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1 _ Time _Instructiong CyclesX Time

Performance Program Program Instruction Cycle

(instr. count) (CPI) (cycle time)

IPC x Hz

instr. count

— Performance =

 clock speed (1Hz)

» apXITEKTOVIKEG BeATIOTOTTOINOEIG (TIPC): pipelining, superscalar
execution, branch prediction, out-of-order execution

« cache (1IPC)
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* 0 ILP ekpeTaAAgUETAI TTAPAAANAEG AEITOUPYIEG,
ouvnOwg un op1fONEVEG ATTO TOV TTPOYPAMHATIOTH
- O€ pIa «guBeia» akoAouBia evioAwyv (Xwpig branches)
- avapeoa o€ d1000XIKES eTTAVAOARYEIG EVOG loop

* OUOKOAO TO VO £EAYOUME OAOEVA Kal TTEPICOOTEPO ILP
a1ro £Va KOl HOVO VMO EKTEAEONG
- EYYEVWG XAMNAOG ILP o€ TTOAAEG eQapHUOYEG
— OVEKMETAAAEUTEG TTOAAEG ATTO TIG HOVADEG £VOG superscalar ere§epyaocTn
* OUXVOTNTO POAOYIOU: PUOIKA EUTTOOIO OTN OUVEXOMEVN
augnon Tng

- MEYAAN éKAuon BeppdTNTAG, MEYAAN KATAVAAWON 10XUO0G, dlappon
PEUMATOG

o TTPETTEI va BPOUNE AAAOV TPOTTO TTEPA ATTO TOV ILP +
ouxvornTa poAoyiou yia va BEATIWOOUNE TNV AToO00N
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¢ 2KOTTOG: Xprion ToAAwyv aveddapTnTwy instruction streams amoé
TTOAAQTTAQ VAMOTO EKTEAECONG

« o mapaAAnAiopog o€ etritredo viparog (Thread-Level Parallelism —
TLP) avatrapioTaTtal pntd a1rd TOV TTPOYPAUHATIOTH,
XPNOIHOTTOIWVTAG TTOAAATTAG VAHOTA EKTEAEONG T OTTOIA Eival €K
KOTAOKEUNG TTApAAANAa

* TTOAAG QOpPTIa EPYATiag EXOUV oAV XAPOKTNPIOTIKO TOug ToV TLP:

- TLP o€ moAutrpoypappaTi(OpEVa @opTia (EKTEAECN AVESAPTNTWYV CEIPIAKWYV
EQAPHOYWV)

- TLP o€ TToAuvNHOTIKEG EQAPHUOYES (ETITAXUVON HIOG EQ@apuOoYRS diaxwpilovTag
TNV O£ VAHOTA KAl EKTEAWVTAG TO TTAPAAANAQ)

* Ol TTOAUVNMUOTIKEG APXITEKTOVIKEG XPNOIMOTTOIOUV TOV TLP o¢g TéTOIA
POPTIO EPYACiag Yia va BEATIWOOUV TA TTITTEOA XPNOIMOTTOINONG
TWV HOVADWY TOU ETTECEPYAOTN

- BeATiwon Tou throughput TTOAUTTPOYPAMMATICOHEVWV QOPTIWV
- BeATiwon Tou XpOVOU EKTEAEONG TTOAUVNHATIKWY EQAPHOYWV
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t0 .t1 .t2 .t3 .t4 .t5 .t6 .t7 .t8 . t9 .t10.t11 t12.t13 t14,

LW rl, 0(r2) FID|IX|MIW| & i |
LW 5, 12(r1) | |El-|- |- [D|X[M]w| § |
ADDI 5,15, #12 ¢ ¢ | -|-|-|F|-[-[-[D|X|M]|W
SW12(r1),r5 &+ it it i |-|-]-|F

* O1 e0PTNOEIG HETALU TWV EVTOAWYV ATTOTEAOUV
TTEPIOPIOTIKO TTAPAYOVTA VIO TNV EEAYWYI
TTaPAAANAICHOU

* TI UTTOPEI VA YiVEI TTPOG AUTA TN KATEUOUVON;
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NMwg NTTOPOUME VA HEIWOOUHE TIC ECAPTNOEIG METAEU
TWV EVTOAWYV o€ éva pipeline?

- ‘Evag TpOTTOG €ival va ETTIKAAUWYOUME TNV EKTEAEC
EVTOAWYV a1TO JOIAPOPETIKA VAMATA OTO idIO

pipeline...

EmikaAuwn ektéAeong 4 vnuarwyv, T1-T4, oro anAo 5-stage pipeline

T1: LW rl, 0(r2)
T2: ADDr7,rl, r4

T3: XORI 15, r4, #12|

T4: SW 0O(r7), r5
T1: LW 5, 12(rl)
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register file
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» 7o software «BAErrel» TTOAAATTAEG (aAAdG TTIO0 apyEG) CPUS

* KGOE vAjpa XpeIddeTal va dlaTtnpEi Trn OIKA TOU APXITEKTOVIKH KATAOTAON

- program counter
- general purpose registers

* TO VAMATO poipdadovTal TIG idIEG MOVADESG EKTEAEONG
* hardware yia ypiyopn evaAAayn Twv threads

- TrpE&Trel va gival TTOAU TTiIo ypiyopn atro éva software-based process switch (~ 100s
- 1000s kKUKAwV)
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A 7 4 AtroTeAéopaTa i
90 g : 2 8-way superscalar.
ﬁ E memory conflict
80 a ';E E long fp
: short {p
o long integer
m short integer
60 load delays

D control harards
branch misprediction
E deache miss

[III icache miss

E dub miss

B ittb miss

. processor busy

e
=

Percent of Total [ssue Cycles
z

fai
=

20

[Tullsen, Eggers, and
Levy,
“Simultaneous

14

nasd? @@l R

£ S35 % E Multithreading:
= 122 2 L .
g E Maximizing On-chip
Applications Parallelism, ISCA 1995.]
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Issue slots
]
]
]
]
]
]
]
]

Horizontal waste Vertical waste

* horizontal waste: egaitiag xapnAou ILP
« vertical waste: e§aitiag long-latency yeyovotwv

- cache misses
- pipeline flushes Aéyw branch mispredictions
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CPU1

e Ta TTPOLBARMATO ECOKOAOUBOUV va u@icTavTal...
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\4

Issue slots

_ =
)

Y ® 1| T

\ 10 «KiTpivo» thread givai stalled
KOl TTOPOAKAMTITETAI

* gvaAAayn METAEU TwWV threads o€ KABE KUKAO, HE ATTOTEAECHA TNV ETTIKAAUYN TNG
eKTEAEONG TWV threads

- n CPU gival autA TTou KAdvel TRV evaAAayn og KABe KUKAO

« yiveral pe round-robin TPOTTO (KUKAIKA), TTOPOAKAMTITOVTAG threads Ta otroia givai
stalled o€ katroio long-latency yeyovég

* avTINETWTTIEI TO vertical waste, TO00 yia HIKpG 600 Kal yia HEydAa stalls, agpou otav
éva thread givail stalled 1o eTTépevo PTTOPEI VA Yivel issue
* MEIOVEKTAMOATA:
- Oev avripeTwridel To horizontal waste

- KaOuoTepei TNV ekTéAeon evog thread To otroio gival éToIMo va eKTEAEOTEI, Xwpig stalls, apou avdueoca o€
S1ad0x1koUg KUKAoug auToU Tou thread TrapeuBaAAovral KUKAOI eKTEAEONG atrd 6Aa Ta utrdéAoitra threads

e.g., UltraSPARC T1 (“Niagara”), Cray MTA
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Issue slots

evaAAayn thread poévo petd arrd stall Tou thread Trou ekteAeital, T.X. AOyw L2 cache
miss

TTAEOVEKTHMATA:
- Ot xpe1aderal va £xel TTOAU ypriyopo pnxaviouo evaAAayng Twy threads

- Oev KaBuoTepEei TNV EKTEAEON EVOG thread, a@ou ol EvToAég atrd aAAa threads yivovTal issue
MOvo Oétav 1o thread avTiyeTwTTioel KATTOI0 Stall

MEIOVEKTHMOTA:
- O¢gv avriyeTwridel To horizontal waste

- o€ pIKpa stalls, n evaAAayn Tou stalled thread kai n dpopoAdynon oto pipeline Katrolou £Tolou
thread ptropei va £xe1 amwAeieg oTnv amrédoon Tou TpwTou thread av TeAIKA o1 KUKAoI TTou stall-
apel gival AlyoTepol a1rd Toug KOO TOG EKKivnong Tou pipeline pe 1o véo thread

egaitiag autoU Tou Start-up K6OTOUG, TO coarse-grained multithreading eival KaAUTeEpO
VI?’IT“'V MEiwOoN TOU KOOTOUG aTTO HEYdAa stalls, yia Ta otroia 1o stall time >> pipeline
refill time

e.g. IBM AS/400
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Time

\ 4

Issue slots

e yivovTtal issue evTOAEG atrd TTOAAATTAG VijpaTa TauTOXpOova
- avTipeTwtrideTal To horizontal waste

* oTav éva vipa stall-aper Aoyw evog long-latency yeyovorog, Ta
UTTOAOITTA VAHOTA UTTOpOUV va SpopoAoynBouv kai va
XPNOIMOTTOINCOUV TIG DIOBECINEG HOVADEG EKTEAEONG

- avTiyeTwtri¢eTan To vertical waste

 MEyIOTN XPNOILOTTOINON TWV ETTECEPYACTIKWY TTOPWYV ATTO
QVESAPTNTES AEITOUPYIEC

cslab@ntua 2012-2013
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Ma mreploxég pe ugnAa emimeda Ma mreployég pe xapnAa emimeda

TLP, oA6KAnpoO TO €UPOG TOU TLP, oA6kAnpo 10 UpOg TOU
ana&apyaom MolpadeTal atrd OAa sns&apvaom gival d100£01p0 YIa
Ta threads TNV EKNETAAAEUON TOU (OTTOIOU) ILP

Issue width Issue width

Time Time

cslab@ntua 2012-2013 14



Fetch
Unit N floating point | D fp [
) PC wmstruction queuve registers — units |
Y A Data
Cache
Instruction Cache \
g mteger mteger T’
v mstruction queue registers <
Decode P Register | | mt/ld-store

Renaming -
units

 BaOIKEG ETTEKTACEIG O OoXEOoN ME NI CUMBATIKE superscalar apXITEKTOVIKA

TTOAAATTAOI program counters Kai KATAAANAOG HNXaviouog HEoW TOu otroiou N fetch unit emTIAEyel
KATTOIOV OTTO AUTOUG O€ KAOE KUKAO (TT.X. HE BACN KATTOIO CUYKEKPIMEVT TTOAITIKI)

tﬂrea&i-id og Ka0e BTB entry yia Tnv atmmo@uyn poRAsyng branches mou avkouv o aAAa
threads

exwpioTh RAS via Kafe thread yia Tnv mpoéBAswn TnG d1EUOUVONG ETIOCTPOPAS HETA ATTé KARoN
UTTOPOUTiIvVaGg o€ KaBe thread

EeXWPI10T6G ROB via kGBe thread pokeipévou To commit kai n diaxeipion Twv mispredicted
branches + Twv exceptions va yivetal avedprTnTta yia Kade thread

peyaAuTepo register file, yia va utrootnpigel AoyikoUg KaTaxwpnTég yia OAa ta threads + emiITTAéov
KATaOXWPNTEG Yia register renaming

EexwpIoTo renaming table via ka@e thread

» &£POOOV oI AoyIKoi KaraxwpnTtég yia OAa ra threads armreikoviovralr 6Aol og S1APOPETIKOUS
QUOIKOUS Karaxwpnrég, ol EVTIOAES atro d1a@opsETIKa threads umropouv va avauix@ouv UETd 1o
renaming xYwpic va ouyxéovrai o1 source kai target operands avaueoa ora threads
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¢ 2-way SMT
- TO Ag1ToupyikO «BAétrel» 2 CPUs
- eKTeAEi OUO digpyacoisg TauToxpova
» TTOAUTTPOYPOAMMATI(OHEVA POpPTIa
» TTOAUVNMOATIKEG EQAPHOYES

* O (PUOIKOG ETTECEPYAOTNG OIATNPEI TNV APXITEKTOVIKA
YiO 2 AOYIKOUG ETTECEPYAOTES

* EMITTAEOV KOOTOG YIO UTTOCTHPISN 2 TAUTOXPOVWYV
VNHATWYV eKTEAEONGS < 5% TOU apyIkou hardware

cslab@ntua 2012-2013
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Instruction Streaming Buffers Next IP

Instruction TLB

Trace Cache Next IP |}

Trace Cache
Fill Buffers

Microprocessor

Research
Fo 007
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Architectural
State

Architectural
State

Architectural
State

Architectural
State

L2 U-cache

BTB, I-TLB
Decode

BTB

L3 U-cache

Cache control
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D-TLB

L1 D-cache

Load
AGU

Store
AGU
ALU

ALU

ALU

FP Load
FP Store

FP Add
FP Mul
FP Div
MMX,SSE

Reorder / Retire

L2 U-cache

L3 U-cache

Cache control

BTB, I-TLB
Decode

BTB

v i
2 o 8 5
Q = =]
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bt [5)
sl s 18|l
(o) = []
= 4 S o) =
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ROM 3}
0
2
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g
o
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D-TLB

L1 D-cache

Load
AGU

Store
AGU
ALU

ALU

ALU

FP Load
FP Store

FP Add

FP Mul

FP Div
MMX,SSE

Reorder / Retire

L2 U-cache | L3 U-cache
Cache control
) g 8
| o 3 2
El (2] |8 S
i S i =
3 = g
(9]
Bl (8] [E] |2
o [ 2
uCode
BTB ROM

uop queues

D-TLB

L1 D-cache

Load
AGU

Store
AGU

ALU

ALU

Integer reg. file

ALU

Schedulers

FP Load
FP Store

FP Add

FP Mul

FP Div
MMX,SSE

FP reg. file

Reorder / Retire

* OTOUG TTOAUETTECEPYOAOTEG TO resources Bpiockovral o€

TTOAAQTTAQ avTiypa@a
« 010 Hyper-threading Tta resources diapoipalovrtai

cslab@ntua

2012-2013
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* Mépol1 oe TTOAAOTTAG avTiypa@a:
- apXITekTOoVIKN Kataotaon: GPRs, control registers, APICs
- instruction pointers, renaming hardware
- smaller resources: ITLBs, branch target buffer, return address stack

* ZTATIKA OIOXWPICHEVOI TTOPOI:
- ROB, Load/Store queues, instruction queues

- KAOg vApa PTTOPEi VA XPNOIMOTTOINOEl £WG Ta MIOA (TO TTOAU) entries
KABg TETOIOU TTOPOU

» €va VIO OEv UTTOPEI va OIKEIOTTOINBEI TO CUVOAO TWYV entries,
OTEPWVTAG TN SUVATOTNTA ATTO TO AAAO VIO VO CUVEXIOEI TV
EKTEAEOT) TOU

» gCaC@AAI(ETAI N ATTPOOCKOTITN TTPOO0D0G EVOG VIHATOG,
AVESAPTNTA ATTO TNV TTPOO0OO TOU AAAOU VNATOG

* Auvapuika diapoipaloupevol TTopol (KAaT’ atraitnon):
- out-of-order execution engine, caches

cslab@ntua 2012-2013 19



« Trace cache

- «&1I0IKA» instruction cache 1Tou KpaTAEl
ATTOKWOIKOTTOINMEVEG MIKPO-EVTOAEG

- 0€ KA0Bg cache line atroOnkegvovTail ol
MIKPO-EVTOAEG OTHN CEIPA ME TNV OTToI
eKTEAOUVTAI (TT.X. EVTOAR AApaTog padi
ME TNV aKOAouBia evTOAWV OTNV
mpoBAepBeica kaTteuBuvon)

« 2€ TAUTOXPOVN {TNON ATTO TOUG
2 LPs, n mpéofaon
evaAAdooeTal KUKAO-aVA-KUKAO

« Otav yoévo 1 LP {ntaei
mpooBaon, NTTopPEi va
xpnoigotroinoel Tnv TC oT1o
péyioTo duvartd fetch bandwidth
(3 MIPC)

cslab@ntua 2012-2013

|-Fetch

Uop
queue

Trace
Cache
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Trace Cache
fill
1P
IP
\ 4
Trace
Cache

ITLB
L2 Access

L2 cache

- n wpoéocBaon yiveral ye FCFS 1poTTO

Decode

a pe

, OAA

o coarse-grained TpoTro (dnA. 6X1 KUKAO-ava-KUKAO, aAAd k KUKAoug-ava-k

KUKAOUG)

AOOETAI

/4

2 LPs, n mpéoBaon evaAA

Vd

/4

{ATNnON a1Td TOUG

o€ TAUTOX POV

21
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| | | |
| | | |
| | | |
| | | |
| | | |
| | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

—_— —_— —_— ]
| | | |
| | | |
| | 1 |
| | | |
| | | —_—
| | | |
| | | |
| | | |
| | | 1 —
| | | |
| | | |
| | | |

» Allocator: ekxwpei entries o€ kKa0g LP

63/126 ROB entries

24/48 Load buffer entries

12/24 Store buffer entries

128/128 Integer physical registers
128/128 FP physical registers

« Xg TAUTOXPOVN {ATNON aT1rd TOUuG 2 LPS, n rpoofacn evaOAAGoOoeTAI KUKAO-OVA-KUKAO

- stall-dpe1 évav LP étav emiXeIpei va XpNOIPOTIOINCEl TTEPICOOTEPA ATTO TA HIO
entries TWv oTATIKA SIAXWPITHEVWYV TTOPWYV

cslab@ntua 2012-2013
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I-Fetch ; Uop i Rename | Queue | Schedulers ; Register i Execute ; L1 Cache i Register i Retire

] I ] ] i
i queue | | : : Read . | | Write .
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 ) 1 1 1
P ' ! ! general ! , | | Store Buffer | i
| | | | | | | | i ReOer
i i i i i i — i i BUEE]
1 1 1 1 1 1 1 1 1
1 1 1 — 1 1 1 1 1
. i Register 1 . . i . . i
: 1 Rename i i i i i i i
1 1 1 1 1 1 1 1 1
1 1 || 1 1 1 1 1 1 1
i i i i i i i = =
— o R : in : ’ ’
1 1 1 1 1 ) : :
1 1 1 1 1 ) 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
g i Allocator ! I ! ) ! ! ! —
i i i i I Registers i | L1D-Cache ! ElEEE
i i Hod i i i i i
Lrace | | | memory | : g | |
Cache 1 1 1 ' '
1 1 1 l l
i o . L.
< L > € >
In-Order Out-Of-Order In-Order

* Register renaming unit

- ETTEKTEIVEI OUVAMIKA TOuG architectural registers amreikovi{ovidg Toug
o€ £éva HeyaAuTepo ouvoAo atrd physical registers

- SEXWPIOTO register map table yia kade LP
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I-Fetch i Uop | Rename | Queue | Schedulers | Register | Execute | L1Cache! Register | Retire
queue i ' ' ' Read ' ' Write

| ' ' ' '
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
| | ' ' ' ' ' ' '

P | | | general | | | | Store Buffer ! |
ore Butlter

I I 1 1 1 1 1 1 1 Re-Order
1 1 1 1 1 1 1 1 1 eBOffde
| | | | | | | | |
[l [l 1 1 i il — H H urrer
1 1 1 1 1 1 1 1 1
1 1 1 i 1 1 1 1 1
1 1 1 1 1 1 1 1 1
| | ' ' ' ' ' ' '
| | ' ' ' ' ' ' '
1 1 1 1 1 1 1 1 1

Register

Rename
1 1 1 1 1 1 1 1 1
1 1 | 1 1 1 1 1 1 1
| | | | : i | e g
— — —— i > 1 i i 1
: e : : : : : :
1 1 1 1 1 1 ) ) )
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
| 1| Allocator : : : . : : ! Registers :
: : ! : — i Registers : ! LlD-Cache | :
Trace i i | memory | i i i i |
Cache i i | | | | i i i
1 1 1 1 1 1 1 1
<@
<

In-Order Out-Of-Order In-Order

« Schedulers / Execution units

- OTNV TTPAYHATIKOTNTA O (Xpe1adeTal va) EEpouv o€ TTolov LP aviKel n
EVTOAI TTOU EKTEAOUV

- general+memory queues OTEAVOUV HIKPO-EVTOAEG OTOUG
OpopoAoynTéG, HE TNV TTPOCRACN VA EVOAAAACOCETAI KUKAO-AVA-KUKAO
avapeoca oToug 2 LPs

- 6 pIPC dispatch/execute bandwidth (— 3 JIPC per-LP effective

bandwidth, éTav kai o1 2 LPs gival evepyoi)
cslab@ntua 2012-2013 24
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I-Fetch t Uop | Rename | Queue | Schedulers { Register | Execute | L1Cache| Register | Retire |
i queue ! : : : Read : : Write

) 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 ) ) 1 1 1 1
P | | | genera : | | | | Store Buffer | | |
: : : : : | : : | ReOrer |
i i i i | | —> i i utter |
1 1 1 1 1 1 1 1 1 1
1 1 1 — 1 1 1 1 1 1
i : Register i i i i i i i i
! ! | Rename : : : ! : : ! !
1 1 1 1 1 1 1 1 1 1
] ] [ | 1 1 1 1 ] ] ] 1
Il Il | | 1 1 Il — — |
1 1 1 1 : N ) : : : 1
—Q—)I —.—)I —|—>I : 1 1 1 1 1
i o i i i i i i
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
! { | Alocator || : : _ : | | Registers :
: : | | — | Registers | ! LlD-Cache | :
1 1 — 1 1 1 1 1 1 1
Tra ! ! ! memory ! ! g ! ! !
Cach 1 1 1 1 1 i ' '
1 1 1 1 1 l l l
i » i L.
< > <€ » €

In-Order Out-Of-Order In-Order

* 1 APXITEKTOVIKNA KaTAoTOON KABE LP yiveTalr commit pe
TN CEIPA TTPOYPAHUHMATOG, EVAAAACOOVTAG TNV
mpooBaon orov ROB avaupeoca otoug 2 LPsS KUKAoO-
aVA-KUKAO

« 3 MIPC retirement bandwidth
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raytrace
water nsq
water spat

From: Tuck and Tullsen,

« SPLASH2 Benchmarks: 1.02 - 1.67 “Initial Observations of

the Simultaneous
* NAS Parallel Benchmarks: 0.96 = 1.16 wultithreading Pentium 4

Processor’”, PACT 2003.
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Branch redirects

D1

« Single-threaded «mrpokdaroxog» Tou Power5s

Instruction crack and
group formation

« 8 execution units
- 2 Float. Point, 2 Load/Store, 2 Fixed Point, 1 Branch, 1 Conditional Reg. unit

- KGOg pia ptropei va kavel issue 1 evroA avd KUKAo

« Execution bandwidth: 8 operations ava KUKAo
- (1 fpadd + 1 fpmult) x 2FP + 1load/storex 2 LD/ST + 1linteger x 2 FX

cslab@ntua 2012-2013
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Branch redirects Power 4

group formation

1
i
[
1
[
I Instruction crack and
1
[
|
1
[
i

_____ Bencnresecs POQWEI S | Ouererereoxsing 5 chitacted
sancn  [€QIStEr, SEets)

Instruction fetch ! ipeline
Jme HlissH ar H ex |-—2® Xfer

E Load/store
- ic BP pipeline
e —{MP 1SS H AF H EA {DC —IFrnt — —{Xfer

&
|

wB

—| D2 [ D3 HXfer[{GD [{MP [|ISS[{RF [ EX , —|WB [ |Xfer
J Fixed-point
: Group formation and pipeline
: instruction decode —{MP 1155 | RF _%_‘
: 2 fetch (PC | F6 — WB [—fxfer
. y Floating-
! point pipeline
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) :
Branch prediction J i,?s’{?fégfn

! Shared e Shared

Program Branch| §| Return| | Target s execution

counter history | | stack | | cache queues e

tables SUo Data Data
Translation Cache

Group formation
Instruction decode |[—
Dispatch

Instruction
cache

Instruction
translation

.o

L

L

mim|imiirc|iimlr

Zlio|lo| x|l x
Zlclic|ieliElle
=] l=I=]|lo

L LN

Thread
priority Shared- Read

Data Data
Write translation | |cache
register shared- shared-

mappers register files register files

I Shared by two threads [ Thread 0 resources N Thread 1 resources |
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AUENON CUOXETIOTIKOTNTAG TNG L1 instruction cache
Kal Twv |TLBS

—EXWpPIOoTEG Load/Store queues yia kaBe vhipa

Au¢non peyéboug Twv L2 (1.92 vs. 1.44 MB) kai L3
caches

—EXWPIOTO instruction prefetch hardware kai
Instruction buffers yia ka8e viua

AU¢non Twyv registers amwod 152 ot 240
AUZnon Tou pey£Boug Twyv iIssue queues

AU¢non peyEdoug Kata 24% oe oxéon pe Tov Power4
g¢aitiag TnGg TPpoonkKkng hardware yia utTrooTRPISN
SMT

cslab@ntua 2012-2013
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Branch redirects Out-of-order processing

Branch

Instruction fetch ; pipeline
MP ISSHRFHEX — WB [—{xfer

J Load/store |

' ipeline

= IF | Ic 5p pip

] -[ MP 1SS H AF H EA DG —|Fmt|—WB Xfer CP [

F: i
D0 H p1 H b2 H b3 HxferHGD }~— MP H1SS H RF H EX . — WB [—IXfer |
Fixed-point

Group formation and pipeline
instruction decode —|MP 1S5 | AF [~ |

F& ) WB
Floating-

point pipeline
Interrupts and flushes |

T
>
E

_|_

________________________________________________________________________________________________________

o010 IF o1GdI10 N TTPOOBAOT EVOAAACOETAI KUKAO-OVA-KUKAO OVAUECO OTA 2
threads

- 2instruction fetch address registers, 1 yia kd0g vijua

« MTTOPOUV VA @opTWOOUYV 8 instructions og kABe KUKAo (oTadio IC) atmd Tnv |-
Cache
- O€ EVAV OUYKEKPIMEVO KUKAO, O1 EVTOAEG TTOU pOpPTWVOVTAI TTPoEPpXOoVTal OAES atrd To idlo thread,
- Kal ToTrofgTouvTal oTO instruction buffer Tou thread autou (oTddio DO)
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Branch redirects Out-of-order processing

: Branch
: Instruction fetch ; pipeline
! MP ISSH RF HEX [ WB [—Xfer [
: J Load/store
' ipeline
- IF I— IC BP oe B
: —MP 1SS [+ RF [+ EA —DC _|Fmt|—WB —Kfer H |CP =
. ‘ T
5 DO 1 D1 [ D2 H D3 [Hxter[HGD }~— MP (1SS [H RF [ EX . —WB —iXfer :
T Fixed-point :
Group formation and pipeline ;
instruction decode MP 1SS || RF —% '
F6 ——\wB xferlf |
Floating- !

point pipeline ,
Interrupts and flushes |

__________________________________________________________________________________________

 ota otadia D1-D3, avaAoya ge TV TTPOTEPAIOTNTA KAOE thread, o
ETTECEPYAOTNG DIAAEYEI EVTOAEG ATTO Evav aT1rd Toug dUo instruction
buffers ka1 oxnuarider Eva group

* OAeG 01 EVTOAEG O€ Eva group TrpoEpxovTal atrd 1o idlo thread kai
ATTOKWOIKOTTOI0UVTAl TTAPAAANAa

* KABg group PTTOPEI VA TTEPIEXEI TO TTOAU 5 EVTOAEG
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Branch redirects Out-of-order processing

! Branch
: Instruction fetch ; pipeline
: MP ISSHRFHEX — WB [—{xfer|—
: J Load/store
' ipeline
- IF I— IC BP Pe n
: = MP IS5 |1 AF | EA —{DC _|Fmt|—WB —fer n CP [
: ‘ T
DO H p1 H D2 H D3 HxferHGD }~— MP 1SS H RF H EX : —WB —Xfer :
T Fixed-point [
Group formation and pipeline ;
instruction decode MP 1SS | RF [ |

F6 —IWB | {xfer |7 |
Floating- :

point pipeline ,
Interrupts and flushes |

____________________________________________________________________________________________

* OTAV OAOI Ol ATTAITOUMEVOI TTOPOI YivovTal S100£01MO0I YIA TIG EVTOAEG EVOG
group, TOTE TO group ptropei va yivel dispatch (otadio GD)
- TO group Totrofereital oto Global Completion Table (ROB)
- Ta entries oto GCT ekxwpoUvTal JE TN CEIPA TTPOYPANMATOG YIa KAOBe thread, kai
atreAguBepwvovTal (TTaAl JE TN CEIPA TTPOYPAMMATOG) HOAIG TO group yivel commit
« MeTA TO dispatch, kG0e evToAr Tou group dIEpXETalI HECO ATTO TO register
renaming otadio (MP)
- 120 physical GPRs, 120 physical FPRs
- T 2 VApaTta diapoipdadovral SUVAMIKA registers
cslab@ntua 2012-2013



Branch redirects Out-of-order processing

Branch
. Instruction fetch ; pipeline
: MP ISSHH AF HEX WB [—{xfer|—
: J Loadistore
' ipeline
o i I— IC BP oe 1
! ~|MP [{{ISS || AF |- EA [—|DC —|Fmt|—WB —xfer|—H |CP [
: ‘ T—
i DO H p1 |H D2 H D3 HxierHGD }~— MP 1SS [ RF [ EX : —WB [—Xfer :
T Fixed-point !
Group formation and pipeline !
instruction decode = MP 1SS || RF [ |

F6 —IWB | {xfer |7 |
Floating- |

point pipeline
Interrupts and flushes |

________________________________________________________________________________________________________________

* |ssue, execute, write-back
- Ot yivetal d1dkpion avaueoca ota 2 threads

 Group completion (oTadio CP)
- 1 group commit ava KUKAoO yia KaBg thread

- OTn CEIpA TTPOYPAMMATOS TOU KABE thread
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* lNpérrel va eao@aAIoTEl N ATTPOOKOTITN KAl OMAAN pon TwV
threads oTo pipeline, ave§apTnTa Ao TIG ATTAITAOEIG TOU KABEVOG
O€ EMTEEEPYAOTIKOUG TTOPOUG

 Mnxaviouoi TTEPIOPICHOU VOGS TTOAU aTTaITNTIKOU thread:

- MEiwon mporepaiornrag rou thread, 6Tav diamioTwveral 611 Ta GCT entries
TTOU XPNOCIMOTIOIEl SETTEPVOUV £va KaBopliopévo Oplo

- orav éva thread €xel TTOAAA L2 misses, TOTE Ol HETAYEVECTEPEG ESUAPTWHEVEG
EVTOAEG TOU UTTOPOUV VA YEPIOOUV TIG iSSUe queues, EYTrodifovTag va yivouv
dispatch evtoAég amrd To aAAo thread

» mapakoAoubnon tng Load Miss Queue gvog thread £€ro1 woTe 6TV TA
misses Tou UTrepPaivouv KATrolo 6plo, 1 ATTOKWAIKOTToINON EVTIOAWV ToU
va orauarasl JEXpP1 va atrooup@opnouyv ol issue queues

- OUM@OPNON OTIG issue queues ptropei va cupBei kai otav éva thread ekreAei
HIa EVTOAR TTOU aTTaITEi TTOAU Xpovo

» flushing rwv evroAwv rou thread 1rou Tepipévouyv va yivouv dispatch kai
TPOCWPIVI) SIAKOTTI) TNG ATTOKWOIKOTTOINONG EVTOAWY TOU HEXPI VO
aTTooUN@OPNOOUYV o1 iSssue queues

cslab@ntua 2012-2013
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« emITPETTEI OTO Software va kaBopicel TroTe Eva thread Ba TrpéTTel
Va £XEI HEYOAUTEPO N HIKPOTEPO HEPIDIO ETTECEPYACTIKWYV TTOPWYV

* TOAVEG AITIEG VIO OIAPOPETIKEG TTPOTEPAIOTNTEG:

- éva thread ekTteAei éva spin-loop Trepipévovrag va rapel Katrolo lock — dgv
KAVEl XPROIMN OOUALId 600 spin-apel

- éva thread dev €xel DOUAEIG va EKTEAEOCEI KAl TTEPIPEVEI VA TOU AVATEDEI
OouAcid o€ éva idle loop

- Mia e@apupoyn TTPETTEI va TPEXEI TTIO YPRYOPO O& oXEon ME Hia GAAN (TT.X. real-
time application vs. background application)
« 8 software-controlled etriTreda TrpoTEPAIOTNTAG YIA KAOE thread

* 0 ETTECEPYAOTNAG TTAPATNPEI TN OIAPOPA TWV ETTITTEOWV
TPOoTEPAIOTNTAG TWV threads, kal divel oTo thread peE Tn
MEYOAUTEPN TTPOTEPAIOTNTA TTEPICOOTEPOUGS DIAOOXIKOUG KUKAOUG
YIO OTTOKWOIKOTTOiNon EVTOAWYV TOU

cslab@ntua 2012-2013
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« OTav Ta threads €éxouv
IOIEC TTPOTEPAITOTNTEG,
EKTEAOUVTAI TTIO apPYA
aT1r’o,TI av Kabe thread
gixe O100€o01ua OAa Ta
resources Tou
gmegepyaoTn (single-
thread mode)

cslab@ntua 2012-2013

Instructions per cycle (IPC)

Single-thread mode

0,7 2,7 47 6,7
16 36 56

25 45

14 3.4

2,3

2,1

7.7
6,6
5,5
4,4
3.3
2,2

7,6
6,5
5,4
4,3
3,2
2,1

= =n
74 72 70 11
6,3 6,1 0,1
5,2 1,0
4,1 Power
save
mode

Thread O priority, thread 1 priority

|0 Thread 0 IPC B Thread 1 IPC |
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Single
issue

ILP |C M C M C M ]

TLP[C M i
(on shared ,  Time saved
single issue | © M - -
pipeline) C VI

[0 Memory latency [ Compute latency

« JUMTTEPIPOPA ETTECEPYAOTWY BeATIOTOTTOINMEVWY YIa TLP kal ILP o€ server
workloads:

- server workloads:
» uPnAdg TLP (peydAog apiBudg TTapdAAnAwy client requests)
» XapnAG6g ILP (upnAd miss rates, ToAAd unpredictable branches, ocuxvég load-load
eCapTOEIQ)
» TO Memory access time Kuplapxei 0To OUVOAIKO XpOvo eKTEAEONG
* 0 “ILP” eregepyaoTng HEIWVEI HOVO TO computation time

- TO memory access time Kuplapxei o€ aKOpA NEYAAUTEPO TTOOOCTO

« otov “TLP” ere§epyaoTtn, To memory access evog thread emkaAUTTTETAI AT

computations amrd dAAa threads
- namdédoon auaveral yia gia memory-bound multithreaded epapuoyi
cslab@ntua 2012-2013
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* in-order, single-issue i (2

- ETMIKEVTPWVETAI TTARPWG OTNV

eKMETAAAEUON TOU TLP | ’ Dty
Core
« 4-8 cores, 4 threads ava —
C O r e Core Cti?:: me:ory
- max 32 threads \ Directory
- fine-grained multithreading Gl NN
+ L1D + L1l poipaldépeve
, I“ p c “ g Core / ] bank memory
atro Ta 4 threads
. L2 cache + FPU /
polpaléuevn atrdé OAA Ta » _ T
th read S . bank memory
Directory

¢ CEXWPIOTO register set +
Instruction buffers + store e
buffers yia ka@e thread

© 2007 Elsavier, Inc. All rights reserved.
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Fetch Thread select Decode Execute Memory Writeback

Register
file
x 4

* Y
ICache Instruction -
e DCache
ITLB buffer x 4 Thread ol »| DTLB | Crossbar
select = Decode —#| ) store interface
M Shifter | _
ux - buffers x 4
y DIV I
L

[

-=—— Instruction type
Thread selects Thread | o \jisses

select
PC
logic
x4

« OTTWG TO KAOOIKO 5-stage pipeline + thread select stage

« Fetch stage: o thread select mux gtmiAéyel TTo106 a1rd Toug 4 PCs
Oa mrpétrel va rpootreAdcel Tnv ICache kai 1o ITLB

 Thread select stage: amro@acifel o€ KABE KUKAO 110106 aT1Td TOUG 4
instruction buffers 0a Tpo@odoTNOEI HE EVTOAEG TA ETTOMEVA
oTadia

- av 1o thread-select oTddi10 £1IAEEEl Eva VO ATrd TO OTToio Ba OTEIAElI EVTOAEG,
1O fetch otadio Ba mIAEé€el To id10 thread yia va TrpootreAdoel Tnv ICache

~=—— Resource conflicts
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Fetch Thread select Decode Execute Memory Writeback

Register
file
x4
+ Y
ICache Instruction -
> DCache
LB buffer x 4 Thread ol »| DTLB | Crossbar
select - Decode —#| . store interface
Shifter | _
Mux - buffers x 4
DIV -
A
A
[-—— Instruction type
Thread selects Thread | o  p\isses
select
logic -+—— Traps and interrupts
~¢—— Resource conflicts

PC
logic
x4

* TrOAITIKN €TTIAOYAG thread:
- evaAAayn petagu dlaféocipwy threads o€ KABe KUKAO
- TmpoTtepaidTnTa OTO least recently used thread (round-robin)

* Ao6yol un d1a0eci1pdTNTAG (KOI N €TIAOYNAG) €vOg thread

- long-latency evtoAég (1r.X. branches, mult/div) odnyouv oTn UN-€TIAOYR TOU AVTIOTOIXOU
thread yia 600oug KUKAoug di1apKouv

- stalls Abyw cache misses

- stalls Aéyw structural hazards yia pia non-pipelined dopRj TTou XpnoigoTrolgital Rdn aTmroé
KaTtrolo dAAo thread (mr.x. divider)
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Benchmark Per-thread CPI Per core CPI Effective CPIl for eight cores Effective IPC for eight cores

TPC-C 7.2 1.8 0.225 4.4
SPECJBB 5.6 1.40 0.175 5.7
SPECWeb99 6.6 1.65 0.206 4.8

fine-grained multithreading peTagu 4 threads —
1I0aviko per-thread CPl =4

* 10aVIKO per-core CPI =1

effective CPI = per-core CPI / #cores

effective throughput: peTagu 56% kai 71% Tou 10avikoU
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[Mpo@iA eKTEAEONG EVOG HECOU thread

100%
90%
80%

70%

60% [
B Not Ready

O Ready, not chosen
M Executing

50% |

Percentage of cycles

40%

30%

20%

10%

0%
TPC-C like SPECJBB00 SPECWeb99

£ 2007 Elsavier, Inc. Al rights reserved.
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100%

90%

80%

70%

(%]

ko)

S

f_’ 60%

8 @ Other

g 50% O Pipeline delay
- M L2 miss

o .

o 40% @ L1 D miss

& W L1 miss

30%

20%

10%

‘ T T T T T T T T T 1

0%
TPC-C like SPECJBBO00 SPECWeb99

© 2007 Elsevier, Inc. All rights resarved.

* pipeline delay: long-latency evroAég 6TTwG branches,
loads, fp, int mult/div
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Characteristic SUNT1 AMD Opteron Intel Pentium D IBM Power5
Cores 8 2 2 2
Instruction issues per clock per 1 3 3 4

core

Multithreading Fine-grained No SMT SMT
Caches 16/8 64/64 12K vops/16 64/32

L1 I/D in KB per core 3 MB shared 1 MB/core 1 MB/core L2: 1.9 MB shared
L2 per core/shared L3: 36 MB
L3 (off-chip)

Peak memory bandwidth (DDR2 34.4 GB/sec 8.6 GB/sec 4.3 GB/sec 17.2 GB/sec
DRAMs)

Peak MIPS 9600 7200 9600 7600
FLOPS 1200 4800 (w. SSE) 6400 (w. SSE) 7600
Clock rate (GHz) 1.2 2.4 3.2 1.9
Transistor count (M) 300 233 230 276

Die size (mm?) 379 199 206 389
Power (W) 79 110 130 125

Baoikég dlagpopEg:

- €eKMeTAAAguon ILP vs. TLP (Power5 — Opteron, Pentium D — T1)
- floating point performance (Power5 — Opteron, Pentium D — T1)
- memory bandwidth (T1 — Power5 — Opteron — Pentium D)

» ETTNPEAEl TNV ATTOB00T EPAPHOYWYV HE HEYAAO MiSS rate
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6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Performance relative to Pentium D

1

1

1

1

B Power5+
Opteron
B SunT1

I I 1 I

1 I I 1 I ‘ 1
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SPECintRate = SPECfRate SPECJBB05 SPECWeb05

£ 2007 Elsevier, Inc. All rights reserved.
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AMD Opteron IBM Power 7 Intel Xenon Sun T2
8439 7560

Transistors (M)
Power (W)
Max cores/chip

Mutlithreading
Threads/ core
Instr. issue/clock

Clock rate (GHz)
Outermost cache

Inclusion
Coherence protocol

Coherence
implementation

Extended coherence
support

cslab@ntua 2012-2013

137
6
No
1

3from1
thread

2.8

L3, 6MB,
shared

No
MOESI

Snooping

Upto 8
processor
chips (NUMA)

1200 2300
140 130 95
8 8 8
SMT SMT Fine-grained
4 2 8

6 from 1 thread 4 from 1 thread 2 from 2 threads

4.1 2.7 1.6
L3, 32MB, shared L3, 24MB L2, 4MB, shared
or private/core shared
Yes Yes Yes
Extended MESI MESIF MOESI

L3 Directory L3 Directory L2 Directory

Up to 32 Upto 8 Up to 2/4 chips
processor chips processor (directly/external
(UMA) cores ASICs)
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