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1 Time Instructions Cycles Time

= = X . X
Performance Program Program Instruction Cycle

IPC x Hz

instr. count

— Performance =

Au¢non amrédoong
 clock speed (1Hz)
* QPXITEKTOVIKEG BeATIOTOTTOINOEIG (TIPC):
* pipelining, superscalar execution, branch prediction,
out-of-order execution, caches
* aAyopiBuoil (|instr.count)
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e O ILP ekpetaAevetal mapaAAnAeg Asttoupyieg, cuvnBwe pn opl{OUEVEG ATTO
TOV TIPOYPOUUOTLOTH

- o€ pla «euBeia» akoAouBia evtoAwv (xwpic branches)

- avapeoa o€ dtadoxikeg emavaAnPelg evog loop

e AUOKOAO TO va e€dyoupe oAogva Kal teEpLocotepo ILP amod €va kat povo viua
EKTEAEONC

- €yyevwe XapnAoc ILP og moAAEG edboplLOYEC
- OVEKUETAAAEUTEC TTOAAEG ATTO TIG LOVASEC VOG superscalar emeéepyaoth)

e JuxvotnTa poAoyloU: GUCLKA EUMOOLO OTN CUVEXOMEVN avénaon TNG
- HeyaAn €kAuon Beppotntag, LeyaAn katavaiwon woxvoc, dtappor) pPEVUATOC

[pemnet va Bpouue aAAov tpormo nepa armo tov ILP + cuyvotnta poAoytlou

yia va BeAttwoouue tnv anodoon
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e JKOTIOG: xpron moAAwv aveEaptntwy instruction streams amnod moAAamnAd
VALOTO EKTEAEDONG

* MoapaAAnAiopog oc eninedo vipatoc (Thread-Level Parallelism — TLP)
Avaraplotatal pnta oo ToV TIPOYPAMLATLOTH, XPNOLHLOTIOLWVTOC TTOAAQTIAQ
VIALLOTOL EKTEAEONC TA OTTOLAL ELVAL EK KATALOKEUN G TTOLPAAANAQL

* [loAAa doptia epyacioc €xouv oov XoPoKTNPLOTLKO TouC Tov TLP:

- TLP og moAumpoypappatilopeva ¢poptia (EKTEAECN OVEEAPTNTWY OELPLAKWV
epappoywv)

- TLP og moAuvnUOTIKEG ePapPUOYEC (eTttayuvon pag ebappoyng dtaxwpilovtag
TNV O€ VI HOTA Kol EKTEAWVTOC Ta TTPAAANAQ)

*  OLTOAUVNHOTLKEC APXLTEKTOVLKEC XpnoLpomoLloUv tov TLP og tetola poptia
gpyaoiog yia va BeAtiwoouy ta emntinmeda xpnoLponoinong twv povadwyv tou
enetepyaotn

- BeAtiwon tou throughput moAunpoypappatilOpuevwy ¢optiwy
- BeAtiwon Tou XpOvou eKTEAECNG TTOAUVNUOATIKWY £EDAPLLOYWV
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10 .t ,t2 ,t3 ,t4 .15 .6 ,t7 ,t8 . t9 .t10.t11 12,13 t14,

LI r1, 0(r2) LEIDIXIMW| : : : ¢
LW r5, 12(rl)i |F|-|-|-|D|X|M|W
ADDI 5, r5,#12; | [_-[-[-|F

SW r5, 12(rl):

e OLetaptNoelc HETAEL TWV EVTOAWY ATTOTEAOUV MEPLOPLOTLKO
nopayovta yo tnv e€aywyrn mapaAAnAlopou

* TLumopEL va yivel mpog auth tn katevBbuvon;
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MW UTOPOUUE VO LELWOOUUE TLC €EAPTAOTELC LETAEY TWV EVIOAWV
o€ €va pipeline?
- ‘Evac tpormoc eival va eTiKaAUPOUE TNV EKTEAECN EVTOAWV ATTO
dladopeTika vipata oto oLo pipeline...
ErukaAvyn exktéAeonc 4 vnuatwyv, T1-T4, oto anAo 5-stage pipeline
10 t1 12 13 t4 15 16 17 .t8 , t9

Tl: LW rl,0(xr2) _F D|X|M WE
T2: ADD r7,rl,r4 F D, MIWE
T3: XORI r5,rd, #12: i M|DIXIMIWE
T4: SW  r5,0(r7) | [ ElDlIxIMIWE
Tl: LW r5,12(rl) EIDIX M.W

H rtponyouuevn evioAn ope-vnuo oAokAnpwvet to
WB ripotou n emouevrd evrtoAn oto idto viua

dtaBaoel to register file
cslab@ntua 2016-2017 6




\ 4

@
3
()
T
py
H
D X
|

\ 4

A\ 4
\ 4

+

I\)-
—
>— > <

Thread W 2
select

» To software «BAEmel» moANamAég CPUs
* KaBe vipa xpetaletal va dtatnpel tn S1Kr) TOU APXLTEKTOVLKI) KATAOTOON

- program counter
- general purpose registers

* Ta vApata potpdalovtal TiG idleg povadec ektéAeonc

* Hardware yia yprjyopn evaiiayn twv threads

- TIPETEL VA lval TIOAU TtLo ypryopn ano €va software-based process switch (= 100s -
1000s KUKAWV)
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* [M\eovekTRpaTa
* At xpeldletal dependency checking petaél twv evtoAwv
* Ae xpelaletal branch prediction

* Anoduyn bubbles mpayuatonolwvrtac xpriown SouvAeld amno alla
threads

* BeAtiwon system throughput, utilization, latency tolerance

* MelovekTnpata
* NoAumAokotnta hardware (PCs, register files, thread selection logic, ...)
« Xelpotepo single thread performance (1 instruction every N cycles)

* YPnASc avtaywviopog yLa mopouc (resource contention for caches &
memory)

ErtutA£ov UALKO Kal TAnpodoplec:

e Mario Nemirovsky, Dean M. Tullsen. Multithreading Architecture. Synthesis Lectures on
Computer Architecture, Morgan & Claypool Publishers 2013, ISBN 9781608458554.
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1G4

[Tullsen, Eggers, and Levy,
“Simultaneous Multithreading: Maximizing

Applications On-chip Parallelism, ISCA 1995.]
cslab@ntua 2016-2017 9

Lo J
A ; AnoteAéopota yLo
90 i 8-way superscalar.
E memory conflict
50 E long fp
v shorl fp
% 70 long integer
Ci? m short mnteger
% 60 ] load delays
E k\"‘ D control haxards
'E 30 Q branch misprediction
% Q E deache miss
= 40 t\"‘ [III icache miss
5 N B dilb miss
A 30 N B itib miss
1% . processor busy
20 X L\\‘
i
=
=}

alvinn

ora
su2cor
SWTT
tomcaty

2
2
£
g



\ 4

Issue slots
]
]
]
]
]
]
]
]

Horizontal waste Vertical waste

* Horizontal waste: e¢autiac yapunAou ILP

* \ertical waste: e¢autiac long-latency yeyovotwv
- cache misses

- pipeline flushes Aoyw branch mispredictions

cslab@ntua 2016-2017
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CPU1

e ta mpoPAnuata e€akoAovBouv va udilotavtal...
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1. Coarse-grained multithreading
2. Fine-grained multithreading

3. Simultaneous multithreading (SMT)
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Time

>
»

Issue slots

EvaAlayn thread povo petd ano stall tou thread mou exteAeitay, .. Aoyw L2 cache miss

MAgovekTApaTa:

- Oe xpelaletal va £XEL TTOAU Ypriyopo UNXaVvIopo evailayng Twv threads

- Oev kaBuotepel TNV ektéAeon evog thread, adol ol evtoAég amo aAAa threads yivovtal issue povo otav To

thread avtipetwnioet kamnouo stall
MelovektApata:

- Oev avtipetwrilel To horizontal waste

- o0¢ pkpa stalls, n evaAiayn tou stalled thread kat n popoAdynon oto pipeline kamolou £towuou thread pmnopet
va £XEL aMWAELEC otV amodoon tou pwtou thread av teAlkd ol KUKAOL Tou stall-apel eival Atyotepol amod Toug

KOOTOG EKKLvnNong Tou pipeline pe to véo thread

E€attiag autol Tou start-up kK6otouc, To coarse-grained multithreading elvat kaAUTEPO yLa TNV pelwon

TOU KOOTOUC amo ueyalda stalls, yia ta omnoia to stall time >> pipeline refill time

e.g., IBM AS/400, DYSEAC, TX-2

cslab@ntua 2016-2017
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Issue slots

_ o
o

Y "] 1

To «Kitpvo» thread eivou stalled ko
TLOLP OLKOLUTTTETALL

e EvoAhayn petalu twv threads og kABe kKUKAO, pe amOTEAECUA TNV ETILKAAUYP N TNC EKTEAEONC TWV
threads

- n CPU &ilvat autr mou KAveL tTnv evaAlayn o€ kaBe KUKAO

* Tivetal pe round-robin tpomo (KUkALkd), mapakapntovrag threads ta onola eival stalled og kdmoto
long-latency yeyovog

e Avtlpetwrilel to vertical waste, T0c0 yla pkpd 600 Kat yio peyaAa stalls, agou otav eva thread eival
stalled to emopevo pmopel va yivel issue

* MelovekTpota:
- Oev avtipetwrnilel To horizontal waste

- koBuotepel tnVv ektéAeoN VoG thread To omolo gival £TolHo va eKTEAEOTEL, XwpLG stalls, adou avapeoa oe
StadoxLkoug KUKAOUG autoU tou thread mapepBaAlovial KUKAOL EKTEAECNC Ao OAa Ta uTtoAouna threads

e e.g., UltraSPARC T1 (“Niagara”), Cray MTA, CDC 6600, Delco TIO
cslab@ntua 2016-2017 14



Time

\ 4

Issue slots

e [lvovtatlissue eVToA£C armo MOAAATIAQ VI LLOTO TAWWTOYXpOVA
- avtpetwniletal to horizontal waste
* Otav éva vua stall-apel Aoyw evocg long-latency yeyovotog, Ta uTtoAouna

vAjpota propouv val SpopoAoynBbouv Kal va XpnOoLUOTIOLooUV TLIC SLaBECLUEC
HLOVAOEC eKTEAEONC

- avtlpetwniletal to vertical waste

* MEYLOTN XPNOLULOTIOLNON TWV EMEEEPYAOTIKWY TIOPWV ATTO OVEEAPTNTEC
AELTOUPVLEC

cslab@ntua 2016-2017
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Mo tepLoxéc pe uPnAd emtimeda TLP, [Lo TLEPLOYEC pe xapunAa emnieda TLP,
: : o)\OK)\r]po TO €UPOC TOU EMeéepyaoTh

OAOKANPO TO £UPOC TOU EMEEEPYAOTN
potpalstol oo oAa ta threads glvat ,5“1980410 ylo TV eKUETAAAEUON
Tou (omotov) ILP

Issue width Issue width

| Time

Time
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Fetch
Unit

PC

Instruction Cache

8
| 4

Decode

Register
Renaming

=

—

floating point y -
mstruction queue registers units |-
A Data
Cache
A 4

mteger
mstruction queue

mteger
registers

a

mt/1d-store
units

* BOOLKEC ETIEKTACEL OE OXEON HE Mo CUBATIKA superscalar apXLtEKTOVLKN

noAAamnAoi program counters kot KATAAANAOG LNXOVLOUOG LECW Tou omoiou n fetch unit emiA€yel
KATIOLOV OO AUTOUC o€ KABE KUKAO (TT.X. LE BACN KATIOLOL CUYKEKPLUEVN TTOALTLKNA)

thread-id o€ kaBe BTB entry yia tnv anoduyn npoBAePng branches mou avrikouv oe aAAa threads

Eexwprotn) RAS yia kaBe thread yia tnv npoPAsdn tng StevBuvoncg emotpodPric HETA Ao KARoN
uTtopouTivag og kaBe thread

Eexwplotoc ROB yua kaBe thread mpokelpgévou to commit kat n dtaxeiplon twv mispredicted
branches + twv exceptions va yivetat aveéaptnta yio kabe thread

neyaAvtepo register file, yla va umtootnpilel Aoykoug KataxwpnteS yia oAa ta threads + enutAgov

KATAXWPNTEC yla register renaming

§eXwpLoto renaming table yiwa kB¢ thread

» £POooV ol Aoytkol kataywpnteg yia OAa ta threads armeikovi{ovtat 0Aot o€ SLaPoPETIKOUC
(PUOLKOUC KOTOXWPNTEC, Ol EVTOAEC a0 SLapopetika threads umopouv va avautydouv UETA TO
renaming xwpic va ouyyeovtal oL source Ko target operands avausoa ota threads

cslab@ntua 2016-2017
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1. Pentium 4

2. Power5

3. UltraSPARCT1

cslab@ntua 2016-2017
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* 2-way SMT
- TO A£LTOUPYLKO «PBAgme» 2 CPUs
- ektelel Vo Slepyaoieg Tavtoxpova
» ToAunpoypappati{opeva doptia

» TLOAUVNUATLKEC EPOAPUOYEG

* O duoLkoC emetepyaoTnC HLATNPEL TNV OPXLTEKTOVLKN YL 2
AOYLKOUC ETIEEEPYAOTEC

e EmutA€ov KOOTOC yLa urtoothnpLEn 2 TOUTOXPOVWY VNHATWVY
eKTEAEONC < 5% TOUL ap)LlkoL hardware

cslab@ntua 2016-2017
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Instruction Streaming Buffers Next IP
Instruction TLB

Trace Cache Next IP |}

Trace Cache
Fill Buffers

it

Register Alias - o
—

"
i
!

Microprocessor

Research
Forum 2002
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Architectural
State

Architectural
State

Architectural
State

Architectural
State

L2 U-cache | L3 U-cache

Cache control

9
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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

BTB, I-TLB

L3 U-cache

Cache control

Decode

Trace cache

o
s |8 =
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3 ]
[ 3 2
£ =i o
)
] @)
o
5 S 212
x LHE
5
3
uCode =
ROM 3]
n
o
=
o
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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
| ) IS 2
El |= g S
0 S it 3
3 = g
(o]
2| 8] [§] |2
o0 = 2
uCode
BTB ROM

uop queues

D-TLB

L1 D-cache

Load
AGU

Store
AGU

ALU

Integer reg. file

ALU

ALU

Schedulers

FP Load
FP Store

FP Add

FP Mul

FP Div
MMX,SSE

FP reg. file

Reorder / Retire

* 0TOUC TTOAUETIEEEPYOOTEC T resources Pplokovtal og TTOAAATIAA

avtiypada

» oto Hyper-threading ta resources dtapotpalovtol

cslab@ntua 2016-2017
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* [MOopol og moAAamAQ avtiypada:
- oPXLTEKTOVLIKN Katdotaon: GPRs, control registers, APICs
- instruction pointers, renaming hardware

- smaller resources: ITLBs, branch target buffer, return address stack

e JTOTIKA SLoXWPLOUEVOL TIOPOL:
- ROB, Load/Store queues, instruction queues

- KABE VO UTTOPEL VAL XPNOLUOTIOLOEL WG TA oA (to TToAU) entries kAOe
TETOLOU TIOPOU

» €va vpa v umopel va olkelomolnBel To cUVOAO Twv entries, OTEPWVTOC
T duvatotnta oo To AANO VAUO VOL CUVEXLOEL TNV EKTEAECH TOU

» etaodpalAlleTal n AMPOOKOTTN IPOO0SOC EVOC VAMATOC, AVEEAPTNTA OTTO TNV
NP0o0do Tou AAAOU VAMATOC

e Auvapka Stapolpalopevol opol (kat” amaitnon):

- out-of-order execution engine, caches
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Re-Order
Buffer

Register
Write
Registers

Register
Read
Registers

Register
Rename

In-Order

Out-Of-Order

In-Order

23
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* Trace cache

- «&ldkn» instruction cache mou kpatadel
QTIOKWOLKOTIOLNUEVES ULKPO-EVTOAEG

- o€ KaBe cache line amoBnkevovtal oL pLKpo-
EVTOAEC OTN OELPA LIE TNV oTtoila ekTEAOUVTOL
(Tt.X. evtoAn aApoatog padl pe tTnv akoAouBia
evtoAwv otnv npoPAedBeioa katevBuvon)
e Ye Tautoxpovn {ntnon amno toug 2 LPs
(Logical Processors), n mpocfaon

evaAAdooetal KUKAO-ava-KUKAO
e Otav povo 1 LP {ntaeL npoocBaon,
uropel va xpnotpornotnost tnv TC oto

ueyloto duvato fetch bandwidth (3
ulPC)

cslab@ntua 2016-2017
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Trace Cache
fill

L2 Access Queue

Uop
queue

ITLB

] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
L2 Access —»  Decode |——>

Trace

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
' Cache

-______---___-.l.--____--__________________--

* L2 cache
- nnpooPaon yivetal pe FCFS tpomno
 Decode

- o€ tauroxpovr] Zr]tr]or] armo toug 2 LPs, n mpooBaocn evalAdooetal, aAAQ LLE TILO coarse-
grained tpomo (&nA. oxL KUKAo-ava- KUK)\O aAAa k kUkAouc-ava-k KUK)\ouq)

cslab@ntua 2016-2017



I-Fetch | Uop i Rename | Queue | Schedulers : Register i Execute | L1 Cache i Register i Retire
queue ' i Read f 0 0 Write !
E E E general E E E E
P ! ! I I ! ! Store Buffer | ! Re-Order
e | e = e e
i i Register i | i i i i
| | meme || | | | | |
e e o e e ' — —
—i> > N { o : :
| | | | |
i i Allocator i i i g .
| | | | Registers | L1 D-Cache | Registers
Trace i i - i memory i i i
Cache !
In-Order Out-Of-Order In-Order

» Allocator: ekxwpet entries oe kaBe 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

e e TOWTOXpPOVN {RTtnon amo touc 2 LPs, n mpooBaon evaAldooetal KUKAO-avA-KUKAO

 stall-apetl €vav LP otav ET[LXELpEL VO XPNOLLLOTIOLNOEL TTIEPLOCOTEPA ATIO TA ULOA entries
TWV OTATLKA SLAXWPLOUEVWV TIOPWV

cslab@ntua 2016-2017
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I-Fetch ; Uop i Rename | Queue iScheduIersi Register i Execute ; L1 Cache i Register i Retire

queue | ' ' | Read Write
1 1 1 1
1 1 1 1
1 1
1 1 1 1 1 1 1 1 1
' 1 ' general ! ! ! ' ' '
P ! I ! 0 0 ! 0 Store Buffer | ! Re'Order
i — i i i e i e
1 1 1 1 L 1 1 1 1 1
Register

1 1 Rename | 1 1 1 1 1 1
1 1 1 1 1 1 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
5 e —— > i i i :E 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
i | Allocator | , f ! ' : . |
! ! i i i Registes | LiDCache | 00T

Trace | | I memory | | | | | |

Cache i i i i i i 1 1 1
1 1 1 1 1 1 1 1

< > <€ > <€ >
In-Order Out-Of-Order In-Order

* Register renaming unit

- enektelvel Suvaulka toug architectural registers amelkovi{ovtdg touc o€ Eva
HeyaAUTeEPO cUVoAo aro physical registers

- &eXwpLoTO register map table yia kaBe LP
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I-Fetch ; Uop i Rename | Queue iScheduIers: Register i Execute ; L1 Cache | Register i Retire

1 .
queue i ' ' ' Read Write
1 1 1 1
1 1 1 1
1 1
1 1 1 1 1 1 1 1 1
i i i general i i i | Store Buffer ! i
" i i i 1 ' ! ! ore Butter ! ' Re-Order
i o | | | | —1 i i Buffer
1 1 1 1 L 1 1 1 1 1
Register
1 1 Rename | | | | | | |
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
- S SO i i —H = = =

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
i | Allocator | , ! ! ' : : |
! ! i i — 1 Registers | LiDCache | 0%

Trace | | - memory | | | | | |

Cache i i i i i i 1 1 1
1 1 1 1 1 1 1 1

< > € > <€ =
In-Order Out-Of-Order In-Order

e Schedulers / Execution units

- otnv npaypoatikotnta d& (xpetaletal va) E€pouv o€ Ttolov LP avrikel n evtoAn
TIOU EKTEAOUV

- general+memory queues OTEAVOUV LILKPO-EVTIOAEC 0TOUG OPOUOAOYNTEC, UE TNV
npooBaon va evalldoostal KUKAO-ava-KUKAO avapecsa otouc 2 LPs

- 6 WIPC dispatch/execute bandwidth (= 3 uIPC per-LP effective bandwidth, 6tav
Kol oL 2 LPs gival evepyol)
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I-Fetch | Uop i Rename | Queue | Schedulers ; Register i Execute | L1 Cache i Register ! Retire |
i queue ' ' Read : [ : Write :
P i i i general i i i i Store Buffer i i Re-Order
E E E E E E E E E Buffer
s | g || | o s s s s

Rename
CT T : : | : - 1 1 1 1
: : : : ; ! : = =
— — —— i > 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 1 1 1

1 1 1 1 1 1 1 1 1

: t | Alocator : : : : : : ! Registers :

: : : : — 1 Regsters : ! LlD-Cache | :

1 1 — 1 1 1 1 1 1 1

Trace | | ! memory | | | | | |

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
<
<

In-Order Out-Of-Order In-Order

> >
>

A
\ 4
A

* H apyttektovikn kataotaon Kabe LP yivetal commit pe tn oslpa
npoypappatoc, evallaooovtag tnv npoocfaon otov ROB
avapecsa otoug 2 LPs kUkAo-ava-kKUKAO

e 3 ulPC retirement bandwidth
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e SPLASH2 Benchmarks: 1.02 —1.67
e NAS Parallel Benchmarks: 0.96 —-1.16
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From: Tuck and Tullsen,

“Initial Observations of the
Simultaneous Multithreading
Pentium 4 Processor”, PACT 2003.
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Case-study 2: Power5
Enéktaon tov Power4 yia untootnpién SMT (2004)

s o e a e
155 e ea Hoc Hron w0 He
oo B el e o
s H

s oo

* Power4: Single-threaded «mpokatoyxoc» tou Power5

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

- KABe pio pmopet va kavel issue 1 evtoAn ava KUKAO

* Execution bandwidth: 8 operations ava kUkAo
- (1 fpadd + 1 fpmult) x 2FP + 1 load/store x 2 LD/ST + 1 integer x 2 FX
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Branch redirects Power4

Instruction crack and
group formation

‘ s egister,sets)
R or fotoh [ -issHrr Hex |—2peine Xfer

E — Loadistore

' - c ap pipeline

- — MP [—/1SS [H RF [+ EA [—DC [—{Fmt [—WB [—{Xfer
; Da

; 10 D2 D3 HAferGD | MP[TISS - AF | EX " —|WB [—xfer
J Fixed-point

: Group formation and pipeline

: instruction decode —|MP 1S5 - RF —@

i F&

2 fetCh (PC)1 - Floating- WB [—jier

point pipeline

&
|

&

e e e s T i e e e e = = N N N N e r s s s s s e e A e et e e
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SMT resource management

i e Dynamic
L Biyoh predicion ] instruction
' Beloony Shared
Shared
Program Branch| | Return| | Target b execution
counter history | B stack | | cache queues units
: tables LSUO Data Data
S~ ZAomate FXUO Translation ~Cache
LSU1
Instruction Group formation . : " :
ca?:hr-lz Instruction decode [—= * 2 5 — [Exu1] .
Dispatch FPUO
Instruction
translation FPU1
' |BXU | 2
Thread CRL Data Data
priority Shared- Read Write translation | |cache|
register shared- shared- T
mappers register files register files L2
cache

| [ Shared by two threads [ Thread 0 resources M Thread 1 resources l
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* AU&non ouoxetlotikotntog tnG L1 instruction cache kot Twv
ITLBS

e =gxwplotec Load/Store queues yla kaBe vrpa
* AU&non peyeBouc twv L2 (1.92 vs. 1.44 MB) ko L3 caches

e Zgxwploto instruction prefetch hardware kat instruction buffers
ylo KaBe vAapa

* AU&non twv registers amo 152 oe 240
* AU&non tou peyeBouc Twv issue queues

* Auénon peyeBouc kata 24% os oxeon Ue Tov Power4 s€attiag
™N¢ mpooBnknc hardware ywa vrtootnptén SMT

cslab@ntua 2016-2017
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Branch redirects Out-of-order processing

Instruction fetch

Branch
! pipeline

. MP -1 IS5 |-{ AF [ EX -

Load/store
LE IE | . ap J pipeline y
. 1SS - DC —|Fmt|— CP=

: WB [—{Xfer
: ‘ H—
i DO H b1 H D2 H D3 HxterH{GD }~— MP 1SS H RF [ EX WB [—Xfer

F6 —wB |- Kferlf
Floating-
point pipeline

— MP — HF [ EA [ WB [—|xfer i

' Fixed-point .
Group formation and pipeline |
instruction decode = MP [11SS || RF [] |

e Jto IF otadio n mpooPaon evaAldooetal KUKAO-ovA-KUKAO avapeoa ota 2 threads
- 2 instruction fetch address registers, 1 ywa kaB8e vriipa
* Mmopouv va poptwBoulv 8 instructions og kaBe kUKAo (otadio IC) amno tnv I-Cache

- O€ €VOV OUYKEKPLUEVO KUKAO, OL EVTOAEC TToU dpopTwvovTal TIPoEPYovTal OAEC amno to idlo thread

- Kot toroBetouvtal oto instruction buffer tou thread avtou (otadio DO)
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Branch redirects Out-of-order processing

: Branch
: Instruction fetch ! pipeline
: MP ISS H RF HH EX [ WB [—xfer
: J Load/store
' ipeline
o i I— IC BP e 2
! ~| MP /1SS [-| RF - EA [—|DC —|Fmt|—wa—xfer H |CP [
: ‘ p —
: DO Hp1 H D2 H D3 HxierHGD }~— MP 1SS H RF H EX : — WB [—Xfer !
) Fixed-point !
Group formation and pipeline |
instruction decode = MP [11SS || RF [] .
F6 ——wB | Kferlf E
Floating- .

point pipeline
Interrupts and flushes !

e JYta otadla D1-D3, avaloya pe tnv potepatotnta kabe thread, o emetepyaotnc
SLaA€yel eVTOAEC armo €vav armo touc duo instruction buffers ko oxnuatilel eva

group

* 'OAec oL eVTOAEC O€ €va group mpogpyovtal amo to iblo thread kot
armokwdikomolovvtal mapAAAnAa

* KaBe group pmopei va eEPLEXEL TO TTOAU 5 eVTOAEG
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Branch redirects Out-of-order processing

Branch
: Instruction fetch ! pipeline
: MP ISSH AF HHEX WB [—xfer
: J Load/store
! ipeline
Ll | IF | c Bp pip :
: —|MP IS5 H RF H EA —DC —<Fmt}—WB—Kfer H [CP [
: f__l :
5 DO H p1 H D2 H D3 HxierHGD }~— MP 1SS H RF H EX : — WB [—iXfer !
: T Fixed-point :
! Group formation and pipeline I
instruction decode —|MP [—|ISS | RF [ -

F6 ——\WB | —xfer |7 :
Floating- -

point pipeline
Interrupts and flushes !

e Otav OAol oL amattoUpevol TopoL yivovtal SLabEatpol yla TIG EVTOAEC EVOC group, TOTE TO
group pmopel va yivel dispatch (otadio GD)

- To group tomoBeteital oto Global Completion Table (ROB)

- ta entries 0to GCT ekxwpoUuVTaL UE TN OELPA TIPOYPAUMATOC yia KABOe thread, kot ameAevBepwvovtal
(TLAAL LE TN OELPA TIPOYPAPHUATOC) HOALC TO group yivel commit

* Meta to dispatch, kaBe evtoAn tou group SLEPYETAL LECA ATTO TO register renaming otadlo
(MP)

- 120 physical GPRs, 120 physical FPRs
- ta 2 vapata dtapotpalovtal SuvauLka registers
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Branch redirects Out-of-order processing
. Branch
Instruction fetch ! pipeline
. MP 1SS - RF H EX [ WB [—{Xier
: J Load/store
. ipeline
o P IC BP P 5
! : ~ MP (1SS [H RF [H EA —{DC —{Fmt}—wa —{xfer—H |CP [
: 1 oo
i DO Hp1 H D2 H D3 HxierHGD }~— MP 1SS H RF H EX : —WB —iXfer [— !
: I Fixed-point
] Group formation and pipeline
5 instruction decode ~{MP 1SS [H RF —%_‘
F& : WB —ixfer—
] Floating-
point pipeline

Interrupts and flushes

e |ssue, execute, write-back

- O¢e ylvetal dakplon avapeoa ota 2 threads

* Group completion (otadto CP)
- 1 group commit avd kUkAo yia kaBe thread

- OTh O€lpA TPOYPAUHUATOC TOU KABe thread
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e [penelva e€aopaAlotel N anpookomntn Kol opaAn pon twv threads oto

pipeline, aveédptnta amo TIC AmaAlTAOELS TOU KaBEVOC o€ eTeéEPYOOTIKOUC
TTOPOUC

* Mnyxaviopol meploplopol evog oAU amattntikou thread:

- ueiwon npotepatotntac tou thread, 6tav dtamotwvetal otL ta GCT entries mou
XPNOLUOTIOLEL EeTtEPVOUV €Va KAOOPLOUEVO OPLO

- otav €va thread €xeL moAAA L2 misses, TOTE Ol LETAYEVEOTEPEC EEAPTWUEVEG

EVTOAEC TOU UITOPOUV va Yepioouv TIC issue queues, epmodilovtac va yivouv
dispatch evtoAéc amno to aiAo thread

» ntapakoAoudnon tn¢ Load Miss Queue evog thread €tolL wote otav ta
misses Tou uTtepPalivouv KATIOLO OpLo, N armokwdLKOTToiNon EVTOAWV TOU v
oTaUATAEL PEXPL VO artooupdopnBoulv oL issue queues

- oupdopnon oTLS issue queues Umopel va cupPet ko otav eva thread ektelel pla
EVTOAN MOV amalLtel oAU Xpovo

» flushing Twv evtoAwv tou thread mou meplpévouy va yivouv dispatch kot
nipoowptvy SLakorn TH¢ armokKw IKOTOiNoN¢ EVTIOAWY TOU HEXPL VA
anocupdopnBouv oL issue queues
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* Emupenel oto software va kaBopilosl mote €va thread Ba mpemeL va £xetL
HEYAAUTEPO 1 ULKPOTEPO PEPLOLO EMEEEPYOOTIKWV TTOPWV
e MBaveéc attieg yia SLadopETIKES TIPOTEPALOTNTEC:

- ¢éva thread ektelel éva spin-loop mepLpévovtag va mapet kamoto lock = dev kavel xpAolun
S0UAELA 000 spin-ApeL

- ¢€va thread &ev €xel SoUAeLd va EKTEAEDEL KL TIEPLEVEL VOL TOU avaTteBel SoUuAeld o€ Eva
idle loop

- ula epoppoyn MPEMEL va TPEXEL TILO YPAYOPO OE OXEON HE piot AAAN (r.x. real-time
application vs. background application)

» 8 software-controlled enineda mpotepatotntac yia kabe thread

e O enetepyaotnc mapatnpel tn Stadopd Twv EMUTEOWV TPOTEPALOTNTAC TWV
threads, kot 6ivel oto thread pe tn peyalltepn npotepatdoTnTa
NMEPLOOOTEPOUC HLadoxLKOUC KUKAOUC Yo armokwdLkomoinon evtoAwy tou

cslab@ntua 2016-2017
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Enidpaon npotepatotntac otnv anodoon kade thread

e Otav ta threads €xouv idLe¢
TIPOTEPALTOTNTEC, EKTEAOUVTOLL
TILO APY QL ATT’O,TL OV KALOE
thread eiyxe StaBcopua OAa Ta
resources Tou €MeEepyaoTh
(single-thread mode)

cslab@ntua 2016-2017

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

|OThread 0 IPC B Thread 1 IPC |
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Large
Core

Out-of-order
Wide fetch e.g. 4-wide
Deeper pipeline

Aggressive branch predictor
(e.g. hybrid)

Multiple functional units
Trace cache

Memory dependence
speculation

Small
Core

In-order
Narrow Fetch e.g. 2-wide
Shallow pipeline

Simple branch predictor (e.g.

Gshare)
Few functional units

cslab@ntua 2016-2017
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* Grochowski et al., “Best of both Latency and Throughput,” ICCD 2004.

cslab@ntua 2016-2017

| Large core | Small core
Microarchitecture Qut-of-order, In-order
128-256 entry
| ROB {
Width 3-4 1
Pipeline depth 20-30 5
MNormalized 5-8x 1%
performance
Normalized power 20-50x 1%
Normalized 4-6x 1%
energy/instruction
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Single
issue

ILP |C M C M C M ]

TLP[c M i
(on shared ., Time saved
singleissue |[C M i -
pipeline) C M

[0 Memory latency [ Compute latency

e JYuunepldpopad enefepyaotwy PeAtiotononuevwy ya TLP kat ILP og server workloads:
- server workloads:
» vPnAog TLP (peydaioc aplBuoc mapaAAnAwv client requests)

» xaunAog ILP (upnAd miss rates, moAAa unpredictable branches, ouxvéc load-load
e€apTtAOELC)

» TO memory access time KupLapxel 0To CUVOALKO XPOVO EKTEAEDNC
* O “ILP” emetepyaoTnC LELWVEL POVO TO computation time
- TO memory access time kuplapyel oe akOUO LEYAAUTEPO TTOCOOTO

e Jtov “TLP” enetepyaotr, To memory access evoc thread emikaAumtetal amno
computations amno aAla threads

- nanodoon avéavetal yla po memory-bound multithreaded edappoyn
cslab@ntua 2016-2017



* in-order, single-issue i L2
ore cache To
- ETUKEVIPWVETOL TAAPWES OTNV e memory
EKUETAAAEVON TOU TLP EARE
Core
e 4-8 cores, 4 threads ava core
L2
- max 32 threads Core il o
- fine-grained multithreading \ Directory
e L1D + L1l polpalOpevec armo ta R e S -
4 threads sl e -
Core / ba:k merrnory
e L2 cache + FPU polpalouevn / Direcory
aro oAa ta threads .
o EeXxwpPLOTO register set + i o
. . bank memory
instruction buffers + store Core p—
buffers yia kabe thread
Core FPU unit

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

Register
file
x 4

+‘—|1r

ICache _ | Instruction ——
LB | ™| buffer x 4 ALU DCache
Thread MUL - DTLB Crossbar
select —»— Decode —= Shiftar store interface

[}

Mux DIV buffers x 4

A

|-=—— Instruction type
Thread selects Thread | g  pjisses

select
PC
logic
x4

logic -=— Traps and interrupts
e Onwc to KAaoLKO 5-stage pipeline + thread select stage

~=—— Resource conflicts

* Fetch stage: o thread select mux emiA€yel molog amo touc 4 PCs Ba mpemeL va
npoorneAdoel tnv ICache kat to ITLB

* Thread select stage: anmodaoilel o kaBe KUKAO Molo¢ armo touc 4 instruction
buffers Ba tpododotioel pe eVIOAEC Ta eMOpEVA oTAdLA
- av 1o thread-select otadlo enAé€el Eva viipa amo to omoio Ba oteilel evtoAEg, to fetch
otadlo Oa emhE€eL To 16Lo thread yia va tpoomneAdoel tnv ICache

cslab@ntua 2016-2017
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Fetch Thread select Decode Execute Memory Writeback

Register
file

x 4

+ Y
ICache _ | Instruction ——
LB | ™| buffer x 4 ALU DCache
Thread MUL - DTLB Crossbar
select —=— Decode - Shifter store interface
Mux =
- buffers x 4
DIV -

A

|-=—— Instruction type

Thread selects Thread | g  pjisses
select

logic -=— Traps and interrupts
~+—— Resource conflicts

* [loAttikn emthoync thread:
- egvoAhayn petatl dtabsotpwy threads og kaBe KUKAO
- mpotepatotnta oto least recently used thread (round-robin)

e Aoyol un dtaBeopotnrac (kat pun emthoync) evog thread

- long-latency evtoAéc (m.x. branches, mult/div) odnyouv otn pun-emtAoyn tou avtiotolyou thread
ylo 0couc KUKAOUC Slapkouv

- stalls A\Oyw cache misses

- stalls Adyw structural hazards yia pia non-pipelined dopn mou xpnotpomnoleitatl A6 ano

karoto aAAo thread (m.x. divider)
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Thread selecis

UltraSPARC T1 pipeline

cslab@ntua 2016-2017

<+—— Instruction type
*— DMisses
<——— Traps and interrupis

*— Resource conflicts
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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 petaév 4 threads
- 16aviko per-thread CPl =4

* |5aviko per-core CPI =1
 Effective CPIl = per-core CPI / #cores

 Effective throughput: petaét 56% kat 71% tou Wbavikou
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MpodiA ektéAeong evoc peoov thread

100% r
90%
80%

70%

60%
H Not Ready

O Ready, not chosen
M Executing

50%

40%

Percentage of cycles

30%

20%

10%

0%
TPC-C like SPECJBB00 SPECWeb99

£ 2007 Elsavier, Inc. Al rights reserved.
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Aoyot yia tn pn dta@eoipotnta evoc thread

100%

90%

80% [

70%

Percentage of cycles

30%

20%

10% [

0%

* Pipeline delay
int mult/div

cslab@ntua 2016-2017

60% [

50% [

40%

@ Other

O Pipeline delay
M L2 miss

O L1 D miss

M L1 miss

TPC-C like SPECJBB00 SPECWeb99

© 2007 Elsevier, Inc. Al rights resarved.

: long-latency evtoAeg onwg branches, loads, fp,
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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 i
Multithreading Fine-grained No SMT SMT
Caches 16/8 64/64 12K uops/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

* Boowkeg dladopec:

- eKkpeTaAAevon ILP vs. TLP (Power5 = Opteron, Pentium D - T1)
- floating point performance (Power5 - Opteron, Pentium D - T1)
- memory bandwidth (T1 - Power5 - Opteron - Pentium D)

» emnnpealel tnv anodoon ebapUOywV PE LEYAAO miss rate

cslab@ntua 2016-2017
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«Crash-test» multicore emeéepyaotwv

6.5 r

6.0 | B Powers+

55 F

50 | Opteron

4.5 B SunT1

40

35

3.0

25 r

2.0

15

1.0

i
0 . . . .

1 1 1

Performance relative to Pentium D

1

SPECintRate = SPECfRate SPECJBB05 SPECWeb05 TPC-like

£ 2007 Elsavier, Inc. All rights reserved.
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«Crash-test» multicore eneéepyactwv (~2010)

AMD Opteron IBM Power 7 Intel Xenon Sun T2
8439 7560
Transistors (M) 904 1200 2300 500
Power (W) 137 140 130 95
Max cores/chip 6 8 8 8
Mutlithreading No SMT SMT Fine-grained
Threads/ core 1 4 2 8

Instr. issue/clock

3 from 1 thread

6 from 1 thread

4 from 1 thread

2 from 2 threads

Clock rate (GHz) 2.8 4.1 2.7 1.6

Outermost cache L3, 6MB, L3, 32MB, shared or L3, 24MB shared L2, 4MB, shared
shared private/core

Inclusion No Yes Yes Yes

Coherence protocol MOESI Extended MESI MESIF MOESI

Coherence Snooping L3 Directory L3 Directory L2 Directory

implementation

Extended coherence Upto 8 Up to 32 processor Upto 8 Up to 2/4 chips

support processor chips chips (UMA) processor cores  (directly/external
(NUMA) ASICs)

cslab@ntua 2016-2017
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Large Large

core core
Large Large
core core

“Tile-Large”

* Tile a few large cores
 |BM Power 5, AMD Barcelona, Intel Core2Quad, Intel Nehalem
+ High performance on single thread, serial code sections

- Low throughput on parallel program portions

cslab@ntua 2016-2017



Small Small Small Small
core core core core
Small Small Small Small
core core core core
Small Small Small Small
core core core core
Small Small Small Small
core core core core

“Tile-Small”

* Tile many small cores
* Sun Niagara, Intel Larrabee, Tilera TILE (tile ultra-small)
+ High throughput on the parallel part (16 units)

- Low performance on the serial part, single thread (1 unit)

cslab@ntua 2016-2017



Large Large
core core
Large Large
core core

Small Small Small Small
core core core core
Small Small Small Small
core core core core
Small Small Small Small
core core core core
Small Small Small Small
core core core core

“Tile-Large”

“Tile-Small”

* Provide one large core and many small cores

 ARM big.LITTLE

+ Accelerate serial part using the large core

+ Execute parallel part on small cores and large core for high throughput

cslab@ntua 2016-2017

Small Small
core core
Large

core Small Small
core core

Small Small Small Small
core core core core
Small Small Small Small
core core core core
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Today: Many Cores on Chip

* Simpler and lower power than a single large core
* Large scale parallelism on chip

Memory Controller

Shared L3 Cache

| Intel Core i7 IBM Cell BE IBM POWER7
s || 8 cores 8+1 cores 8 cores

AMD Barcelon
4 cores

Memory Controlier | Memory Controlier

|

Nvidia Fermi  Intel SCC Tilera TILE Gx
448 “cores” 48 cores, networked 100 cores, networked

e Sl e J1 - e

Sun iagara I
8 cores
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* Intel Nehalem (~2010)
 slides by Krste Asanovic (Berkeley, C5152 - ' )
* HotChips 2012 (HC24
* Intel’s 3 generation processors Ivy Bridge ()
 AMD'’s Jaguar next generation low power x86 core ()
e Knight’s Corner - Intel’'s MIC ()
e Power7+( )
* HotChips 2013 (HC25
e Power8( )
* Intel’s 4th generation processors Haswell ()
* HotChips 2014 (HC26
« AMD’s Kaveri APU (1 )
« AMD’s Opteron A1100( )
* Next generation SPARC Processor Cache Hierarchy ()
* Intel C2000 Atom Microserver (| )
* NVIDIA’s Denver Processor ()
* MIT Scorpio ()

* Powering the loT ( )
cslab@ntua 2016-2017


Lec7-material/L23-Final.pptx
http://inst.eecs.berkeley.edu/~cs152/sp10/lectures/L23-Final.pptx
http://www.hotchips.org/archives/hc24/
http://www.hotchips.org/wp-content/uploads/hc_archives/hc24/HC24-1-Microprocessor/HC24.28.117-HotChips_IvyBridge_Power_04.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc24/HC24-1-Microprocessor/HC24.28.120-Jaguar-Rupley-AMD.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc24/HC24-3-ManyCore/HC24.28.335-XeonPhi-Chrysos-Intel.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc24/HC24-8-DataCenter/HC24.29.815-Power7-Taylor-IBM-120828-Final.pdf
http://www.hotchips.org/archives/hc25/
http://www.hotchips.org/wp-content/uploads/hc_archives/hc25/HC25.20-Processors1-epub/HC25.26.210-POWER-Studecheli-IBM.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc25/HC25.80-Processors2-epub/HC25.27.820-Haswell-Hammarlund-Intel.pdf
http://www.hotchips.org/archives/hc26/
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-11-day1-epub/HC26.11-2-Mobile-Processors-epub/HC26.11.220-Bouvier-Kaveri-AMD-Final.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-11-day1-epub/HC26.11-4-ARM-Servers-epub/HC26.11.410-Opteron-Seattle-White-AMD-HotChipsAMDSeattle_FINAL.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-12-day2-epub/HC26.12-7-Dense-Servers-epub/HC26.12.721-SPARC-cache-Sivaramakrishan-Oracle_final_2.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-12-day2-epub/HC26.12-7-Dense-Servers-epub/HC26.12.741-C2000-Atom-Burres-Intel-Avoton arch - hotchips.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-11-day1-epub/HC26.11-2-Mobile-Processors-epub/HC26.11.234-Denver-Darrell.Boggs-NVIDIA-rev4.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-12-day2-epub/HC26.12-7-Dense-Servers-epub/HC26.12.710-Scorpio-Owen-MIT.pdf
http://www.hotchips.org/wp-content/uploads/hc_archives/hc26/HC26-10-tutorial-epub/HC26.10-tutorial2-IoT-epub/HC26.10.215-Powering-Ramadass-TI-YR_hotchips_2014_tutorial.pdf

e HotChips 2015 (HC27 )
« ARM Mali-T880GPU (| )
* Intel’s Knight Landing: 2"4 Generation Xeon Phi Processor (1)
 AMD'’s Carrizo APU (| 1)
* Oracle’s Sonoma Processor (1 )
* HotChips 2016 (HC28 )
« ARMVS-A( )
e Samsung Exynos-M1 ()
 NVIDIA Tegra SoC( )
* Oracle SPARCM7 ( 1)
* Intel Skylake (' )
e POWER9 ( )
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Lec7-material/L23-Final.pptx
http://www.hotchips.org/archives/hc24/
https://www.hotchips.org/wp-content/uploads/hc_archives/hc27/HC27.25-Tuesday-Epub/HC27.25.50-GPU-Epub/HC27.25.531-Mali-T880-Bratt-ARM-2015_08_23.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc27/HC27.25-Tuesday-Epub/HC27.25.70-Processors-Epub/HC27.25.710-Knights-Landing-Sodani-Intel.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc27/HC27.24-Monday-Epub/HC27.24.20-Multimedia-Epub/HC27.24.230-CarrizoEnergyEfficiency-Krishnan-AMD.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc27/HC27.24-Monday-Epub/HC27.24.30-HP-Cloud-Comm-Epub/HC27.24.330-sonoma.Vinalk-oracle-v3.pdf
http://www.hotchips.org/archives/hc28/
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.22-Monday-Epub/HC28.22.10-GPU-HPC-Epub/HC28.22.131-ARMv8-vector-Stephens-Yoshida-ARM-v8-23_51-v11.pdf
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