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Single Cycle Processor Performance

* Functional unit delay
— Memory: 200ps
— ALU and adders: 200ps -]/2

— Register file: 100 ps /057 = /d Seéc

Instruction Instruction Register ALU Register MW %e/d% = C/ooé

Class memory read operation write
R-type 200 100 200 100 600

load 200 100 200 200 100 800

store 200 100 200 200 700 l - /Q( 6/7’
branch 200 100 200 500 // —_0 ’4
jump 200 200 /°<ié ?'75

e CPU clock cycle = 800 ps = 0.8ns (1.25GHz)
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Wﬁ KjL % we /Z(]f C,/océ
s |nstruction Mix Instruction Instruction  Register ALU Data Register Total
Class memory read operation memory write
- 45% ALU
= 25% loads L
2 10% stores R-type 200 100 200 100 800) |Ps > 0. hs
15% b h load 200 100 200 200 100 ( 800 ) 0.%
o brancnhes store 200 100 200 200 @0 0,7
—\>% jumps branch | 200 100 200 {500) 0.5
jump 200 (20) 0.2

_
P clock cycle £0.8xas% +(0.825% {0 k10% G J15% 5% =

=0.625ns (1.6GHz)
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Whal's the signe] .

. Problem’? use J[VN liﬂmp
— Each functional unit usedfonce per cygl;) umit

— Most of the time it is sitting waiting for its turn

e Well it is calculating all the time, but it is(waiting for valid data

— There is no parallelism in this arrangement waﬂ'

e Making instructions takan make machine{fasteb!?!

— Each instruction takes roughly the same time
 While the CPI is much worse, the@ock freq is much higher)

—( Overlap executioﬁ)of multiple instructions at the same time
e Different instructions will be active at the same time CPL T CR r

— This is called “Pipelining”

— We will look at a 5 stage pipeline p n N
* Modern machinehave order@cycles/instrucﬁon ) ’7/’ +  nepr ('/cz)

: 1\CR/CF’J: f?
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Pipelining Lessons

Pige £l
6 PM 8 9 . Pjpelining‘doesn‘t help Iatency)of
i R single task, it helps throtghput of

| = i Time entire workload
M‘ @ ‘_ ‘_ ‘_ ‘_‘ * Multiple tasks operating
30 40 40 40 20 imultaneously
—_— M%ﬂ speedupé Number pipe
@ p"'w o\m\'n stages

¢ Pipeline rate limited by slowest

pipeline stage
[ e Unbalanced lengths of pipe

o (T stages reduces speedup
C G d ?‘ e Time to(fill”)pipeline and time to
it educes speedup

Q)
> pie R /@ /sl-?



. @Instrucﬁon Fetch

Fetch\the instruction from memory /I/\) (5/01\)35‘}' “ﬂﬁ‘)

Increment the PC
. RF I Reglster Fetch and Instruction Decode

Execute Qalq address {)l(.)€ 5T&j€5

— Calculate base + sign-extended offset
. Memory
- the data from the data memory

. Write back
- the results back to the reglster file

(\clel C\tlez Cu‘le3 (wle4 Cu‘le%
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Pipelining Load [w

e Load instruction takes 5 stages

— Five independent functional units work on each stage QALL\ 5‘} AJ e
e Each functional unit used only once
— Another load can start as soon as 1°t finishes IF stage by 5‘}
— Each load still takes 5 cycles to complete //\
— The throughput, however, is much higher 1 31’1’ w(\"

Pe/\ O‘Cl?.

Cycle 1 Cycle 2 Cycle 3 Cvcle 4 EC},-’(‘le 5 EC}-‘(‘]& 6 EC}-‘cle 7

v T (T Y e N T N I S = CPI
OB P\ N Y
G 1st1w} IF iRFm) | EX | vem| wB = Q,L

R o o e s o L oyele
s NG | - 5 ok

Lekere
d
I‘\d‘f . 'FC.I'LL\ %‘;{? J\ EXCCGI:Q MCM Wf\.\:(
’_'J fi / ' S'ch o e ; ;5'}6( s Access b“'k
/ peine \ i \ \
A \Y Y

No! ?/

3 B A

required delay before using written data.

ap Y }ﬁl} $5 sp J}sb 51153



Positive edge-triggered FF:
output changes on rising clock

I 1w I
Instruction Fetch

I 1w |

Register Fetch

IFiD IDEX EXNEM MBMAWE

L 1w 1
Execute




L 1w

(|
Memory I

L lw

Write Back

o Use aunit to@nerate signals during RF/ID|Stage

- Control signals fo@

o (ExtOp, ALUST, ...) used(l cycle later) wae, pipe  rejs ’/)”7
- Control signals fm@ Control Jt‘jh&/fj. csuld

e (MemWr, Branch)use ilss pan dcmp ol
— Control signals fo

4l w0 needed
e (MemtoReg, MemWr) use /" , hords, e



I'—'lW w $1, ...

_' Write Back 285
C nop
FID IDEX . EXNEM MEMWE add $2, $1,
nedl  vesd
oo ]
weite jnsle.
=0
A | =4
> )
E E E upstream, pos
triggered FF
3 3 3
E E E E
— | — —
) ) ) ) .
E E E E E RegFile neg
triggered FF
) 3 3
E E E E E
—d — — — —
> > ) )
E E E E E downstream,
‘ \ \ pos triggered
> ) » 1) FF
E E E E E
B = | - —J —d
v v v v
|
' ! _r Il /
T 2T It - ! clock edges.
| e T T ]
% x %
NEG-FF NEG-FF POS-FF  POS-FF 2-phase,
Samples Latches Samples Latches

—> New 53‘& X X mx+ {h
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Implementing Control

ﬁ
RegWr ’

s RF/ID s EX s MEM | ;__WB
1 (e (e (e
1 1 1 1
Q EXtOp o %y ExiOp Q Q
AL USrC AL USIC : - -
- ALUOp  |=| ALUQ <3 =
=z Main [ = > = =
RegDst = | RegDst = ~
< Control ” ;L“—'» = =
~|— . = T T ==
Iz MemWr & MemWr z emWr o
%’ Branch ; Branch "i granch ;@
g N ] =
MemtoReg MemtoReg N MemtoReg Z | MemtoReg
RegWr RegWr RegWr
rf _ex mem _wb

Cbuu alSo

ky ppe dage

-|"-"' Address

P‘i"\‘ we 3ec0<\){vxg_

HMEM

Instruction ;¢ ,/_\ -

115-00 3" | sign

K 'Iem:end

Instnaction
[20-18]

S

;%

=

Read

| Address o

Instruction
[15-11]

Wirlte ‘ '*EI.J
data




e Assume time for stages is

— fo( register read or writé

— 200ps for other stages

Pipeline Performance

oo Single-cycle (T.= 800ps)—————————

Program
execution . 200 400 600 800 1000 1200 1400 1600 1800
Tlme T L L L T I L] L I

order .

(in instructions) re;} ul’f}C 1 U'my]'(‘
Iw $1,100($0) |G Reg| ALU af:f;; Reg ’}55_;
Iw $2, 200($0) 800 ps Insiuction | peg | ALY | D2 | Reg P

Instructi
lw $3, 300($0) 800 ps fetoh
Pipelined (T.= 200ps) o
Program
execution — 200 400 600 800 1000 1200 1400
Time T T . T T . T
order = /S/ = é/
(in instructions) . 5"'
i nstr
w $1,100($0) ("G [Rea| A | 052 [Res j:_/
b e— - 90
w $2,200(80) 200 ps | on | [Ree| AW | Caa |Res 220 ps
w $3, 300(50) 200 ps ["aen | [Res| AW | Osees [Peo

200ps 200ps 200 ps 200 ps 200 ps

e
IPS SA(designeé;orx pipelining) L D _J_
— Allinstructions are 32-bits
* Easier to fetch andm

e c.f. x86: 1- to 17-byte instructions

— Few and regular instruction formats Oleo o’n(ﬁl%é
e Can(decode and read registers in one step j
= y
"Load/store addressing

* Can calculate address in 3"d stage, access memory in 4th stage

— Alignment of memory operands . ( >
-(Memory access takes only@ VS. 2 jﬂﬂ mis4 ljhﬁ =v 5+£”

—




But Something Is Fishy Here

5’60 ps > 29 of"' L/oaL

If dividing it into made the(Clock faster)
— And the effective(CPI is still one .‘,(‘

Thendividingitintketh W XJGPS —> 00/)5

— And wouldn’t the\CPI still be one?

Then why not go tc@ '/_'
C/,ymo]L O(I&IJ( Cm‘f opera 197

Really two issues

— Some things reallyﬁve to complete ini_c_\,r/qa
¢ Find next PC from current PC

— CPlis notreally one

* Sometimes Vowmat is not done
KU\( }6\'\3;/\"’2\6 f»f\&mﬁ/ '”Lz_ Mpe AHWM_

=f>CPIT




Can Pipelining Lead to an Arbitrary Short Clock Cycle?

¢ Min clock cycle = longest combinatorial dela +@

¢ Pipelining reduces the combinatorial delay

— Less work per pipeline stage

- Ideally,reduce delay to 1/

— Best you can achieve i§CIOck cycle@FF setup + clock skew

. ‘ Diminishing returns|from ever longer pipeti

« Imbalance between stages also reduces benefits from subdividing

¢ Even if you could continuously improve clock frequency
/‘\ —( Power consumption oo Frequn%f
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Dependencies and Hazards

e Hazards: situations that@vent starting the next instructicTr\in the next cycle
—{(Wasted cycles) CPI>1™ )

e Hazards are due to dependencies between instructions
— Two instructions(share resources or data
— Pipelining may lead to overlapping their execution

LC3s 1DT

e Types of hazards 2 refs % date W\cw\dig_
—Hazard (resource conflict)

’JV \
e Two instructions need tq'use th piece o c"“* AUM\
—(Datg Hazard

b, dw, ey
* Instrucﬁor@p&n@of instruction still in the pipeline J
- ’Gontrol)Hazard
¢ [nstruction|fetch depends on the resultlof instruction in pipeline
—
BR

+ Simple example: MIPS pipeline with a\single unified memory

* No separate instruction & data memories STRUCTURAL
—-( Load/storé)requires data access HAZARD

Instruction fetchjwould have tq
‘bubble”

- Also used for units that are not fully pipelined (mult, div)

or that cycle
* Would cause a pipeline

e Consider immediatelW STRUCTURAL.

— Register file only has a single write port HAZARD

— But need tthe results of the(ALU/and/th =

i Cycle 1§ Cycle 2 § Cycle 3iCycle4 i Cycle 5 i Cycle 6 i Cycle 7 i Cycle 8 i Cycle 9 i 2 writes

crock I I ! | ! I ! I ! I ' Rl /.
R—tvpe| IF IRED | Ex [ wB | :  Oops! Ve have &problem "IL
‘ ; : : : <
R-type | IF IrEsID | EX | WB | : Sane
A roaa[E__Jremp | Ex ] MEM]WE }j L Fime ?
[ :

add arv [OE [rReEp [ EX I\\\V_l;ﬂ

Riype[ IF__|REID | EX | WB_|

shorf=cireyited execulion : does WB im MEM imikesd of w WB



e Delay R-type register write by one cycle =% dont shor,‘-cfrcu'.f

— Does this increase the CPI of instruction?
.y whal was
— What is the cost? | ‘l CPI "‘“VC?

1 2 3 4 5
Riype[ IF__JREID | EX | v [ WB

f Cycle1iCycle2 | Cycle3iCycled Cycle5 {Cycle 6 { Cycle7 iCycle 8 {Cycle9 |
Clock | 1| | [ I |

Rtype[ IF__JREID | EX | vEM [ WB_ |

Rtype [IF__[rED | Ex | viEvi [ wa

Ww veaa[F__Jrem T EX [ ey [ we

4dd  wretype[ T [kRep [ Ex |y [ ws

R-tvpe] IF RE/ID EX II\IEMI WB I
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"}

segdénﬁ‘af

Data Dependencies

dﬂ\flsﬁ’ncz

. ‘Data dependencies for instruction j following instruction i Au &1)...
- Read after Write] (RAW) (true dependence) / add 7k2 A#1 EE:

e |nstructionj tries to read before instruction i tries to write it / ‘T
W

_(WAW) (output dependence) </a t1

* Instruction tries to write an operand before i writes its value

_WAR) (anti dependence) — ad4 42, Xl) %3

* Instructionj tries to write a destination before it is read by i /“ #l

* No such thing as a Read after Read (RAR) hazard since there is never a

problem reading twice C&nhoZL re- order (,7%67‘5 a'{

apmd/ims,/
» Dependencies are a property of your program (always there)

* Dependencies may lead to hazards on a specific pipeline




RAW Hazard Exam p|e Could we possibly send data from pipeline
stage to stage?

e Dependencies backwards intinreare hazards

Time (clock cycles)

| adao
n
s |sub
t
.
and
0
r
d
e
r

? Ney-FF?
or rB,DrS

xor r1 0,@r1 1

0 1

IF_|IDIRF
rir2,r3 | m f{Reg)]
r4, |r3 Im
re, ,r7

- HDMEM

‘Qeg Y{'(; e
appecs
Twize, vsed

Reg| [wice: R,W
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bete  resd
. Wdependency by stalling C (\
ompr
Time (clock cycles) 0 1 2 3 4 S 6 7 F €55
IF ID/RF ~EX |MEM | WB C)I'GJFG:.M
add r1,r2,r3 | mm {{Reg|| Dm ——|Er€‘
/ i, ’ _E [ _ \\ (fcc ngx‘f’ Pa}«,)
n
- < . — ) - .
? subr4, r1,r3 Im CRBES | Ree Dm 7 Reg
r.
and r6, r1, r7 Im | Reg Dmn
(@] Bl [4|
;. or r8, ﬂ, ro Im |[|Reg
: |
’
{xor r10, r1, r11 Im 1| Reg
C- Kozyrakis EE 108b - Winter 2010 - Lecture 9 20
= How can we delay the 2nd instrucﬁo@?

@ B
@Se
®

— (Compileninsert)independent work o
e NOP ex3a m

ple€ or SO, S0, SO

)

* AKA: pipeline interlocks

. Disadvantage:ﬁpipeline-speciﬁc binarylprogram
ardware inserts\NOPs as needed

NOPS ahead| of it

. Advantage:operaﬁon for all programs/pipelines
* Disadvantage: may miss some(opﬁmization oppor‘tunmes)'

— Most modern machines
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: : o ppeline, X 127
Reg ||| ALL| ||| D Reg.
Read , Mew | ||| Write k=4
T Rey = ALW UL © Reg.
Mew Read [T Mew | | [lWrite tes
| | 2 s G 4
~ ed e ALL L B Rey.
Mew Redd Mew | | [[Wrike
Sob g3, R1|| T P ‘
. o el o AL D[] Red
ub is stuck in Fetch, W RC ‘8 = MCW\ ur'._h’
PG ot ineremented Sob || —Popo|| MRl | Leep— | Iep
I el AL )
Mew Read [T Mew
596 T|| Mf— S
Sags mpoin s T ff R J A
OR $0, $0, $0 mm Rc‘a
Sub Sub Sub
Sub advances to Reg- ey Rg}
Read ==
ead at t M"W\ R;d
PC incremented ¢
next instruction fetched T
Mewm

te4



Stalls can have a significant effect on performance
Consider the following case
— The ideal CPI of the machine is 1

- P{RAW hazardicauses W
Lo (1 c‘,cle) + Yo (1*3 C7c/e;>

I of the instructions cause a

— The new effective CPlis 1+ 3 = 2.2 = (fl C7cle)/402+4070) + /QIOZ)/:} ((,c/(})
— And the real % is probably higher than 40% 2 0\
= Jd. |

You get less than 2 the desired performance!

NS

LQB\ C

How to|Stall the Pipeline
OR How tol\lnsert a NOP or Bubble

. Yo@scoverthe need to stalllwhen 2"9instruction is in ID stage

— Idea: repeat its ID stage until hazard resolved; let all instructions
ahead of it move forward; stall all instructions behind it

l.control values in|ID/EX register a NOP instructioD R¢ =#¢ a,
~(As iPyou fetchedor $0, 50, 50) & - &‘N‘»‘IS - g

— When it propagates to EX, MEM and WB on following cycles, nothing
will happen (nop = no-operation)

revent update of P and

- Using{i:nstruct'ion is decoded again So wAﬁL

Following instruction i So quL /-fj /,\/g /~€07/'57ler
Al

£
- We can allow data to flow through register file \\\—ﬁ%
v Ifyo it s bein you get new value ¢
o Orassume|write during 1st %\of cyclej read during 2nd %2 1
* Now you stall only 2 cycles cLK /b \

samp /Q, CA&njt
(m{)u'} Ou'lLf) u+




e “Forward” the data to the appropriate unit

Time (clock cycles) 0 1 2, 3 4 S asif R1 reqd
IF ID/RF \EX MEM! WB
I -
addr1,r2,r3 | Im |{Reg T~ Dm [ Reg
u)rll“'t_ / k
-
subr4,r1,r3 Im |[/R | % TD“ T Reg
rea&

~ 0 3 —

Sem! Jda o‘lrcah~1 £ ALU w‘,u~\'? Do write c'l'er
(mew Leed back M—} )

]

svb_ Bl do’o‘mj e

sub 4 ch

add $1, ,

sub

8,

Data available next tick.

Forwarding (feedback)

works.

RAW AézarrJ

T ™~

Iw $1, (offset)( )
sub _, $1,

WHY NOT forward Dmem.out?
DELAY = 200ps (memory) + 200ps (ALU) ( ALL  MEm )

. . 260 200
forward from WB instead, insert NOP

Cam\E"

feel

ALW
_bac.k

in
Tiwme

Data is not available yet to be forwarded

Time (clock cycles)

pQ~0 ﬁ-slca:s-

0

1

2 3 4 : 5 6 7

Iw r1, 0(r2)

sub r4,@ ré

andr6, ri1, r7

orr8,r1,r9

1F

Im

ID/RF X MEM wB
[ Reg || Reg

Im |[|Reg | @rtbu L Reg

Im || Reg %[Dln | Reg

{| Reg _@7 Dm | |Reg
i [ S—




A pipeline interlock checks and stops the instruction issue

Time (clock cycfes)i 7\ 3 l/ S- é _] ? q
IF |ID/RF XIMEM | WB
;[ wrd, 0(r2) Im I,Iei'g ? \'{'/R Sd ine <'.1c.’c ?
n_. s
f subr4,r1,r3 Im - Reg jcowrrme)
r.
and r6, r1, r7 T Ree
o — L]
r . Dm [ |Reg
4 |lorrg, r1,r9
i ] =
p
" \'\nser\' No?P
W T d -i' ‘|’ L\ a(‘é
Lo ol efec] %}
Dcl&a ]Cree}é l ;Ef, sub
inset L mop
ID/EX EX/MEM MEMAVB
7
. M
— u >
— i Ll &
A
Registers A ForwardA >ALU
e - ) h
M Data
; memory "'l‘:
1*\‘-‘} - x
ForwardB
R ;—' /nﬂ RS EX/MEM RegisterRd R\
R u >
X
l‘: \J('\\ W@]:& MEM/WB.RegisterRd
U X - o < Rd <.)|

\

b. With forwarding

_ s<l wuxes

N—
— Cowpare 'Plél& (Rs,Re vs RJ>

<
\ For wa‘A G\J’ PK;H'\;
Rs, Ry
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65 if nop wis felched

Load Delay

Bypassing can't fix the problem / 7 ID(xrl, 0, rd)
with ADD since the data sim Iy 2™ ADD (el, rd4, x5)
isn't avallable! We have to 3f) XOR(r3, rd, r6)

somé pipeine interock hardwargto

o, 4. 2.2 4 5 a6

Rpe IF @\\AED (B[ (o xR skl
stages RF @\“ADD 400 |( XOR N iy shalled
Y& ALU @” nOP)| (aDD .‘/I{}F‘l N (irogcz IQF>
WE @@ ADD |( X0 AP

@ thc about a machine's load delay, it can often

sequences Lo eliminate such hazards. Many compilers
provide machine-specifi instruction scheduling. |-» /yhm1 arch. C{CPG)\A(’.»—( ?




M“O'T'.f’l‘ feedback o omee?

k- BA2 sih oyl add81 Sy

#£2

Feedback paths to ALU go to both inputs.
Hazard detection sets MUXes: Opcode needed in pipe stage registers for detection.

E ,
e ' f ’ l HEM I
bﬁfalN | l .







