read . R \
=}
% Read data 1l
. c i Zero > >
Instruction £ register 2
e md I ~ Registers  Read ALU ALy
v Write data 2 0 result Address Read| | L /7
register M data M
Wit X / Deta u
e X
—! daia |, memory ())(
. | Wite
data
16 Sign 32
A\ A | N
lw $s0, 8(Stl) v @\
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lw: Instruction Decode (ID)

Instruction decode

»

A

0
M
u
X
1
IFID ID/EX EXIMEM MEMWB
Add \
Add
4 Add result
Shift
left 2
s Read
—>( PC Address = register 1 Read . ; \
=}
= Read datal
. c i Zero > —
Instruction = register 2 _
memo ud I ~ Registers Read ALU ALy
Y Write data 2 0 result Address Readl | L1
register M data M
it u / Data U
e X
—! daia |, memory ())(
. | White
data
16 Sign R
\ \ |
1w $s0, 8($tl) v @\
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lw: Execution (EX)

Execution
0
M
u
X
1
IFID ID/EX EX'MEM MEMWB
Add \
Add
4 =— Add result
Shift
left 2
s Read
L pe Address 2 register 1 Read ‘ ‘ \
=}
= Read data 1
] @ : Zero > >
Instruction £ register 2
memo > — ~ Registers  Read ALU ALy
Y Write data 2 0 result Address Readl | L1
register M data M
Wit X / pata u
e X
| data {1 ey ())(
. | White
data
16 Sign 2
N A | R
lw $s0, 8(Stl) v @\
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lw: Memory (MEM)

«— Memory >
0
M
u
X
1
IFID ID/EX EXIMEM MEMWB
Add \
Add
4 = Add foqi
Shift
left 2
s Read
L pc Address 2 register 1 Read ‘ ‘ \
=}
= Read data 1
. c i Zero > —>
Instruction £ register 2
memo > — ~ Registers  Read ALU ALy
Y Write data 2 0 result Address Readl | L1
register M data M
Wit X / D u
e X
| data - ™ ())(
. | White
data
16 Sign 32
\ A | .
lw $s0, 8(Stl) X @\
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lw: Writeback (WB)

__ Writeback
0
M
u
X
1
IFID ID/EX EXIMEM MEMWB
Add \
4= Add ik
Shift
left 2
s Read
—>( PC Address = register 1 Read R R \
=}
2 Read Gt Zero >
i £ register 2 >
Inﬁt‘;ﬁ;m nd i e ~ Registers Regd AU ALy
v Wiite data2 0 result Address Read | 1
register M data M
Wit X / Data u
e X
—! daia |, memory 8(
. | Wite
data
16 Sign 32
N N | R
1w $s0, 8($tl) v @\
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Corrected Datapath (for 1w)

0
M
u
X
1
> IFID ID/EX EXIMEM MEMWB
Add > \
, Add
4 Add result
Shift
left 2
5 Read
- PC| Address B register 1 Read|
2 Read data 1 " "
[%2] »
' £ register 2 Zero "o
Instruction N ~ Registers Regd ALU A1y
memory Write data 2 0 result Address Readl | L,
register M Dt data M
u a
Write X / memory )li
data 1 0
Wtite
data
16 s 32
A\ on |\ >
1w $s0, 8(sStl) Y lextend|
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sw: Memory (MEM)

«— Memory >
0
M
u
X
1
IFID ID/EX EXIMEM MEMWB
Add \
Add
4 = Add foqi
Shift
left 2
s Read
L pe Address 2 register 1 Read ‘ ‘ \
=}
= Read data 1
. c i Zero > —>
Instruction = register 2
memo > — ~ Registers  Read ALU ALy
Y Write data 2 0 result Address Readl | L1
register M data M
Wit X / Leta u
e X
| data |1 " ())(
. | Wite
data
16 Sign 32
\ A | .
sw $1, 4(82) \ @‘
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sw: Writeback (WB): do nothing

Writeback
0
M
u
X
1
IFID ID/EX EX'MEM MEM/WB
Add \
Add
4 Add result
Shift
left 2
s Read
—>( PC Address = register 1 Read R R \
2]
; £ register 2 Zero e
Instruction — g Registers Read AU ALy
memory Wiite data2 0 result Address Read| ] 1
register M data M
Wi X / Data u
te X
data {1 memory Ox
. | Wite
data
16 Sign 2
I\ A | .
sw S1, 4($52) X @\
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Pipeline Control

MO
uld

|

IF/ID

ID/EX

Add

ama

Address

Instruction
memory

Instruction

Add

EX/MEM

result

Zero

ALU aLur]

Branch /

PCSrc

MemWrite

result

WriteO

Instruction
[20-16]

Instruction
[15-11]

Add
ShiftC!
RegWrite left 2
ReadO
register 1 Read
Readl data 1 ALUSrc
register 2
Registers Read
Writed data 2
register
Writed
| data -
Instruction
15-0 16 - 32 6
[15-0] N sign] ¥ \ ALU
S |extend [~ ¥ N control

0
MO[ ALuop
ul

data

Address

Datall
memory

Read
data

I

MEM/WB

MemRead

X
1

RegDst

Note that in this
implementation, the branch is
resolved in the MEM stage

MemtoReg
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Pipeline Control

What needs to be controlled in each stage (IF, ID, EX, MEM, WB)?
= JF: Instruction fetch and PC increment

= ID: Instruction decode and operand fetch from register file and/or
immediate

= EX: Execution stage
* RegDst
e ALUop[1:0]
* ALUSrc

= MA: Memory stage
e Branch

* MemRead

e MemWrite

= WB: Writeback
* MemtoReg

« RegWrite (note that this signal is in ID stage)

13 Korea Univ



Pipeline Control

e Extend pipeline registers to include control information created in ID stage
e Pass control signals along just like the data

Execution/Address Write-back
Calculation stage control Memory access stage | stage control
lines control lines lines
Reg ALU | ALU | ALU Mem [ Mem Reg Mem
Instruction | Dst Opl | OpO Src |Branch | Read | Write | write |to Reg
R-format 1 1 0 0 0 0 0 1 0
1w 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

WB L
Instruction >

—{ Control > M ,|WB L
EX— ... M MpP—--- Jlwe[
IF/ID ID/IEX EX/IMEM MEM/WB
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Datapath with Control

PCSrc

PC

xcZ©

‘

IF/ID

Control

WB

LE:(/MEM

Add

Address

Instruction
memory

RegWrite

Readl

register 1 Read

ReadD data 1

l Instruction

register 2
Registers Read

WriteO data 2

register

Writed
data

r

L

M

ALUSrc

Instruction
[15-0] Dl\s

Instructiond
0-16]

Branch

1 -

MemWrite

Read

Address
Datal]
memory

data

Write

Instructiond
[15-11]

data

wB

I_IVI.E M/wWB

MemRead

P xczg©

RegDst

MemtoReg

l

Oxeczr
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Datapath with Control

IF: lw $10, 9($1)

PCSrc

=k

LIiX/EAEM
Control M WB I_M.E'\%NVB
IFiID EX M wB
Add
Add
! ] Add result
2 Branch
g L
- ALUSrc 7 ;
5 Read E 2
PC Address g register 1 Read 3 g
% Read data 1 §
g < i Zero > — <
Instruction = register 2 g
= ~ Registers  Read ALU AL
memory Write data 2 result Address Readl [ | —0y(]
register - ity L
. u
| \irite memory u
data - ;
Write
data
Instruction
1 32
— > o MemRead
N "l extend
Instruction
[20-16] -
M
Instruction u
[15-11] 1x
RegDst —
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Datapath with Control

IF: sub $11, $2, $3 : ID: lw $10, 9(%$1)

PCSrc
—>{0 IEIEEX :
; 1L,
. " EX/MEM
1 “IW” | | " :
L Contrd M | WB I_Mf I\ZI WE
IFiID EX M wB
Add
Add
! ] Add result
% Branch
] 2
- ALUSrc 7 §
s Read E =
PC Address g register 1 Read g DO:
2 -
? Readt 2 et Zero > g
Instruction = register 2 g
= ~ Registers  Read ALU AL
memory Write data 2 result Address Fée?d l—s| |—{1
register - o L
. u
—| e memory u
data - ;
Write
data
I[nstrU(]:tion 22
15-0 \ Sign |\
N extgnd K MemRead
Instruction
[20-16] -
M
Instruction u
| [15-11] 1x
RegDst —
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Datapath with Control

IF: and $12, $4, $5

ID: sub $11, $2,$3 | EX: lw $10, 9($1)

PC

PCSrc :
e ) IEéE_X
M 10 [ ] 11
" W EX/MEM
13 b ”» — N — E
1 Su 00 010
Contro M WB MEN/WB
— 0 L - | e
: 1 OO faYa) ]
IFAD XYoo M WB
] — 1 ——
Add
Add
4 o) Add ogit
= Branch
g o
- ALUSrC — £
s Read § o
Address b register 1 Read s x
2 Read data 1 £
g re%ister 2 Zero > - <
Instruction - )
1 _ Registers Read ALU ALu
mers Write data 2 result Address Fée?d —| —{1
register Data ata M
i u
| Write memory "
data p—>-| 0
Write
data
Instruction
16 32 6
250 = Sign A AL MemRead
N “lextend N "l control
Instruction
[20- 16]
0 ALUOp
M
Instruction v
[15-11] 1X
|| | _J L
RegDst

18

Korea Univ




Datapath with Control

IF: or $13, $6, $7

ID: and $12, $4, $5 EX: sub $11, $2, $3 | MEM: Iw $10, 9($1):

PC

PCSrc
—>{0 IE}EE_X :
M 10 []_10
x i EX/MEM
[13 d” | | Ve E
E 1 an oS 00 ) 000 o 11
ontrol :
MEN/WB
b 001 L_I"0 e
10. 1
IFAD EA—=To M wB
] — O |
Add
Add
! ] Add result
% Branch
g 2
- ALUSrc — §
5 Read E 2
Address g register 1 — l\ - S
% Read data 1 §
A < i Zero > — <
Instruction = register 2 g
[ __ Registers  Read ALU ALY
memory Write data 2 result Address Readl | | —y(7
register . b L
. u
| Write memory u
data - ;
Write
data
Instruction
16 32 6
= > o 2 oY MemRead
N “lextend N "l control
Instruction
[20-16]
0 ALUOp
M
Instruction u
[15-11] 1x
[ | || L a
RegDst

19

Korea Univ



Datapath with Control

IF: add $14, $8, $9

. ID: or $13,$6, $7 {EX: and $12, $4, $5. MEM: sub $11, ..

PCSrc 9($ 1)
- IDIEX : :
—° 10 [ 10
: . i LS
; or _000[ ] 000 10
| ontro | d
ME B
b 00| | 1 — L g
10 0
IFHID e | _ 1
— — Y | ] ]
Add [\
, ) Add
.g Branch
: 1 -8
3 — £
ALUSrC =
5 Read g g
PC Address 3 register 1 Read| | - 5
: 2
5 Read , data 1 1 [ 5
. £ register =
Instruction - g Registers Read —
memory Write data 2 Address G [ i
register pata "
. \é\;rti;e memory g
Write 2
data
Instruction
16 32 6
[15-0] \—,| Sign N ALU MemRead
Y| extend N "l control
Instruction
[20-16] 0 ALUO
p
M
Instruction u
[15-11] i(
|| ] — o
RegDst

20
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Datapath with Control

IF: XXXX ID: add $14, $8, $9 EX: or $13, $6, $7 MEM: and $12... WB sub $11, ..

PCSrc
—(0 IDIEX
u 10 [~ 10
;j 1] ” e EX/MEM
L add Control 00 M 000 e 10
ontro H
MEN/WB
1 S |vewws | ¢
1100 =& 5
IFAD \/ EX—X© M WB 0
) —0 [ T
Add
Add
! o} Add result
% Branch
: o
m s || | T
g Read 2 .
Pe Address 5 register 1 Read . l\ = %
= -
? fe 2 e Zero = - 5
Instruction = register 2 3
= Registers Read ALU
memory Write data 2 rel:;“l.IIILtJ Address Readl { [ .7
register i oy ]
. memor u
| tats. | y ;
Write
data
Instruction
16 32 6
= > o A ALY MemRead
N “lextend N "l control
Instruction
[20-16]
0 ALUOp
M
Instruction u
[15-11] X
1
RegDst
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Datapath with Control

IF: XXXX ID: XXXX EX: add $14, $8, $9 MEM: or $13, .. WB and $12...

PCSrc

ID/EEX
10
Vs EX/MEM

Control ﬂ 1 I_.f (;I'O wm—_/\,\/B 1

i =16 w0 e
— — 0 — — [0

|
|j-g*
|

Add

Add
result

Add

Branch

ALUSrCc :Df

Read

register 1 Read l\
data 1

e Zero > —

Instruction register 2
. Registers Read ALU AU
memory Write e L W

register

RegWrite

MemWrite

PC Address

MemtoReg

l Instruction

Read ||
data [T |

l

Oxeczhr

Address

Data

| Write memory

data p—>-|

Write
data

Instruction

1 32
[15-0] Sign
extend

ALU MemRead
control

A o

AN
\

Instruction
[20-16]

ALUOp

Instruction
[15-11]

P xcz O

RegDst
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Datapath with Control

I x000x ID: xxxx X XXxX ' MEM: add $14, .. {WB: or $13...
PCSrc
—(° ID/EX ;
u
;‘J e EX/MEM
L ] o110
L Control M WB O wEh?VWB 1
10
IFiD = M WB
Add
Add
! o} Add result
% Branch
: o
. ALUSIc :D* s
< Read % o
S :
PC Address 3 register 1 Read 2 g
= -
? Readt ) data 1 S X | %
Instruction = register 2 g
= ~ Registers  Read ALU ALy
memory Write data 2 result Address Read| L, | .
register i oy ]
Write memory u
| data - 6(
Write
data
Instruction
1 i 32
= \\ o MemRead
extend
Instruction
[20-16] -
M
Instruction u
[15-11] 1x
o T RegDst — —
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Datapath with Control

gWB: add $14..

IF: XXXX ID: XxXxx i EXI XXXX i MEM: xxxx
PCSrc
—(° ID/EX
M
X e EX/MEM
! I -
| Control M | WB
IFiID E M
Add
Add
4 o Add result
g Branch
g e
« ALUSrc — =
c Read %
] i
PC Address B registerd Read| _, -
=
? Readt 2 daat Zero > I
; £ register
In;]tggg&n > — _ Registers Read ALU ALU
Write data 2 result Address — —
register Data
| Write memory
data p—>-|
Write
data
Instruction
1 32
[15-0] 3 Sign MemRead
N “lextend
Instruction
[20-16] 5
M
Instruction u
[15-11] 1"
T o RegDst o _

MemtoReg

Oxeczhr
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Dependencies

Dependencies incur data and control hazards

Time (in clock cycles) >

Valueof g CC1 CC2 CC3 CC4 CC5 CC6 CC7 CccCs CC9
register $2: 10 10 10 10 10/-20 -20 -20 -20 -20
Program
executiond
orderd
(in instructions) ] ]
sub $2, $1,$3 | IM Reg| | DM 3,?9

and $12, $2, $5 IM | Regl_

ﬁ!\ﬂ Reg

P

or $13, $6, $2 IM I Hreg

add $14, $2, $2 M FRreq I DM |Reg

sw $15, 100($2) IM -ERgg: %— ﬂT_H‘Reg
v
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Data Hazard - Software Solution

o Compiler techniques

= Insert nop (0x0000_0000) between instructions
e Where do we insert nops in the following example?

sub $2, $1, $3
and $12, $2, S5

or $13, $6, $2
add $14, $2, $2
SW $15, 100($2)

e However, it really slows us down!

= Code scheduling reorganizes the code so that it
relieves the dependencies between instructions

26 Korea Univ



Data Hazard - Forwarding

Don’t wait for them to be written to the register file
= Use temporary results

Time (in clock cycles) >
cc1 ccz2 ccs cc4 ccs cceo cc7 ccs cco
Value of register $2 : 10 10 10 10 10/-20 -20 -20 -20 -20
Value of EX'MEM : X X X -20 X X X X X
Value of MEM/WB : X X X X -20 X X X X
Program Ok.. Then, do we have to do this
execution order(] forwarding?
(in instructions) ]
sub$2, 81,83 | M Reg[ ] DM s | reg 1. If the write to the register file occurs in the
] first half of the clock, and read occurs in the
- L ~ 2nd half of the clock, then?
L Our textbook follows this
and $12, $2, $5 M o9 oM Ll Reg 2. If RF writes at the rising-edge of the clock,
L] L L] then?
] ] ] ] + Let's stick to this for our project
or $13, $6, $2 IM — HqReg[ | j— -[ DM [H HReg

[ 1

add $14, $2, $2 IM H H9Reg %— —[DM— - Reg
sw $15, 100($2) M FHReg[ | % ~|71T_|:|—Reg
v
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Forwarding

ID EX MEM WB
ID/EX EX/IMEM MEM/WB
Register b R R
File >
g g Data ‘ :\
Memory g a
28
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Forwarding (from EX/MEM)

ID

Register
File

EX MEM WB

D/EX EX/IMEM MEM/WB

Data
Memory

v
N MUX /N MUX /
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Forwarding (from MEM/WB)

ID

Register
File

D/EX

EX

EX/IMEM

MEM

< MUX/{ Muxv/

5

Data
Memory

MEM/WB
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Forwarding (operand selection)

ID

Register
File

D/EX

EX

EX/IMEM

MEM

5

N MUX/PV\ MUX /

Forwarding
Unit

Data
Memory

MEM/W

WB
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Forwarding (operand propagation)

ID EX MEM WB
ID/EX \ EX/IMEM MEM/WB
"l <
> > 2 >
= \
Register > > >
ALU > >
File < >/
. x .
g 2 g Data .
| = Memory g 75
> -)
7 . . a
Rd >\
P >
) - >
Rt ,|=[ g
Rt fForwarding\‘ EXMEM Rd
Rs UMt ) MEM/WB Rd
32
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PC

Forwarding

Instruction
memory

IFID

Instruction

ID/EX
* |»]
W8 EX/MEM
Control M M
—>| EX —>\\/B
) M
u .
X
Registers
Data
T_ >AL memory ) Y
—_ u
R M X
u —-
X
IF/ID.RegisterRs Rs "
IF/ID.RegisterRt R Rt
IF/ID.RegisterRt Rt .
> M EX/MEM .RegisterRd
IF/ID.RegisterRd Rd I J >
> X
| Fo“’ﬁtdi“g < MEMMB RegisterRd
— _/: J
-—
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Can't always forward

« 1w (load word) can still cause a hazard

= An instruction tries to read a register following a load instruction that writes
to the same register

Time (in clock cycles)

Program(] cc1 cc2 cca3 cca CcCs CC6 cc7 ccs cco9
executionl]
orderd
(in instructions) ] ]

Iw $2, 20($1) | IM Reg| | DM | Reg

and $4, $2, $5 IM +— H]Reg DM [ Reg

I

or $8, $2, $6 M I HHReg %j- DM {Reg

add $9, $4, $2 M HH HFHReg -[ DM HReg

sIt $1, $6, $7 M | [ Regl ] % wl:# Reg
v

e Thus, we need a hazard detection unit to “stall” the pipeline after
the load instruction
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Stalling

e We can stall the pipeline by keeping an instruction in the

same stage
Program Time (in clock cycles) >
execution] CC1 CC2 CC3 CC4 CC5 CCé6 CcC7 CC8 CCo CC10
orderQd
(in instructions) _
Iw $2, 20($1) IM _l:l.t Reg: % DM Rmeg
_ —~ _
y 4
and $4, $2, $5 M — [HEID %—r q } DM 3¢
1= BIE==1;
r ( s [ ]
[ ]
or $8, $2, $6 [[/F% jivs {Z Reg Reg
ubble y) —
add $9, $4, $2 IM ( tH Reg[ ] I DM [{ || Reg
-
slt$1, $6, $7 M [Frreg[_ DM Reg
‘ L
35
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Data Hazard - Load-Use Case

atccd IF

or $8/ $2/

and $4,

ID

$2,

$5

EX

lw Sigp 20 (S1)

MEM

WB

PCSrc
— ID/EX
O] —
| e EX/MEM
L Control M WB MEM/WB
IF/ID EX M WB
1 —
Add
4
2
; Branch
>
¥ L
=
5 Readl] E -
PC Address § register 1 Readh s g
s Read[] data 1 > g
Instruction = register 2 5
memory I — _ Registers Readll] % o
Togiste data 2 M result Address eadl | 1
register % Daat )
WriteD X memory u
data {1 OX
WriteO
data
Instructionl,,
6 6
15-0
[ ] \\ \\ CC/?HL“FQ MemRead
Instruction]
[20-16]
0
M
Instructiond u
[15-11] X
1
RegDst L

36

Korea Univ



Hazard Detection Unit

o Stall the pipeline if both ID/EX is a load and (rt=IF/ID.rs or rt=IF/ID.rt)
= Stall by letting an instruction (that won't write anything) go forward

4 HazardO \‘ ID/EX.MemRead

detectiond
unit ID/EX
B

/\ WJ EX/MEM
M
Control I>.<J ﬂ L WB MEM/WEB
0 —» | ]
U 3 M | WB[—

M
—> U
X
Registers
Datal

IF/IDWrite

%
'S

PCWrite

Instruction

InstructionOd | >ALU >
|EI— memory > memory M
u
M X
> U > >
X
IF/ID.RegisterRs
IF/ID.RegisterRt
IF/ID.RegisterRt Rt M EX/MEM RegisterRd
IF/ID.RegisterRd Rd g
ID/EX RegisterRt RS Forwarding[J MEM/WB RegisterRd
Rt unit :
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Control Hazards - Branch

When the branch condition is resolved, other instructions are in the pipeline

ProgramC] Time (in clock cycles) >
g;‘ggﬁmﬂonm cc1 cc?2 CcCc3 cc4 CcC5 CcC6 cc7 ccs Ccco9

(in instructions)
toteqdl e . ﬂi e o %7 _DM I WT— e Note that in this implementation,
|— — — 1 _ the branch is resolved in the MEM
| " stage (Check out the slide #6)
44 and $12, $2, $5 IM — H{Reg| | ‘—|: DMH [—Reg

48 or $13, $6, $2 IM H FHReg| | % ~|:DM— —{Reg
52 add $14, $2, $2 IM —H HqReg[ | %— ~|:DM— —Reg

72 lw $4, 50($7) > v — FHReg ] % ~|ﬂT_|:|~Reg
v

It works like “not taken” prediction
If branch turns out to be taken, flush instructions

] [

[

o—
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Alleviate Branch Hazards

e Reduce penalty to 1 cycle
= Move the branch compare to the ID stage of pipeline
= Add an adder to calculate the branch target in ID stage

= Add the IF.flush signal that zeros the instruction (or squash) in
IF/ID pipeline register

Branch is
Taken target address resolved here
iIs known here

add $1,%2,8$3 @_ﬂ l MR 43'
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Flushing Instructions

IF.Flush

9
[wel m
X

IjX/MEM

WH
M

Gz )——

I—I\jEM/WB
W

00—
IR/ID > B
v & + ||
+
4 Shift \
left 2
X

A,
Registers
p Instruction L > AL Data —
memory — memory M
u
X

@
@

T
lol=1]%]

-
]
I"(“Z)r ez

|
|
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Control Hazard Handling Logic

Gk CiLK [y
r—-. Reghte=0i {? Rag'isaE %‘7 AegWniehl Reg e
E:I"n';“" MamicfegD | |MemicRegE MemioFieghl MemicFesd
Baim WesD Mem\iéssE Ko Wrilahd
- ALUConml ALLContE,,
| Cp ALLISD | ALLISE
—| Funi Faghs FlegCet
Beanch D
L 1
CLK CLK Equaix e CLK
CLK 'd? | p- - |
an| ¥ WE OWE
FF Pr asls I A rateD = A1 RO
e T 1] LT P B L
Instruction sie] oo ROz Iig' 1
Mamory A3 1J_ Data
Meamary
istar - WiilaDatak
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Figure 7.58 Pipelined processor with full hazard handling
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Flushing Instructions (cycle N)

and $12, $2, $5

beq $1, $3, L2

IF.Flush

[ Hazard

[ )

beq $1, $3, L2
and $12, $2, $5
or $13, $12, $1

L2:

S e e e e -

! detection
’ k unit /
—| M IDIEX lw $4, 40($7)
u R
X
e | o
P WE EX/MEM
" _— —
Control) ;(.I > M WH I—"jE /WB
0> || | - —
IR/ID E M WH
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4 Shift
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M
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p Instruction | > AL Data e
— memory M
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) SN ) u
M X
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X
T
Sign
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Flushing Instructions (cycle N)

and $12, $2, $5 I beq $1, $3, L2
:
IF.Flush 1
: I/ Hazard \
_'K detection

U
IR/1ID
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4 Shift
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Flushing Instructions (cycle N+1)

beq $1, $3, L2

beq $1, $3, L2
and $12, $2, $5
or $13, $12, $1

lw $4, 40($7) ! o
:
IF.Flush E m\~

~

—

@

Instruction
memory

Shift
left 2

Sign

w
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S e e e o e -

\-

unit

lw $4, 40($7)
IjX/MEM
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X
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Improving Performance

e Try and avoid stalls using hardware/software
techniques
= Software technique

e Reorder instructions
o Utilize the delay slot of branch

= Hardware technique
e Implement the delayed branch
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Performance of Pipelined CPU

e Assuming that the CPU executes 100 billion
instructions to run your program, what is the
execution time of the program on a pipelined MIPS?

CPU Time = # insts X CPI X clock cycle time (T) = # insts X CPI / f
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CPI Example

Ideally CPI = 1. But, need to handle stallings (by loads and branches)

SPECINT2000 benchmark:
= 25% loads
= 10% stores
= 11% branches
= 2% jumps
= 52% R-type

Suppose
= 40% of loads are used by next instruction
= 25% of branches are mispredicted

What is the average CPI?
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CPI Example

SPECINT2000 benchmark:
= 25% loads
10% stores
= 11% branches
2% jumps
=  52% R-type

If there is no stall in the pipelined MIPS, how would you calculate CPI?
= Average CPI = (0.25) (1 CPI) + (0.10) (1 CPI) + (0.11) (1 CPI) + (0.02) (1 CPI) + (0.52) (1 CPI) = 1

Suppose
= 40% of loads are used by next instruction
= 25% of branches are mispredicted
= All jumps flush next instruction

What is the average CPI?
= Load/Branch CPI = 1 when no stalling, 2 when stalling. Thus
= CP[,=1(06)+2(04)=14
= CPl,,=1(0.75) + 2(0.25) = 1.25
= CPL,..,=2(1)=2

jump

Average CPI = (0.25)(1.4) + (0.1)(1) + (0.11)(1.25) + (0.02)(2) + (0.52)(1) = 1.15
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Critical Path

o Critical path of the pipelined MIPS:

T, = max {
tpcq t lnem + tsetup ’ // IF stage
tpcq +lrrread ¥ tux T teq +tanp T o + tsetup’ // ID stage
Locg ¥ Tnux ¥ Trux ¥ Tacu * Lewp /| EX stage
tpcq * Unemread T tsetup ’ // MEM stage
tqu Tl t tRFsetup // WB stage

}

1. If the write to the register file occurs in the
first half of the clock, and read occurs in
the 2n half of the clock, then?

* Our textbook follows this

2. If RF writes at the rising-edge of the clock,
then?

» Let’s stick to this for our project

E Z |s & H i iR i i
[ Hazard Unit ]

Figure 7.58 Pipelined processor with full hazard handling
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Example

Element Parameter PEEVAGHN] T, =max{
Register clock-to-Q tocq pC 30 Locg F Tmem F Lerup
Register setup Leetup 20 tpcq + Reread T tux + teq + lanp F lnux T tsetup'
Multiplexer bnux 25 focg * T T + Taru + Leerup
ALU tALU 200 t cq + tmemread + tsetup J
t cq + tmux + tRFsetup
Memory read Eoem 250 1
Register file read y 150
- 2 — :’*ead — IF: 30 + 250 + 20 = 300 ps
e TP Rrsetup ID: 30 + 150 + 25 + 40 + 15 + 25 + 20 = 305ps
Equality comparator Leg 40 EX: 30 + 25 + 25 + 200 + 20 = 300 ps
AND gate fanD 15 MA: 30 + 250 + 20 =300 ps
Memory write T emwrite 220 WB:30+25+ 20=75ps
T, = (ter * treread + tnux + teg ¥ tand + tux + Leetun ) fo= 1T,
¢~ \'pcqg RFread Mux eq AND Mux setup £.= 1/0.305
=305 ps < >
= 3.279GHz
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Example

e Assuming that the CPU executes 100 billion instructions
to run your program, what is the execution time of the
program on a pipelined MIPS (CPI = 1.15, Tc = 305 ps)?

Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)
= (100 x 10°)(1.15)(0.35x 107?5s)
= 40.25 seconds

Execution Time Speedup
Processor . . .
(seconds) (single-cycle is baseline)
Single-cycle 95 1
Pipelined 40.25 2.36
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Exceptions & Interrupts

CPU has to prepare for all possible situations it could face
= “Unexpected” events require change in flow of control
= MIPS CPU jumps to 0x8000_0180 when an exception occurs

Exceptions arise within the CPU
= Undefined opcode
= Divide-by-zero
= Arithmetic overflow in MIPS

e Some other architectures (such as x86 and ARM) do not generate exception on arithmetic
overflow. Instead, set bits of the flag register inside CPU

Interrupts are from external I/O devices
o Keyboard, Mouse, Network card etc

Many architectures and authors do not distinguish between interrupts and
exceptions
= Often use the term “interrupt” to refer to both types of events
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Simplified Hardware System

/ Interrupt @
Addgess Bus /
4 4 Timer

— 4 UART

\\

0x00000FFF

4KB SRAM

0x00Q00000

m UART: Universal Asynchronous Receiver and Transmitter
B GPIO: General Purpose Input/Output 53

Korea Univ



Backup Slides




Superscalar

e Superscalar
= Start more than one instruction in the same cycle

= Hardware performs the dynamic scheduling of instructions
e Hardware tries to find instructions to execute
e QOut of order (OOQ) execution is possible
e Speculative execution
e Dynamic branch prediction with branch history table

= Many modern processors (including x86) are superscalars
e Core i7: 14-stage pipeline with 4 instruction issue
e DEC Alpha 21264: 9-stage pipeline with 6 instruction issue

e Compiler technology is important
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Exception Handling in MIPS and Handler
Actions

e Exception handling in MIPS Hardware (CPU)

= CPU saves PC of offending (or interrupted) instruction to the
“Exception Program Counter (EPC)" register

= CPU saves indication of the problem to the “Cause” register
= Jump to handler at 0x8000 00180

e Exception Handler in Software
= Read cause, and transfer to relevant handler

= If restartable,
e Take corrective action
e Use EPC to return to program
= QOtherwise
e Terminate program
e Report error using EPC, cause, ...
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Exceptions Iin a Pipeline

e Another form of control hazard

e Consider overflow on add in EX stage

add $1, $2, $1

= Prevent $1 from being clobbered

= Complete previous instructions

= Flush add and subsequent instructions
= Set Cause and EPC register values

= Transfer control to handler

e Similar to mispredicted branch
= Use much of the same hardware
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Pipeline with Exceptions

80000180

IF.Flush

EX.Flush

ID.Flush

-

A

e

Hazard \
detection |

IF£

s/

Instruction
memory

xXc = )t

Y

ID/EX
WB 0-pl Y
( EX/MEM
M | — R
Control -y M M >{WB
> X I Cause X —
0 EX |_> 0+ M
Shift
left 2 o -
Registers ¢ >

ALU >

A\

MEM/WB
WB—e

xc =

Data
memory

Forwarding
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Exception Example

o Exception on add in

40 sub
44 and
48 or
4C add
50 slt
54 Tw
e Handler
80000180

80000184

$11,
$12,
$13,
$1,

$15,
$16,

SW
SW

$2, $4
$2, $5
$2, $6
$2, $1
$6, $7
50(%$7)

$25, 1000(%0)
$26, 1004($0)

59

Korea Univ



Exception Example

Iw $16, 50($7)

IF.Flush

slt $15, $6, $7

/~ Hazard

80000180 —
801

detection |

| L unit  /

IF/ID
4

Clock 6

: add $1, $2, $1 ! or$13,... | and $12,
EX.Flush
ID.Flush \ : :
ID/EX d i i
0 EX/MEM |
L MEM/WB
1
Data l
memory
11 12
15 $1 '
unit /
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Exception Example

sw $25, 1000($0) bubble (nop) | bubble \ bubble ,or$13, ...

! | EX.Flush . :
IF.Flush ! : : :
: ID.Flush : : :
! [~ Hazard ! ! !
detection | : ! :
unit J 1 ! Nﬂ ! :
ID/EX ub—% : :
0 o 0 1 I
=l I E :

Control %I | —Looo U we 20 MEM/WB
I Cause| !
U _—D_ OM 0, [EX 0= X M wi

80000180

ALU ~
Data -

memory

80000180 =
B0

rwarding] é

unit Vi

Clock 7
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