Pipelining

Chansu Yu

Cleveland State University

Laundry Example 6666

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

Washer takes 30 minutes

fe—7
Dryer takes 30 minutes O
“Folder” takes 30 minutes ~
“Stasher” takes 30 minutes
to put clothes into drawers k
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Sequential laundry takes 8 hours for 4 loads
If they learned pipelining, how long would laundry take?
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Faster laundry takes 3.5 hours for 4 loads!
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Action for Rtype Action for memory-reference Action for Action for
Stepname instructions instructions branches jurps
Instruction fetch IR=Memony{PJ
PC=PC+4
Instruction A=Reg[IR2521]]
decodelregister fetch B =Reg [IR20-16]]
ALUOUt = PC + (sign-extend (IR[15-0]) <<2)
Execution, address ALUOUt=AopB ALUOUt=A+signextend | if (A=B)then [PC=PC[31-28] Il
computation, branch/ (IR[150)) PC=ALUOUt (IR250)<<2)
jump completion
Menory access or Rtype | Reg[IR[15-11]] = | Load: MDR=MemonfALUCU]
completion ALUOU or
Store: Memory [ALUOUE] =B
Memory read completion Load: Reg[IR20-16]] =MDR
5
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Instruction | Reg{ ALU Reg.
fetch | read| operation |write | add

Instruction | Reg{ ALU Memory [Reg.
fetch | read| operation read |write| load
0 1 2 3 4 5 6 78 9 10 11 12 13 14 15 16 17
} } } } } } } } } } } } } } } } } } i
Instruction Reg. ALU Reg.
fetch read | operation |write add
Instruction Reg. ALU Memory | Reg.
fetch read | operation read write

load

What are the advantages of multicycle implementation ?
What are the disadvantages of multicycle implementation ?

Cleveland State 6
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Instruction Reg. ALU Reg.
fetch read | operation | write add load
Instruction Reg. ALU Memory | Reg.
fetch read | operation read write

6 1 2 3 4 5 6 78 9 10 11 12 13 14 15 16 17

Instruction Reg. ALU Reg.
fetch read | operation | write add
Instruction Reg. ALU Memory | Reg.
fetch read | operation | read write load

What are the advantages of pipelined implementation ?
What are the disadvantages of pipelined implementation ?

7
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6 PM 7 8 9 _ ,
Pipelining doesn't help latency of single

Time task, it helps throughput of entire workload

T T 1 Potential speedup = Number pipe stages
30 30 30 30 Pipeline rate limited by slowest pipeline

stage

Unbalanced lengths of pipe stages reduces

speedup

Time to “fill” pipeline and time to “drain”

it reduces speedup

Gt 6t €t €

H A Multiple tasks operating simultaneously
using different resources — any
dependencies, any conflicts ???

8
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If any two stages use
the same resource, there
must be a conflict

9
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Hazard= when an instruction’s stage is unable to executeﬁihméllrrent
cycle.
Can always resolve hazards by
pipeline control must detect the hazard
take action (or delay action) to resolve hazards

10
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A needed functional unit is busy executing a previous instructio
(Attempt to use the same resource two different watjseadame time)

" # $ W& $
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While executing a previous branch, next instruction address
might not yet be known.
(attempt to make a decision before condition is evadl)ate

12
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# |

Needed data still being computed by previous instruction.
(attempt to use item before it is ready)

add $s3,$s1,$s2
sw $s4,0($s3)

Iw $s5,0($s3)

add $s7,$s5,$s6
)
13
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$ %

- Cycle time, No. stages
- Resource conflict

14
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& n 1 (
ALU conflict
AN\
Action for Rtype Action for memory-reference /ﬁﬁz ﬁ\ Action for
Step name instructions instructions jurps
Instruction fetch IR= / \
PC=PC+4 \
Instruction +A=Reg [IR25:21] -+
decodefregister fetch i BrReg IR20:16]. .
=PC+ (sign-extend (RI50) <
Execution, adkress =APB | AUOt=A+sgredend | if (A:B)u@ PC=FCist28H]
computation, branch/ L (IR150) PC=ALLQ (R525-6}
jump completion
e“).on or Rtype Memory
conflict
LVemory read completion
Register file conflict (read or write)
Cleveland State 15 .
University c.yu91@csuohio.edu

IF: Instruction fetch

1Y Instruction decode/
register file read

address calculation

EX: Execute/

% : Memory access

/

shit
leh2

e

Read|
data

WB: Write back

Instructions and data
move generally from
left to right through

the five stages as they
complete execution

1 except two cases.

20 |
AU ALyl
M
u oan
.
wite \

- WB stage

- PC selection

Cleveland State
University
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Why move ??
ZF is available during EX
stage, anyway.

(one for A-B and the oth

Why do we still need 2 ALUs at EX stage?

er for PC+IR)

Action for Rtype Action fgr menory-reference Action for Action for
Stepname instructions instructions branches jurps
Instruction fetch IR=Memony{PJ
PC=PC+4
Instruction A=Reg[IR2521]]
decode/register fetch B =Reg [IR[20-16]]
A0 =PC + (sign-extend (IR{15-0)) K2r57)
Exeaution, address AUOt=AopB | ALUOK=A+sgnedend | if (A=B) then’| PC=PC[31-29] Il
computation, branch/ (IR[150)) PC=ALUOUt (IR250)<<2)
Iu'm M&m -----------------------
MBrmory a00ess of { Reg [IR115-11] = : | Load: MDR=MemoryfALUOU]
ocompletion P ALUOU o
......... ” Store: Merory [ALUOU] =B
I\@m'# conpletion / Loact Reg{IRi20-16] =MDR
17
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%

IFID.

IDIEX

Instruction
memory

EXIMEM MEMAWB

in a pip
otherwi

stage.

For store instruction,

(?) => ID/EX pipeline register => EX/MEM pipeline register (?)

Cleveland State
University

18

Add to the basic pipeline
in order to actually split
the datapath into stages.

The info. must be placed

the next instruction
enters that pipeline

eline register;
se, it is lost when
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! &

Which data should be passed through stages? l.e.,
what are the contents of pipeline registers?
In IF/ID pipeline register
PC (32), Inst. (32)
In ID/EX pipeline register

PC (32), Reg. data 1 (32), Reg. data 2 (32), Offset (32), Reg. no.
and 3 (10)

In EX/MEM Dpipeline register

PC (32), ZF (1), ALUOut (32), Reg. data 2 (32), Reg. no. (5)
In MEM/WB pipeline register

Memory data (32), ALUOut (32), Reg. no. (5)

Cleveland State 19
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Five instructions go through the MIPS pipeline:

Iw $10, 20($1) 100011 00001 01010 0000 0000 0001 0100 (8c2a 0014)

sub$11, $2, $3 010000 00010 00011 01011 00000 100100 (4043 5824)
and$12, $4, $5 010000 00100 00101 01100 00000 100110 (4085 6026)
or $13, $6, $7 010000 00110 00111 01101 00000 100111 (40c7 6827)
add$14, $8, $9 010000 01000 01001 01110 00000 100000 (4109 7020)

$pc = 0000 0000 5000 0000 [0000 0000 0000 1000] = 0000 1000 0000 0000
$1 = 0000 0000 0000 1000 [0000 0000 0000 1004] = 0000 1004 0000 0000

$9 = 0000 0000 0000 9000

Cleveland State 20
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%

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

Register contents

$pc = 0000 0000 5000 0000 [0000 0000 0000 1000] = 0000 1000 0000 0000
$1 = 0000 0000 0000 1000 [0000 0000 0000 1004] = 0000 1004 0000 0000

$9 = 0000 0000 0000 9000

% %

100011 00001 01010 0000 0000 0001 0100 (8c2a 0014)

010000 00010 00011 01011 00000 100100 (4043 5824)
010000 00100 00101 01100 00000 100110 (4085 6026)
010000 00110 00111 01101 00000 100111 (40c7 6827)
010000 01000 01001 01110 00000 100000 (4109 7020)

Memory contents

27
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add $14, $8, $9

or $13, $6, $7 and $12, $4, $5 sub $11, $2, $3 Iw $10, 20($1)

IFID IDEX BXMVEM MEVWB

(0] (m)

Address

Ingtrudtion

s 2 (@) | (O

-
i_ﬁ_lmn d;";ﬁfﬂ & \
) Zﬂﬁm | E
—_‘ﬂ Feglm;“zdl‘ o], vasu r (y)l
! e
9), e (z
0 PlsalZ | (]
exend
[0) ()| | W) ®)
28
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4 mult'iﬁ'lé;(or selectors 3 write signalé"-.._ 2 ALU signals

A A
s N7 N L

Memto- | Reg | Mem | Mem [(PCSIQ
Instruction RegDst ALUSrc Req |Write | Read | Write | Branch |ALUOp1 ALUpPO

000000|R-format 1 0 0 1 0 0 0 1 0

100011{Iw 0 1 1 1 1 0 0 0 0

101011 gy

000900 X 1 X 0 0 1 0 0 0
beg X 0 X 0 0 0 1 0 1

=

Q1: In which stage is the control circuit?
Q2: EX stage executes “and” and WB stage executes “lw’
Is MemtoReg 1 or 0?

29
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Generate control signals all at once at ID stage
And passed them through stages just like the data

Execution/Address Calculation Memory access stage stage control
| stage control lines control lines lines
Reg ALU ALU ALU Mem | Mem Reg [Mem to

Instruction Dst Opl Op0 Src _[Branch | Read | Write | write Req
R-format 1 1 0 0 0 0 1 0
Iw 0 0 0 0 1 0 1 1
sw X 0 0 0 0 1 0 X
beq X 0 1 1 0 0 0 X

Instruction

IF/ID IDEX EX/MEM MEM/WB

c.yu9l@csuohio.ed
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#

%+ %ll

Address

(-

struction
memory

31

c.yu9l@csuohio.ed

% &

Time (in clock cycles)

Program
e ECL“ on

(n instuctions)
w $10, 20($1) n Dreg|[ | [ > I r E
sub $11, $2, $3 n I Reg .I.a I I m

Can help with answering questions like:
how many cycles does it take to execute this code?
what is the ALU doing during cycle 47?
use this representation to help understand datapaths

cc2 cCeé

32
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#

Needed data still being computed by previous
instruction

or $13, $6, $2

add $14, $2, $2

sw  $15, 100(

Assume $1=10,

33 $2=10, $3=30
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I -#

Problem with starting next instruction before fisfinished
dependencies that “go backward in time” are data hazards

Time (in clock cycles)
Value of cC1 cc2 cc3 cc4 CCs5 CcCé cc7 ccs cco
register $2: 10 10 10 10 10/~ 20 -20 -20 -20 -20

(ininstructions)
sub 2, $1, $3

“and” has a problem
“or” has a problem
“‘add” ???

“sw” is OK

and $12, $2, $5

or $13, $6, 52

add $14, $2, 52

sw $15, 100($2)

c.yu9l@csuohio.ed
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H+
+

sub $2,$1,$3

and $12,$2,$5

Actually available

sub $2.$1.$3 after EX stage (not WB)
and $12,$2,$5 Actually needed

at EX stage (not ID)

o
#

35
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Time (in clock cycles)

)
cc1 cc2 cc3 cca CcCs cCé6 cc7 ccs 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 MEMWB : X X X X -20 X X X X
Program

execution order
(in instructions)

“and” has a problem
sub $2, $1, $3 -> fixed
‘or” has a problem
d $12, 52, $5 e
and $12, 52, P—
add” ??? -> OK
“sw” is OK
or $13, $6, $2

add $14, $2, 2

sw $15, 100($2)

c.yu91@csuohio.edu




#

Needed data still being computed by previous
instruction

or $13, $6, $1
add $14, $8, $9
sw  $15, 100(%$2)

37
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sub $11, $3, $2
0
M
1
IFID IDEX BXMVEM MEVWB
(&, @M, | (m)|
ar f|_() ®
Shift
left 2
5 _(d) [Reat
e
) =]
© = b o).
regster M
Q) (Z 9)
0

[0) ()| | W) )
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19



and $12, $11, $4

sub $11, $3, $2

IFID IDEX BXMVEM MEVWB
rad (&, (0] (m) ||
b) 4 $Rs=30Q, A (@) (3]
LasesRS=3 5 |
P s L‘v;;'fdssl nl |
. 2 1" regster 2
rensin (9) __‘ﬂ'egfsmse.s o | O] 6y oA (¢ v)
regste M M
Wie M )]
e X (2)x
0 Plsn\Z | |@
extend
)| | W) (f)
5 1
Rd=1T 39
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or $13, $6, $11 and $12, $11, $4 sub $11, $3, $2
M
X
1
IFID IDEX BXMVEM MEVWB
rad— (&, (0] (m) ||
b) | e $Rs=722, pan L (@) | (0
L E R A %
Ak s Lv;;'fdssl ; (n “‘\“??? :
N [eln &Y :
i c jster 2 -
|nm (9) — 'eg‘ Registers *ﬁz’ﬂ)-» () N \ (y)1
regste M M
i u 9)
il 5 @)
0 Plsn\Z | @
extend
)| | W) (f)
- A x ]
Rd=12 Rd=1T

c.yu9l@csuohio.edu
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or $13, $6, $11 and $12, $11, $4 sub $11, $3, $2

IFID IDEX BXVEM MEWWAB
ridld—(&, [0)]
b) | @ $Rs=1140
,esRslL %
o
Addh 2 regs
- [ &
i = jster 2
s (©) —ﬂ'eg Regisers neazj_QL (v)
el v (g)
3).‘&5 (z X
() s |2
(s) (W) ®)
- » - o =l
Rd=12 RO=1T

c.yu9l@csuohio.edu

add $14, $8, $9 or $13, $6, $11 and $12, $11, $4  sub $11, $3, $2

il o i Vame
WENG 0
b) | 4
c
Adress ;‘un;;'fdysl read (K))
v RN
T 1 0 o,
o wl(g)
Q), wie @3
h) ¥ sn|2
exdend
[0) ()| | W) ®)
- - A )

c.yu9l@csuohio.edu
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add $14, $8, $9 or $13, $6, $11 and $12, $11, $4  sub $11, $3, $2

IFID IDEX BXMVEM MEVWB
rad (&, (0]
b | ¢
.
Adess S _u';;nfdﬁﬂl read (K
O I
T o] g,
e
i e
) P se\P
extend
[0) ()| | W) ®)
- B P
RS RaT
43
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sw $15, 100($2) add $14, $8, $9 or $13, $6, $11 and $12, $11, $4 sub $11, $3, $2
M
1
IFID IDEX BXMVEM MEVWB
rad— (&,
by | ®
222
e s e, i
) 2 1 (€) R :
|nm (9) ;_ ). 'egfséliels Read (y)1 E
e “u" 3
3).‘&5 (z X
0 PlsalZ | (]
extend
@) 6)| | W) 0]
l
44 RA1T
c.yu9l@csuohio.edu
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ez

= = = e Additional datapath
’V for forwarding ?
4 st )
Shift
left2
(]
Addess 8 regster 1 Read|
E _.%2 atall | = L,
.nm?; L ;—»;{:“,‘:,Rﬂm pel | in AU oy e | ;
u Daa M
_"ﬁ: T 1X Wite o
daa
2
oo | How to control the
B ] N forwarding datapth ?
45
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= = iy e Additional datapath
’V » for forwarding ?
4. Aﬁw
Shift
left2
| Read
Adttess regiser 1
Y I I YR R
|, B e B
—roser 92

S
exerd

[
———————————— [ mstudion
g
®

‘ I

AT T ]

D)

* &

R
.
.
. R
. an®
""-4’6--...---"

How to control the
forwarding datapth ?

c.yu9l@csuohio.edu
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m I" we EXIMEM
L‘W L EEM/\NB
IFID U EX| M WB—
-
- M
2 —|u
g _|x
Instruction | | é Regsers t Daa | ] J—G
memory memory "
L u
M X
Wy
X
H
IF/ID.RegisterRs Rs 1
IF/ID. RegisterRt Rt
IF/ID. RegisterRt Rt m EXVEM erRd
IF/ID.RegisterRd Rd J Rege —|
X
Forwarding unit: | [ e g
6-input, 2-output
combinational circuit

HW#1, (5
47 ©
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+ n

Control logic

ForwardA =
10 if (EX/MEM.Rd = ID/EX.Rs) <- get operand from EX/MEM
01 if (MEM/WB.Rd = ID/EX.Rs) <- get operand from MEM/WB
00, otherwise <- get operand from ID/EX

ForwardB =
10 if (EX/MEM.Rd = ID/EX.Rt) <- get operand from EX/MEM
01 if (MEM/WB.Rd = ID/EX.Rt) <- get operand from MEM/WB
00, otherwise <- get operand from ID/EX

48

c.yu9l@csuohio.ed

24



+

ForwardA =
10 if (EX/MEM.Rd = ID/EX.Rs) && EX/MEM.RegWrite &&
(EXIMEM.Rd? 0))
01 if (MEM/WB.Rd = ID/EX.Rs) && MEM/WB.RegWrite &&
(MEM/WB.Rd? 0) && (EX/MEM.Rd ! ID/EX.Rs))

00, otherwise
ForwardB =
10 if (EX/MEM.Rd = ID/EX.Rt) && EX/MEM.RegWrite &&

(EXIMEM.Rd! 0))
01 if (MEM/WB.Rd = ID/EX.Rt) && MEM/WB.RegWrite &&
(MEM/WB.Rd! 0) && (EX/MEM.Rd * ID/EX.RY)))

00, otherwise

49
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1 -$ " 000

lw $s5,0($s4)

add $s7,$s5,$s6

lw $s5,0($s4)

add $s7,$s5,$s6

50
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Stall the pipeline by keeping an instruction in the sammgest

Program Time (in clock cycles)

eXdeCUlIOW cc1 ccz ccs cc4 cCs cce ccr7 ccs cco
order

(in instructions)

Iw 52, 20($1)

or $8, 52, $6

add $9, 54, 52
lw-and

st$1,56, 87 [w] I II-’ I I
Iw-or

At CC5, MEM stage is empty !

51
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Stalling detection and control
Detects during the 1D stage when “lw” instruction is in EX
stage

The following two instructions are in ID (“and”) and Ife(”)
stages, respectively

If detected,

Stall the following instruction (in ID stage, “and”) gt it repeats

the ID stage again => IF/ID pipeline register shouldbeot
changed

Stall the second instruction (in IF stage, “or”) so thegpeats the
IF stage again => PC should not be changed

52
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Iw
Hazard detection

If ID/IEX.MemRead and
((ID/IEX.Rt = IF/ID.Rs) or (ID/EX.Rt = IF/ID.Rt)) sthkhe pipeline

Control signals generated from hazard detection unit
IF/IDWrite to prevent IF/ID register from changing
PCWrite to prevent PC from changing
MUX control to delay forwarding control signals (péssll” signals)

53
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- # /

Stall by letting an instruction that won't write anything go
forward

i Regisiers .
weba| mstucton : [
mermory
M
EAD Registerh
[

Hazard detection unitt
4-input, 3-output
combinational circuit

54
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CCl1l CC2 CC3 CC4 CC5 CCb6 CC7 cecgaccecio cc1a cerz
No EX stage

ID stage is repeated at CC7
<- IF/ID.Write
IF stage is repeated at CC7
<- PCWrite
No WB stage | No EX at CC7, no MEM at CCB
and no WB at CC9
<- zero control signals

No MEM stage

Iw $s5,0($s4)

add $s7,$s5,$s6

c.yu91l@csuohio.ed

) %

While executing a previous branch, next instruction address

might not yet be known.

56
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%" (!

57
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% |

We can stall the pipeline for every branch instruction
Too slow (3 instructions)

Or, continue execution down the sequential instructiomstre
assuming that the branch will not be taken (predict “bdranc
not taken”)
If the condition is not met, OK ! (prediction is sucsies)
If the condition is met, (prediction is wrong)
Some unwanted instructions are in the pipeline!
Need to “flush” instructions
How do you compare the above two ?
If branches are taken half the time, and if it casits ko discard the
instructions, the second approach halves the coshtfatthazards

58
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. CCl CC2 CC3 CC4 cCs cece ccv
« A new control signal

IF.Flush is introduced
to flush the instruction beq $1,$2, 7
in IF stage

add $3,$4,$5
« It zeros the
instruction field of the “target of beg”
IF/ID pipeline register, ‘ ‘

which in fact can be
decoded as “sll $0, $0,

$0” ID stage executep MEM stage executes

a nullinstruction | a null instruction

(sll $0,$0,$0) at | (sl $0,$0,$0)|at
« In fact, “nop” = “sl| ) cc3 ccs
$0, $0, $0” IF.Flush at CC3 will do. EX stage executes\VB stage execute:
a nullinstruction a null instruction
(sll $0,$0,$0) at (sl $0,$0,$0) at
cc4 CC6

59
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% 1 -) %#

While determining next instruction address, go ahead and
execute sequentially following instruction(s).

60
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% | -) %#

Advantage:
Can avoid one stall per delay slot.

Disadvantages:
Makes assembly-language programming more difficult.
Can be difficult to find appropriate code for slot.

Exposes implementation detail that could change.
Later implementations without a stall must still enteilsiot.

Most modern processors avoid

61
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% | -) %

Guess which instruction is next, & start executing it.
What if guess is wrong? : Flush the pipeline
Simplest guesses: Always Taken or Never Taken.

When to do prediction?
Static prediction: compiler
Dynamic prediction: processor

62
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£ ) %

Branch prediction buffer (branch history table)

A small memory that is indexed by the lower portionhef
address of the branch instruction and that contains one or
more bits indicating whether the branch was recenkigrta

or not.
Instruction Instructi
memory nstruction
[2]2] ) VN {..-Prediction (T or NT)
IF/ID
63'F/
c.yu9l@csuohio.edu
# ) %

1-bit predictor

N (Not taken) )
Predlct Predlct NT
taken T (Taken) not tak
Prediction accuracy

loop 10 times =35t ?, 2" correct, 3 correct,

beq 9 correct, 1(9‘. incorrect => 80% accuracy
(Because the first one is incorrect in
the second execution of the same code.)

64

c.yu9l@csuohio.edu

32



Another form of control hazard involves exceptions.

When an arithmetic overflow occurs during executing “add
$1, $2, $1”

Transfer control to the exception routine (0x4000 0040)

This is the same as executing a branch instruction

Necessary actions are
Stop executing the current instruction and start the excequtigime.

Following instructions already in the pipe must be wiped fugh
pipeline registers).
Return to the offending instruction.

65
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% [ 1]
Similar to the taken-branch, we need to flush pipeline
registers. Question is which pipeline register(s)?
Arithmetic overflow is detected at the eofdEX stage.
And thus flushing takes place at MEM stage (at the nexékycl

Since three following instructions are already in thelpiplF, ID
and EX stages), we need to flush those three instructions.

Therefore, we need ID.Flush and EX.Flush in addition tBIUSh
control signal.
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For the instruction
in ID stage For the instruction

For tf?nstruction in IF stage
in ID stage

II%

What if more than one instruction generates
exceptions?
While “add” causes an overflow exception at AGEX,
another causes an invalid opcode exception atiG@5
It is not OK to generate all flushing signals.

And, how does the exception service routine
correctly identify the instruction that causes the
exception? => Imprecise exception
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Precise exceptions
Hardware (CPU) correctly identifies the offending instion.
And makes sure all prior instructions complete.
All instructions following it are not allowed to compeetheir
execution and have not modified the process state
Imprecise exception

Hardware does not guarantee it and leaves it up top@ting system
to determine which instruction caused the problem.

Some instructions following the offending instruction dfeveed to
completed their execution and modified the process state.

Most of modern CPUs support
Precise exceptions
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