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Evroiréc MIPS

[1évte otdow :

1. ®épe v evroin amd T uvnun (IF-Instruction Fetch)

2. AldPooce Toug KoTaympnTEC, EVEO ATOKMOIKOTOIEIS TNV EVIOAN
(ID+RegisterFile Read) (ot0 €€ng Oa Acue: ID)

3. ExtéAleomn g evioAng 1 vroloyiopdc otevbovveonc (uéom ALU)
(EX-execute)

4. llpoomerlaon uvnung (MEM)
5. Eyypooen amoteAéopatoc oto RegisterFile (WB-write back)
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Single-cycle vs pipelined performance:

Single cycle: dlec o1 evtoAéc dtopkovV Eva KOKAO poAoy1ov, 160 LE TO
LNKOC TNG 710 ¥POvOPOPOv EVIOANC

‘Eotw: 2 ns yio ALU, MEM avayvmon 1 €yypoaen kot 1 ns yio

register file avayvmon 1 eyypaen

Instruction Instruct. Register ALU Data access | Register Total Time
class fetch read operation Write

Load word (lw) | 2ns 1ns 2ns 2Nns 1ns 8ns

Store word (sw) | 2ns 1ns 2ns 2Nns /ns
R-Type 2ns 1ns 2ns 1ns éns
(add,sub,and,

or, slt)

Branch(beq) 2Nns 1ns 2ns 5ns

© © © © Nahonal Technical University of Athens
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‘Ecto o1 mopakdtm evioleg 1w

_ 2 4 5 8 10 12 14 16
Time T T T T T T T T >
| nstrustion Data
fetch Reg ALY aeCass Reg
Iw $1, 100($0 ; -
$ ’ ($ ) Ina]:[;;iimn Reg ALU ;;::5 Reg
Ilw $2, 200($0) -
3x8=24ns '"5:'”“"“" Reg| AU | P2 |Rey
atch aOLESs
Ilw $3, 300(%$0)
_ 2 4 g 8 10 12 14 16
Time T T T T T T T T *
[ nstruction Cata
fetoh Reg| ALY 1 occess | R7® Kda0e 2ns tedsimvet
: ot KOt (Lol evToan!
[ ns;[ru ction Reg ALU Cata Reg H T]
atch acness
[nstruction Cata
fetch Reg ALL acnass Reg

Edw ol Babuidec dev €ival anoAuTa ioec. ZTnv 10avikn NEPINTwOon:

timepipeiinea=tiMenon pipelined/ NUMber of pipe stages
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>1n single cycle vAomoinon, 1 evtoAn olopkel Eva KOKAO 160 Ue TNV TLO
ypovoBopa. (edm: 8 Nns)

>1n pipeline vAomoinom, To poAol kéOe paonc (otdoto-pipeline stage)
olapKel (2 ns), akouo Kol av vdpyovv otdota Tov 1ns

210 mpornyovuevo mopaoeryuo 14 ns yia pipeline, 24ns yia single
cycle, dpa 1,71 emtdyvvon.

Av giyape 1000 eviorég axopa: pipeline 1000x2ns + 14 ns = 2014 ns

Single cycle 1000x8ns + 24 ns = 8024 ns

Apa emtdyvvon: 8024/2014=3,98 ~4 (8ns/2ns ratio uawiv svrokwv)
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2TA010 01000V 0£00UEVOYV €VOS KUKAOVD (single cycle datapath):

ID: Instruction decode/
register file read

EX: Execute/
address calculation

IF: Instruction fetch MEM: Memory accessi WB: Wite back

—
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EX (ALU result)
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* Add (i " MEM (DM result)
I
Shift 4 I
left 2 H | 3
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. 0l o
register 2 Zero —'—'—>__. |
Instruction . Registers Read ALY ary| |
\Arite data 2 result - Address %‘;?g I -
Instruction register ‘ Sata I}
memory _— Wiite H memory l
data |
Write I
data :
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Pon ekTeAeonc EVTO)\d)V_'Q&ZéOHE'IVO)IV! ano apg:%‘rspc'l npoc Ta Oe€ia
E€aipeon? | Write-back | kailemAoyn veou PC | kivduvoc eAéyyou (control hazard)

Kivouvog dedopévwy (data hazard) © © © O Waonst Tachmcs Unevaruy o Athens
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Extéleon aymyov (pipelined execution)

Time (in clock cycles) >
Program cc1 |, ¢€cc2 | ©c3 |, cc4 | cC5 |, CcC6 | CC7
execution | | | | | |
order | | | | | |
(in instructions) : —— : \ : I S I I
= : | | | |
lw $1, 100($0) IM —:J: Reg [ | >ﬁ —— DM [—— Reg| | |
R S | | o |
| | | | | |
| | | | | |
I I | I | I
| | | | | |
: = DN el
lw $2, 200(30) | M L Reg [ >ﬁ —— DM [——f Reg| |
| - | | | ! e
| | | | | |
I I | I | I
I I | I | I
| | | | | |
| | e DN o
lw $3, 300(30) | ] M —:J: Reg| | - DM [—+—{ Reg
v | | R i | | [ S——
| | | | |
I I I | I

Ti1 Ba yivel av XpnoigonoloUe TNV id1a AeIToupyikn povada
(Functional Unit), n.x. IM, RegFile, ALU, DM o€ d1apopeTIKOUC
KUKAOUC YI1a OI0MOPETIKEC EVTOAEG?

© © © © Nahonal Technical University of Athens
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Moavo ywo RegFile:
Mnopovue va owfdcovue kal va ypdyooue to RegFile otov
1010 kKOKAO: (Do pac Pondncel e amovyn Kivovvmvy hazards)

$10 TPAOTO GO TOL KOUKAOV YPAPOVUE (CKIOGUEVO aploTEP() — Res |

= e e

——

KOKAOC: Ypdpovue-otaalovue
I'evikd yio Functional Units:

Otav éva functional unit 1) €vag pipeline register gtvat
OKLOGUEVO CTUOLVEL OTL YPNGLUOTOLELTAL Y10 AVAYVOGCT
(OKLOGHEVO 0ECLA) T EYYPOQT (OKIACUEVO OPIoTEPQ)

I
|
|
I
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211V vAomoinon tov multicycle datapath, eiyoue tnv oo povaoa

VoL YPNGULOTOLEITOL OTTO TNV 10100 EVTOAT] GE OL0LPOPETIKOVC
KOKAOLG, T.y. ALU 1 MEM

>1nv pipelined vAomoinon tov datapath, £yovpue tnv 010 povéda
VoL YPNGLUOTOLELITOL OTTO OLUPOPETIKES (O10O0YIKES) EVIOAEC OE
OLOLPOPETIKOVE (01000 1KOVE) KOKAOVC

[ owoceariletal opbotnta extéleonc KAOE EVIOANC;

Koatoyopntég kardaiiniov,,,; neyéboug avaueso o€ 01000y 1KA
otdowa (pipeline stages)
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Pipelined gxoo0y1 Tov single cycle datapath

(mpocBécaypie Tovg KoToxwpnTéc-pipeline registers avipesa og Sradoyikd 6Tad10)

IF/ID ID/EX EX /A EM MEMMANB
>Add \
. Add
* / >Add result
Shift
left 2
= Res_id
PC Address % register 1 Read
=3
f e et Zero > >
Instruction = register 2 >
= Registers ALU
meamory i Read a ALU Read
\ite data 2 result Address 1
register M data M
) u Data u
g\:tlée 1X rnermory GX
Write
i data
16 i 3z
5 Sign Ly
1y @ Ky

© © © © Nahonal Technical University of Athens
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Read_Register_1 Read_ Register 2

I-Type: e
op rs rt address_offset
6 bits 5 bits 5 bits 16 bits
lw $rt, address offset(Srs)
R_Type: op rs rt rd shamt funct
(I‘ e gi ster typ e) 6 bits Sbits Sbits Sbits 5bits 6bits

add $rd, $rs, Srt ..
* Write_Register

Op: opcode

rs, rt:register source operands
Rd: register destination operand
Shamt: shift amount

Funct : op specific (function code)

© © © © Nahonal Technical University of Athens
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hww |

Instruction fetch

o
A
u
»
1
IF/ID IDVEX EXUAMAER i E RSB
A
~Add
“ A9 e suit
= Read
Address = register 1 Road
=
= Read data 1
Instruction = register 2 ™
e oy —s ) Registers Read Read
\irite data 2 result Address cadl .| 1
register data a1
Data
Wirite Frie Mo u
data b4 >
Vwrite g
data
16 X 3z
Sign
extend
— 0 .
o | Instruction decode 1
u
€
I—» 1
IFAD IDFEX EXATAER Pl E MANE
~Add
Add
4 Add result
= Read
Address = register 1 Read
__g Read data 1
Instruction = register 2 ”
ermory - B Registers Rreaad Read
W ite data 2 result Address — 3
register data M
Data
write memory u
data e a
rite
data
16 R 3z
AN Sign
~ extend ~

£

VP poros
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Execution
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2’ CSLab

S

..\ IF/ID ID/EX EXMEM MEMANB
>Add » : \
Add .
4= / > nas S
Shift
left 2
s > Rea_ad
» Address E register 1 Read . '\
g Rea_ad e Zaro i -
Instruction = register 2 v
memory = _ Registers Read 9 ALYV aLu fead
Wite data 2 " result » »| Address ea o1
register M data M
Whit v / Data u
.| Write X
data 1 memory OX
. \Wirite
data
16 a2
s | Sign |y ~ -
N Tlextend| M
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—= 0
n Memory
u
»
1
IF/D IVEX EX/MAER M ErANB
Add
@
s Read
PC Address £ register 1 Read
E]
5 Read data 1
i = register 2 -
Instruction Registers mend
memory WWrite data 2 Address Readl | 1
register Data data ™
write mergaeg u
data U"
Write
data
16 . az
Sign
extend
a
A
u
P
I—— El
IF/D IDFEX EXURA EM MEMANB
Audd
a4
= Read
PC Address 2 register 1 Read
= — data 1
Instruction register 2
memo = — Registers moaa
4 Vrite data 2 Address Read} ]
register ata data
memory
Wirite
data |
Wwrite
data
16 . a3z
Sign
extend
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PC

“xecZz e

SW

Execution

> IFAID ID/EX EXMEM
>Add ’ > \‘
Add N
) / >Add result
Shift
left 2
s Regd
Address & register 1 Read \
= data 1
£ Readt 2 Zero » -
Instruction N = registerz
memory _ Registers Read 0 ALU a1u
Write data 2 iy result » » Address
register M
u Data
e &8 memory
data ) 1
> Wihrite
data

16

32
5 Sign [y

N lextend

A

Read
data

M E MANB

RN -
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| SWW |

a
M I Memory
u
>
1
IFAI ID/EX EX/MEM MM EMANYE
Add
4
= Read
PC Address % register 1 Read
=
£ Read data 1
i = register 2 -
In:::::gon i ) Registers Read
4 \rite data 2 result Address 'zead — 1
register ata "
Cata
| vvrite memory u
data C)l(
Write
data
16 . 32
Sign
extend
o I SV
¥ | f
o Virite back
3¢
1
IFAIC ID/EX EX/MAEM MEMANE
Add
Add
* Add result
= Read
Address = register 1 Read
S
E Read data 1
N = register 2
I"::::;:gon = ) Registers Read R a
Y rite data 2 Address ea 1
register data
Cata '\I'J“
WWirite memory
data C)l(
Write
data
16 . 32
Sign
extend
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To dwopOmpévo pipeline ya tnv Iw:

IFAD IB/EX EX/MEM MEMANVB
> Add \
Add
* / >Add result
Shift
left 2
= Read
PC Address % register 1 Read
3
2 Re?dt 2 e Zero —>
i = register -
Instruction . Registers Read >ALU ALU
memery »| \VVrite data 2 0 result Address Read 1
register M data
u Data M
White X memory :
data 4 1 .
» \Wirite
data
16 . 32
Ay SiON Ly .
kY @ Ay

O apOuog Tov write register Epyeton Ko 0vTog pEca amd to pipeline
T1 GWGTY) GTIYUN 000 0ttt (S D
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To Tupota Tov datapath wov ypnowwomoOnkav
KT TNV EKTELEST) TN IW:

i
S xez

a
|
u
X
1
> IF/ID I/VEX EXMEM MEMAAB
> Add \
. Add
4 / >Add rasult
Shift
left 2
c .| Read
PC » Address % register 1 Read . . \
= data 1 i i
Insti ti E T rReeg?:lterZ Zero = [~
il b Registers Read >ALU ALU
memory | Wite data 2 a result N »| Address Azl
register M data
u Data
WVifite X mermory
data 1
. Write
" | data
16 ) 3z
5 Sign [y
AY w AY

v§§

ST
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Program
execution
order

(in instructions)

w $10, 20($1)

sub $11, $2, $3

Program
execution
order

(in instructions)

lw $10, $20($1)

sub $11, $2, $3

Time (in clock cycles)

\ 4

CC 1 CC 2 CC3 CC 4 CC5 CC6
- i
M + Reg ALU DM Reg ;
IM L Reg > ALU Reg |

Time ( in clock cycles)

CC1 CC2 CC3 CC4 CC 5 CC6
Instruction Instruction i Data .

fetch decode Execution access Wiite back

Instruction Instruction . Data .
fetch decode Execution acCess Write back

cslab@ntua 2015-2016
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hw $10, 20($1)

Instruction fetch

a
rA
o
0
B
IF IIID II:!;‘I EX rAE r_,lv\.'\rB
Add
A gl
e Add result
= Read
PC Address % register 1 Reaad
-E Read data 1
Instruction = register 2 >
|—1 Registers Read
memaony W ite aata = Address Read
register data
N Oata
wwrite
data memnory
WWrite
data
16 az
Sign
) @ )
Clock 1 L L L
i T T
sub $11, $2, $3 hw $10, 2005 1) | ' '
i i
Instruction fetch Instruction decode ] 1 H
| i 1
i ] 1
i i 1
° |
e |
= |
- :
|
|
IF JI‘ID 1w IEX EJ(!I\I;I EhA rAE lulli'\.f\l"B
Add
A
e sl result
= Read
PC Address = registar 1 Read
=
= Read data 1 Zero =
Instruction = register .
g — Registers Read e AL a1 Reae=ad
WA ite data 2 result Address = e
register (] data
it u Data
wwrite x
bt J remory
WWrite
data
16 . 3z
, Sign N
@
Clock 2 S

T
L
|
T
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sub $11, $2, $3

hw $10, 20(51)

INnstruction decode

Execution

\ \ ' |
| | H H
a I | " I
: | ! :
[=] 1 1 L] 1
> | | H i
1 1 I [ 1
1 | " ]
+ + 1
T 1 T H
| | H i
i i H i
. IFAD IDFEX E20MA ER LME R AAVE
Add
Add
4 — 9 resun
Shift
left 2
= RQ?G
PG Address 8 register 1 Read
E
= on gata 1
Instructian = register 2 -
TG e Registers Read . a
s W ite data 2 Address == 1
register data "
N Crata o
write
it memany &
Whrite
m data
1g X 3z
Sign
@
Clock 3
7 7 ¥ 7
| H H H
| 1 v |
1
= . I sub $11, $2, $3 l hw $10, 20($1) I
|
n i I Execution | Memory |
> i | ' |
1 i i H H
| | \ i
T | 1
1 1 L] ]
i i i H
|
IF/ID IDsEX E XA ERa ME M ANE
Add
Add
+ Add agam
= Read
PC Addrass = register 1 Read
% Read data 1
. = register = —
Imstruction Registers Read
nemory W ite data 2 Address Read 9
register data A
it Data w
Wurite -
data mergesy =
Whrite
data
16 ) az
Sign
@
Clock < — | L — —l
. 1 |
| ] + t
I T T
© © © © MNatonal Technical University of Athens A
§
&
4
> L
(3

cslab@ntua 2015-2016

s CSLab

m

21



sub $11, $2, $3

w $10, 20($1)

o | | l |
(X} : : I I 1
u i i Memory Wirite back
" | i | |
1 1
i ! ! i |
- = : :
| I 1 1
I I
! ' i i
IFAD ID/EX EX/MEN MEMANE
" il L : i
Add
Add
+ Add Faguit
= Read
FPC Addrass % register 1 Read
£ — data 1
= register 2 Zero |—=
Instruction Pocters Rond AL
mermary ALL Read
Write data 2 result Address E—— 1
register data M
N Data i
s rmemoary x
Vifrite
data
16 ) EH
X, Sign X
@ \
Clock 5 L | S - f—l
1 L L 1
1 [l 1 ]
1 T T
- |sub$11,$2, 3
1 1 1 =
W | : | I Write back
g : | | |
I—D 4 i | | |
1 1 ! 1
T T T |
I 1 I |
1 1 ] 1
| 1 i !
IFAD IDFEX EX/TAE M MEMANVE
—————— | \ b
Add
Add
4 Add Fosult
= Read
PC Address E] register 1 Read
= Read data 1
Instruction = gl 2 ”
merory — Registers peoag -
\Write data 2 result Address g S—
register data
Write Data
date memory
virrite
data
16 _ az
Sign
@
Clock 6 — —— - —
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Kivbuvol 2wAnvwonc (Pipeline Hazards)

* Aoukot Kivbuvol (structural hazards)

To UAKO bev pmopel va urtootnpiéel To cuvOULOOUO TWV EVTOAWV TToU BEAOUE va
ekteAEoouE otov (610 KUKAO pnxovnc. (m.x. eviaio L1S yua | & D)

* Kivduvol EAgyyou (control hazards)

To UALKO Sev UIMOPEL VO TTPOXWPNOEL TNV EKTEAECN ETIOUEVWY EVTOAWV KOBWC
QVOLUEVETOL N OAOKANPpWON TNG EKTEAEONC HLAG EVTOANC (mt.x. Branches)

* Kivduvol Aedopevwy (data hazards)
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Kivouvol Asdopevwy (Data Hazards) / To oxrjpa powOnong (forwarding)

sub
and
or

add
SW

$2, $1, S3
$12, $2, $5
$13, $6, $2
$14, $2, $2

$15, 100($2)

Time (in clock cycles)
Value of CC1
register $2: 10

Program
execution
order

# roatoaxwentng $2 ypdeetal omd tn sub
# 1°° teAeoctéoc (S$S2) eéapth&toal amd sub
# 2°C teAegotéoc (S$2) eéaptdtoal amd sub
# 1°682°C teAeoctéoqg $2) -//- oamd sub
# offset ($2) -//- and sub
cc2 CC3 CcC4 CC5 CC6 CcC7 CC8 CCg
10 10 10 10/ 20 20 20 20 20

Reg

(in instructions)
sub $2, $1, $3 IM

and $12, $2, $5

or $13, $6, 52

add $14, 52, $2

sw $15, 100(52)

Dl
B =
Expgien DM Re
iy = :
¢ || :]‘
M H FeRreg ] -[DM— L Reg
51
M 'EReg_ % DM Reg

0
0
-~
0
U
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E¢aptnoeic Aedbouevwy

 RAW (Read-After-Write) (true-dependence)

' RAW
H avayvwon evoc Kataxwpntr IPEMEL val akoAOUBEL
NV eyypadn otov (Lo kataxwpntn amno
. WAR TPONYOUHEVN EVTOAN
X*—Y+K  WAR: (Write-After-Read) (anti-dependence)
Y+—X+S H eyypadn og Eva katoxwpntn MPETEL va ALKoAouBel
TNV avayvwaon Tou armo tponyoULEV EVIOAN
Y —Z7Z+K

« WAW: (Write-After-Write) (output-dependence)

H eyypadn oe €va Kataxwpntr MPETMEL vor KoAOUBEL
- WAW OAEC TIC eyypadEC oTOV 610 KOTOXWPNTH Ao
NMPONYOULLEVEC EVTOAEC
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RAW

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $sO

True dependence —
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WAR

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $s0

Name dependence -
antidependence —
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WAW

add $t0, $s0, $s1
sub $t2, $t0, $s3
or $s3, $t7, $s2
mult $t2, $t7, $s0

name dependence -
output dependence —

cslab@ntua 2015-2016



ldentify all the dependencies

RAW

WAR

WAW
add $t0, $s0, $s1
sub $t2, $t0, $s3

or $s3, $t7, $s2
mul $t2, $t7, $s0

WB

5 MEM

MEM

WB

F 0 > vew | [we
F [ o 9 vew | [we
2 3 4 5 6 7 8

cslab@ntua 2015-2016
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‘Which dependencies cause hazards? (stalls)

RAW
WAR
WAW
add $t0, $s0, $s1 IF ID > MEM WB
sub $t2; $t0, $s3 IF ID 5 MEM w8
or $531 $t7, $32 IF ID 9 MEM WB
mul $t2, $t7, $s0 . 5 9 — —
b >

1 2 3 4 5 6 7 8

O O O O National Technical Un
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Let’s reorder the or

RAW
WAR
WAW

add $t0, $s0, $s1
sub $t2, $t0, $s3

or $s3, $t7, $s2
mul $t2, $t7, $sO

|?> MEM WB

cslab@ntua 2015-2016
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Let’s reorder the or

RAW
WAR
WAW

add $t0, $s0, $s1 " P > VN !;

or $s3, $t7, $s2 I® ID N
RAW

sub $t2, $t0, $83 IF MEM WB

mul $t2, $t7, $s0 IF ID |?> MEM wB

b >

1 2 3 4 5 6 7 8

© © © © Nahonal Technical University of Athens
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Let’s reorder the mul

RAW
WAR
WAW

add $t0, $s0, $s1
sub $t2, $t0, $s3

or $s3, $t7, $s2
mul $t2, $t7, $sO

cslab@ntua 2015-2016
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Let’s reorder the mul

RAW
WAR
WAW

add $t0, $s0, $s1 5 ;;7

mul $t2, $t7, $s0 " °

sub $t2, $t0, $s3 R 9

or $s3, $t7, $s2 " D 9 S I
1 2 3 4 5 6 { 3

© © © © Nahonal Technical University of Athens
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How to alleviate name dependencies?

add $t0, $s0, $s1 IF ID 5 vem | [we
sub $t2, $t0, $s3 IF | ‘%
or $s3, $t7, $s2 IF D >
mul $t2, $t7, $s0 -
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Data Hazards:

O1 evtoA£C avTaAAAGoOVY LETACD TOVG 0EO00UEVO LEGH TOV Register
File kot tng pvniunc.

Otav n enduevn evtoAn-e¢ ypetdletaor yio oOpioua (avayvmon) KaTt
OV 0€V E£YEL TPOAAPEL va ypdyeL 1] TPOMYOD ug}{n/”'"

5 6 7 8 9
sub$2,$1,$3 __[HIF|ID |EX |MEM |WB

and $12,$2,$5 IF |ID |EX |MEM |WB

or $13,$6, $2 IF |ID |EX |MEM |wB

add $14, $2,$2 IF D |EX MEM | WB

sw $15, 100($2) IF ID EX |MEM |WB
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Mio Aon eival n kabvotépnon(stall) tov aywyov (pipeline):

[IpocOétm ovo sub $2, $1, $3

evtoléc NOP: nop STALL
nop (kOKAO0L
and $12, $2, $5 OVOLOVIG)

or $13/ $6/ $2 ...........................
add $14, $2, $2
sw  $15, 100(52) .

1 2 3 [4 [5 [6 &~ [8 Jo Jwo [u
sub$2,$1,$3  |IF |ID |EX [MEM |wWB-|
nop D =
nop ‘%’\la\/\l‘[ﬁ
and $12,52,$5 = ID |EX |MEM |WB
or $13,$6, $2 IF |[ID |[EX |MEM |wB
add $14, $2,$2 F [ID |EX |MEM |wB
sw $15, 100($2) IF D |EX |MEM |wB

© © © © Nahonal Technical University of Athens
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[T10 xopwn Avon gival n tpowBnon (forwarding):

‘Exovue e€aptnon ocdopEvav RAW. Ta amoteAécuata ypdepovton €ite
otV Uvnun €ite oto register file.

Xy nepintwon R-TYPE:
Amobnkevovtal oto RegFile, mapdyovrol dumg petd tmv ALU, dpa
etvan owbéoua otov EX/MEM

Nwc 8a BpouUv N ENOPEVN Kal N
ueEBenopevn evToAn otn ¢aon EX ta
owoTAa opicuaTa: o ® O

1. [TpowBovue to EX/MEM oamotélecspa o¢ (6000
yio v ALU mtpdén g emOUEVNS EVTOANC

Eico060 otnv ALU o
novo oo ID/EX

Katoyopnty!!

2. To 1010 xavouue Yo TN UEOETOUEVT EVTOAN,
tpowBovue to MEM/WB anotéleoua, ¢ (6000

yio v ALU mpdéEn g pnebemodpevng evioan
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1a. EX/MEM.RegisterRd = ID/EX.RegisterRs
1b. EX/MEM.RegisterRd = ID/EX.RegisterRt

2a. MEM/WB.RegisterRd = ID/EX.RegisterRs
2b. MEM/WB.RegisterRd = ID/EX.RegisterRt

Time (in clock cycles) / >
Value of cCc1 ccz2 cc4 cCcs5 cceo cC ccs8 cco
register $2. 10 10 10 10/ 20 20 20 20 20
Program
execution

order

CC3
0
(in instructions) ]
sub 52, $1,$3 | IM ﬂ-t Reg[ ] % gﬁ; x° AvUo nepinTwoeig (aiTieg) yia hazard:

|~
u = Ano gaon EX ka1 ano paocn MEM
and $12, 52, $5 M o R %T
or $13, $6, $2 M - F\"eg: E — Reg
add $14, 52, $2 M 5 T DM (H | Reg
A4

sub-and hazard: EX/MEM.RegisterRd = ID/EX.RegisterRs = $2
sub-or hazard: MEM/WB.RegisterRd = ID/EX.RegisterRt = $2

© © © © Nahonal Technical University of Athens
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Forwarding:

[Ipota aviyvevovue tnv mhoavn attio, KtvovHvou
Metd kdvovue TpomOBNG™ TNC KATAAANANG TIUNG

Time (in clock cycles) >

CC1 cCc2 CCc3 cc4 CC5 CC&6 cc7 CC38 Ccc9
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 MEMAWVB : X X X X 20 X X X X
Program Forwarding vyia

execution order

(in instructions)
sub $2, $1, $3 IM

and $12, 52, $5

anoguyn EX
hazard

Forwarding yia
.......................................... ano¢uvﬁ MEM
hazard

or $13, $6, $2

R NO hazard!!

add $14, 52, $2

sw $15, 100(52) M S Reg ] % TiT_H‘Reg
v

© © © © Nahonal Technical University of Athens
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2VVONKES EAEYYOV TOV KIVOOVOV:

1. EX hazard:

if (EXIMEM.RegWrite
and (EX/MEM.RegisterRd#0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA = 10

if (EX/IMEM.RegWrite
and (EX/MEM.RegisterRd#0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt)) ForwardB=10
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2. MEM hazard:

if (MEM/WB.RegWrite
and (MEM/WB.RegisterRd#0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA = 01

if (MEM/WB RegWrite
and (MEM/WB.RegisterRd#0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ForwardB = 01
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ID/EX EX/MEM MEMANB

L1
N4
|
(=2)

Registers ALU

Pipelining xwpic
forwarding

Data
memory

a. No forwarding

ID/EX EX/MEM MEMANB
— () Forwarding paths:
— Registers _'; Ané:
Fonedh - DAL ‘ a) EX/MEM register
(o] pas |, - Kal ano:
'—n’r‘i _ b) MEM/WB register
N | P i NpoG TIC E10000UC TNG
milINA | | [omemmensen | ALU
U T For\:\::irtding ‘_I MEM/WB.RegisterRd

b. With forwarding ) © © Nahonal Technical University of Athens
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Datapath to resolve hazards via forwarding:

> M WB

»{ Control L |_IV1EMN\IB
IF/ID U EX | M WEB
. . ol )
c M
o » U >
T X
=2 =1
? Registers
Instruction || = f >ALU N Data [, | N
memory M
memory , , v
M
=] U »
X
IF/ID.RegisterRs - Rs
IF/ID.RegisterRt Rt
. > N
IF/ID.RegisterRt Rt )
> »| M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd u >
* x | U
N/ )
- Forwa_rdlng < MEMANVB.RegisterRd
\ unit “
R »

© © © © Nahonal Technical University of Athens
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2xedlaopoc Control

 Etoodol b

— [ebla tou instruction Combinational —

, control logic ——— Datapath control cutputs
 E¢odoL —

— Zrpata eAeyxou ALU Outputs =

— ZNpaTo EAEYXOU UVAUNG

— MOAUTIAEKTEC

Inputs

* Finite State Machine I | | ] | [ .

State register

Inputs from instruction
register opcode field

© QOO Nahonsl Techme u
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2xedblaopoc Control FSM (Multicycle datapath)

""". uction fetch

rulem Hean:l

o ALUSENTA -
lorD = O
IR rite

Start

El=rmaory addr=ss
Co o tathom

Branch
Cio -'n|' e=Hon

ALUSrTS -
ALUZrcB = 10
AL LS D = 00

ALSreA - 4
ALLUESrCE = oo
ALUCSD - 01
PCWIriteZomd
PCSource = 04

ALUSrCA -
ALUSrcB = 00
ALLCD = 10

Imstructiocn decode
reglster fetoh

—

ALJSrCAs = 0
ALUZrcB = 11
ALUSGD = 00

_-I":l

- =tlon

Pt
FCEource = 10

Pl iy

C- -

P S e Fe=glet =
lorDy = Reg\h rite
El=mioReg = 0

sdmmeory resd
Cl:il""" DIETOn STEp

_ _'u:i:e:-:-

hle=m~E=ad
liorD

FReglDat =
Hen'l.l".n'rrl:e 3

Fl=micReg = O
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Multicycle datapath

lorD MemRead MemWrite IRWrle RegDst RegWwrie LUSrcA
PC ¥ Instruction Read
g Address [25—21] register 1
1 Instruction Read data
Memor -
MEP‘D'-""EE [20—1E] T 5 register 2
- Instruction M . Reglsiers AL
[15-0] | |mnstruction| u Fz-glt;.atnr =a3d
Wirlte 15—111 X =] 2
| aats Inatruction : - 1 data
reglster Wirite
- data
Instruction 'ﬁ"
[15—0] X -
1 - -
| M';?t':';? JE | sign |37 shirt . A\
= | extand laft 2 [ ALU L
reqlater | Comtrol |
.l\.x'\- -'.-l-l..
Instruction [5—0]
MemioRed | USrcE ALUOD
R
OO QO Nanonal™ y of Ath 2

cslab@ntua 2015-2016

NPOMHOEVS i,
VP porol

N

47



Datapath to resolve hazards via forwarding:

> M WB

»{ Control L |_IV1EMN\IB
IF/ID U EX | M WEB
. . ol )
c M
o » U >
T X
=2 =1
? Registers
Instruction || = f >ALU N Data [, | N
memory M
memory , , v
M
=] U »
X
IF/ID.RegisterRs - Rs
IF/ID.RegisterRt Rt
. > N
IF/ID.RegisterRt Rt )
> »| M EX/MEM.RegisterRd
IF/ID.RegisterRd Rd u >
* x | U
N/ )
- Forwa_rdlng < MEMANVB.RegisterRd
\ unit “
R »

© © © © Nahonal Technical University of Athens

00
cslab@ntua 2015-2016 88@ S L a b



or $4, $4, $2

Clock 3

Instruction
memory

add $9, $4, $2

Clock 4

Instruction
memory

E and $4, $2, $5 i sub $2, $1, $3 i before<1=> i before<2=
H i i i
1 ] ] ]
H IDVEX ' 1
E 1G 10 i i
H m VB EX/MEM i
: I — | = :
1 . 1
; Control v We MERMANE
! | || I - :
|
IF/ID ExX L
i — L | -
2 S52 51
¥
s —
% 1 x \I
= Registers Nt
= Data
>ALL' memory [
S5 $3 u
L) e
— u
e
G
= 1
5 3 —
]
4 2 u
Y
H 1 ~— —v—]_'_ 1
i i ' i
1 1 I I
1 ]
1 ]
] |
i T
h i
1 1 ]
1 ] ] ]
! or $4, $4, $2 L and $4, $2, $5 I sub $2, . .. I before<s1=
H | i i
1 1 1 1
! IDVEX ! !
g 10 1 10 i |
H RN EX/MEM i
1 . R N 1
! ) 10 |
; Control N = MEMANE
! | || I | —
":,;”:, ExX ¥ WEB
4 $S4 F2
- ¥
k=3 =3 =1 Y
E x \I
@B Registers
= Data
>ALL' memaory el
s2 55 o
[\ x
g u
Ed
N
F 2
= S ™
Y] 2
4 4 u
x _I ]
I e I Forwarding | — —|
| unit |
A
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Forvwarding
unit
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Registers

ID/EX

ALUS
© >ALU

xXc=

C:;E)r—(xcz r»(xcz)

Forwarding

unit

vy

EX/MEM MEMM/B
——. |
Data
memory
[ > —

xc<g
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Kivovvol ogoopevav (data hazards) kot ovomoQevKTES

kofvotTepnoelg (stalls) €€’ ontiog ToVS

Ortav n evioAn mov kavel write eivoan R-TYPE, tote 10 amotélheona
etvan eroruo oty eaon EX (é€odoc ALU) ko amoOnkéveton, 6T0
TEAOC TOL KVUKAOL, 6tov EX/MEM katoyompnt).

Ot endueveg yperdlovron to opicpota otnv edon EX ondte 10
forwarding oovAgvel. (apov N evToAr] mov Kdvel write Qo
Bpioketar otic MEM ko WB)

To forwarding ogv divel dumw¢ mavta Avon!!
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aVOTOQEVKTEG KobvoTepnosic (stalls):

Otav 1 Tponyovuevn evioAn (mov kavel write) etval load 1 store,
10T€ T0 amoTéEAEGN, Elvon £To10 ato Té40¢ TG edonc MEM 1 ko
WB (axoua yepotepa)

Time (in clock cycles) >

© © © © Nahonal Technical University of Athens

Program CC1 cc?2 CC3 CcC4 CC5 cCe6 CcC7 cCs8 cCcg¢
execution
order
(in instructions) ] ]

Iw $2, 20($1) | IM Reg[ | DM |— Reg

and $4, $2, $5 IM |4 HEReg| | DM Reg

— [

or $8, 52, $6 M [ D Rreg ] j— DM |- | {Reg

add $9, $4, $2 M - H= Reg[ ] -|: DM | Reg

st $1, $6, $7 M | i Reg[ % DM Reg
v

00
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Avon: avaro@evkTeg Kabvetepnosig (stalls) oto pipeline

Program Time (in clock cycles) >
execution CC1 CC2 CC3 CC4 CCS5 CCe6 CC7 cCcs8 CC9 CC 10
order

(in instructions)

w $2, 20($1) IM

and 54, $2, $5

or $8, $2, $6

add $9, 54, 52

—[DM— —| Reg

] ' [ ]
v ! !

© © © © Nahonal Technical University of Athens
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IHoc aviyvevovue TIC avaTOPEVKTES KaBvoTepnoels:

Hazard detection unit

Agrtovpyet otn pdaon ID wote va Pariel kaBvotépnon netad Tov
load ko1 TG ApNCILULOTOINGNC TOV OTOTEAEGUATOV TOV.

If (ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt)))

Stall the pipeline

T1 onuaiver stall: Epnodifoupe To PC kai Tov IF/ID va aAA&Eouv-
apa diaBadleral o dUo d1adoXIKOUC KUKAOUG N
id1a evToAn kal anokwodikonolgiTal n idia

ENOPEVN TNC OUO (POPEC CUVEXOMEVA

© © © © Nahonal Technical University of Athens
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Final Pipeline:

ID/EX . MemRead

PCWrite

Hazard <
detection
> unit J ID/EX
% WB EX/MEM
b M
i » Control u M WR
w N MEMMB
0
IF/ID =X "| M e
v
R . ol )
c M
o - U >
5 X
2 >
A7 Registers
Instruction | = \T/— >A|-U > > G
ey —~ memory
. i M
=>1 U >
| x
IF/ID.RegisterRs -
IF/ID.RegisterRt N P
IF/ID.RegisterRt - RY 1 I wm EX/MEM.RegisterRd
IF/ID.RegisterRd . Rd | )L(‘ > >
ID/EX.RegisterRt RS N Forwarding  |* MEMAWB. RegisterRd
Rt - unit b *

[

© © © © Nahonal Technical University of Athens
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Aoknon Pipeline

AedouEva

‘Exoupe €va loop...

Rep:
1w $2,100($3)
sub $2,$2,85
sw $2,100($3)
sub $3,83,56
sub $1,$1,87
bne $1,50, Rep

Exit:
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Aoknon Pipeline

AedouEva
KAl duTn TNV AdPXIKN KATAOTAON OTOU
‘Exoupe €va loop... "I TV GPXIKI L °
KATAXWPNTEQ
Rep: $1: 500
1w $2,100($3) $7: 5
sub $2,$2,$5
sw $2,100($3) *Aev undpxel cache miss
sub $3,$3, 356 *Cache hit og 1lcc
sub $1,51,8%7 *branches yivovialL resolve oto MEM stage
bne $1,50, Rep
Exit:

© © © © Nahonal Technical University of Athens
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/NTOUUEVO

Mo to 1° LOOP (uéxpt kat to lw tou 2° LOOP)

Na Seitete ta duadopa otadia tou pipeline (Aldypappa xpoviopou)

TIOU TIEPVALVE OL EVTOAEC.
Ynodeifte kat e€nyeiote ta mOava hazards mou pnopouv va

NMPOKUYP oLV KATA TNV EKTEAEDN, KABWC KOl TOV TPOTIO TTOU
avTtlpeTwil{ovtal.

© © © © MNatonal Technical University of Athens
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Zntoupuevo (2)

[Moool KUKAOL amattoUVToL CUVOALKA Yot val OAOKANpwOEL o
Bpoxoc (yia OAec TIc emavaAnPeLc Tou, OxL povo yla tnv 1n);

Rep:
lw $2,100(S$S3)
sub $2,52,8$5
sw $2,100 ($3)
sub $3,8$3,56
sub $1,%1,87
bne $1,5$0, Rep

Exit:

© © © © MNatonal Technical University of Athens
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Amavtnon

Rep: $1: 500
1w $2,100($3) $7: 5
sub $2,52,5$5 Aev undpyxel cache miss
sw $2,100($3) cache hit og 1lcc

sub $3,$3,56
sub $1,$1,S87 =——> $1 = 500, 495, 490, 485,
bne $1,50, Rep

Exit:

O Bpoxoc Ba ekteAeotel yia 500 / 5 = 100 emavaAnyeLc.

© © © © Nahonal Technical University of Athens
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To dLaypoppa xpoviopou tou pipeline yia tn Xpovikr SLapKeLa mou {nTeitol
elvall To akoAouBo:

© © © © MNatonal Technical University of Athens
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'H TILO CUUTILECUEVO YLaL VO XWPAEL OE pLa ogAida ©

ID EX M wB

EX M WB

T
NNANE

SRRRNNE
SERRN

i
aNE

© © © © MNatonal Technical University of Athens
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Hazards

ID EX M WB

NRRRNE
SRNEN

IF IIEI))( é& EX M WB
Q@ IF ID EX M WB

Rep: Stalls otouc kUkAouc 4,5:

1w $2,100 ($3)

sub $2,%$2,85 ' ’

sw $2,100($3) O KaTtaxwpntnc S2 yia tnv evtoAn sub $2,52,55

SHE ii ii 25 (n avdyvwon Tou omnoilou yivetot oto otddio ID)

SUu 7 7 I 1 1 ’ 7

bne $1,50, Rep ylveTOL §Laesotuoq ’csro TEAOC TOU KUKAOU 5 (otadlo
Exit: WB) aro tnv evtoAn lw.

© © © © MNatonal Technical University of Athens
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Hazards

IF ID EX M WB
e | oo O ) e
IF 55 ID EX M WB
QQ IF ID EX M | ws
N IF ID EX M WB
%% T Eor o o [ [ w
QQ Qfﬁ IF ID EX WB
Rep:
lw $2,100(33) Stalls otouc kUkAouc¢ 7,8:
sub $2,%2,55
sw $2,100 ($3)
sub $3,$3,56 O S2 yia Vv evtoAn sw $2,100(S3)
sub 51,851,357 yivetat StaBgouoc oto TEAOC Tou KUKAOU 8.
bne $1,5$0, Rep
Exit:

cslab@ntua 2015-2016
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Hazards

IF ID QQ EX M WB
IF QQ 1D QQ EX M wB
QQ IF QQ ID EX M wB
> o [+ [ w | we

Rep:
lw $2,100($3)
sub $2,$2,8$5
sw $2,100($3)
sub $3,$3,5$6
sub $1,5%1,5%7
bne $1,$0, Rep

Exit:

Stalls otouc kUkAouc 12,13:

O S1 ywa tnv evtoAn bne $1,50,Rep
yivetoau StaB€otpoc oto teEAog Tou KUKAou 13.

cslab@ntua 2015-2016
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Hazards

IF ID EX M WB
IF ID @@ EX M WB
IF Q@ ID QQ EX M WB
QQ IF QQ ID EX M WB
4 T T T IF ID EX M WB
55 e I e I R o I
SR S AEEEE

To 8€UTEPO OTIYULOTUTIO TNC VTOANC Iw $2,100(S3)
apXileL va ekteAeitall oo Tov KUKAO 16,
S10TL n anodaon yia tnv dtakAadwaon eAndOn otov kUKAO 15.

© © © © Natonal Techmeal Us ..,f|.
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Y toA0Y1GLOC Y pOVOL

IF ID QQ EX M WB
IF QQ ID QQ EX M WB
L Ao x| w [
QQ QQ IF ID EX M WB
T o [ e oo w]w
CarIE T - o o [ ww

15 kUKAoL poAoyLoU

Ma ta mtpwta 99 loops €xoupe 99 x 15cc= 1485cc.
Ma tnv 100" emtavaAndn €xoupe 16cc.

JUVOALKA amattouvtal 1485cc + 16cc = 1501cc yia tnv eKTEAECN TOU BpoYOoUL.

© © © © MNatonal Technical University of Athens
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Pipeline 2

Mo tnv ibLa akoAouBia evtoAwy, deifte Katl e€nyeloTe TOV XPOVIOUO TOU
pipeline, BewpwvTtoc Twpa OTL UMAPXEL XA tPowONnonG. Ocwpelote
OTL oL amodacelc yia TLI¢ dtakAadwoelc Adappavovtat oto otadio MEM.

Mool kUKAoL atattouviol GUVOALKA yia va oAoKAnpwOEel o Bpoxog;

Rep:
lw $2,100($3)
sub $2,52,8$5
sw $2,100($3)
sub $3,$3,56
sub $1,351,8$7
bne $1,50, Rep

Exit:

© © © © Nahonal Technical University of Athens

00
cslab@ntua 2015-2016 88@ S L a b



Me / Xwplg mpowBnon

ID EX M wB

EX M WwWB

ANNNNNE
T
-

e

IF O ID EX M WB
Q IF ID EX M WB
Q IF ID EX\ M WB
g) IF ID EX M WB
e

IF ID EX M WB

© © © © MNatonal Technical University of Athens
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Hazards

Rep:
lw $2,100(S$3)
sub $2,52,5$5
sw $2,100($3)
sub $3,5$3,56
sub $1,%1,8$7
bne $1,$0,Rep

Exit:

Jtov KUKAO 4 untapyet stall. Mati;
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Hazards

Rep:

lw $2,100($3)
sub $2,%$2,$5
sw $2,100($3)
sub $3,$3, $6
sub $1,S$1,S87
bne $1,$0,Rep

Exit:

H T t¢ O€onc pvApng 100($3), mou Ba amobnkeutel otov S2,
dev pmopel va eival StaBgoiun mptv to otddto MEM.

Otav opwce Ba yivel Stabgopn oto TEAOC Tou KUKAOU autoU
Ba npowBNnOBet otic etoodoucg tng ALU, wote va ekteAeotel n evtoAn sub
$2,52,55 xwpic va mepLUEVOUHE va ypadTel N TLun otov S2.

Antodevyetal 1o stall mou eixape otnv mponyoUEVN EPIMTWGN GTNV
KUKA0O 5 ©

IF ID EX MEM WB

IF ID
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To (610 LoyVeL kot yLa ta stalls tou elyope otoug KUKAoUG 7, 8

ID EX M wB

SN ENNE

IF ID EX M WB
IF ID Q EX M WB
IF Q ID EX M WB
Q IF ID EX M WB
Q IF 1D EX M WB
Q IF ID EX M wB
e
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To (610 LoyVeL kot yLa ta stalls ou eiyope otoug KUKAoug 12, 13.

IF ID EX M WB
IF ID QQ EX M wWB
IF QQ ID QQ EX M wB
- Q IF 4 Q ID EX M WB
Sor e B e B AN
QQ QQ IF ID EX M WB
QQ QQ IF ID EX M WB

IF ID EX M WB
IF ID Q EX M WB
IF Q ID EX M WB
Q IF ID EX M WB
Q IF 1D EX M WB
Q IF ID EX M wB
e
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Y ToAOY1o LG YpOVOL

ID EX M wB

WB

IF 1D EX M WB

SHNENNE

10 kUKAoL poAoyLou

MNa Ta Tpwta 99 loops €xoupe 99 x 10cc = 990cc.
[a Tnv 100N etravaAnyn €xoupe 11cc.

2 UVOAIKA atraitouvTal 990cc + 11cc = 1001cc yia Tnv ekTéAeon Tou Bpoxou.

Xwpic TNV Tpowdnon xpelaoTtikaue 1501cc.
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