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KukAwpaTikr) FNoAuttAokotnta Etregepyotwy

[Mapadeiyyata ouyxpovwy pipeline

cslab@ntua 2019-2020



* MMov Bpioketal n (KUKAwpATIKA) TTOAUTTAOKOTNTA O€ eMe€epyaoteg ILP;
e To «paipo» eivat akpto:
* CDB broadcast -> 6Aa ta RS + 6Aou¢ Toug Kataxwpnteg otnv RF
e JUYKpLlON UE tag => kaBuotépnon
* MeyaAo “instruction window” => ertAoyr «ETOLLWV» EVTOAWV akpLBn!
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« Based on: Complexity-Effective Superscalar Processors
— S. Palacharla, N. Jouppi and J. E. Smith, ISCA 97

cslab@ntua 2019-2020




N “ .ﬂ—')
N . O D) = e = n 2
] o L& S < 75 2.0 2 =3 S -
2| 2 5 o e].3 2 2 > &
: PR 2 == gh | | M 5
1 Ry oY -
o e | | wAKEUP |EXECUTE| DCACHE |REG WRITE
FEICH | DECODE | RENAME | ¢prpor REG READ By paGq | ACCESS | COMMIT
« Fetch:

— Read instructions from |-Cache
— Predict Branches
— Pass on to Decode phase
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e Decode:

— Parse instruction
— Shuffle opcode parts to appropriate ports for rename
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« Rename;

— Map Architectural registers to Physical
— Eliminate False Dependences

— Passes renamed instructions to scheduler
« Called Dispatch
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« Wakeup:

— Instructions check whether they become ready
— From Writeback: physical register names

« Select:
— Amongst the ready select those to execute
— Structural hazards
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« Read source operands

cslab@ntua 2019-2020




(D) :.‘ ““ .
— e ; a 3 o S P, . S}
S o = 551238 5 Firs R
I B+ Q T 2| = — e S R
O O 5 e S LA Yo
- a o = =7 0| R LB
Dﬁ ’0' .0. Q
o e | | wAKEUP |EXECUTE| DCACHE |REG WRITE
FEICH | DECODE | RENAME | ¢prpor REG READ By paGq | ACCESS | COMMIT

cslab@ntua 2019-2020



.
L)
L}

L

*
L4

Q Of : *s
o4 = L E 0] .: - -JG:J “‘
— i) c 4 3 =55 7] » S} .
S S = 55 23 5 < : S |
o Q 5 ReR=niC R 2 > : Ll
H- - o = =7 S e L S| s
o =N
T . . . | WAKEUP . EXECUTE| DCACHE |REG WRITE
FETCH | DECODE | RENAME SELECT REG READ BYPASS | ACCESS | COMMIT

cslab@ntua 2019-2020 10



L .
L L = o E v .-GC)
= g = v% 25 = L2 2
— 8 S = ZESSRvAS 2 g S k-
O O 5 R A > &
= a o = =9 o0 | | M@ =
oY -
S A | b | WAKEUP|,, 1=+ pr o 3 EXECUTE| DCACHE |REG WRITE
FETCH | DECODE | RENAME | g o REG READ by oo™ ACCESS. | COMMIT

« Write result to register file

« Broadcast tag in order to wakeup waiting instructions

— Notice that the tag broadcast should happen TWO cycles
in advance of the result production

cslab@ntua 2019-2020 11



Ll
—
e L WINDOWY
8 FUNC. UNITS
o
Ho 1]
LLd
ANE a 2 Q
— % o ﬁ - O
(1] o
L i o U 2 <
S Eﬁ& i [ -y g
°E g
o
o WAKEUP+SELECT
REG READ | WAKEUP | EXECUTE | DCACHE
FETCH | RENAME | foo oean | SELECT | BYPASS | AGCESS | COMMIT

« Used by Pentium Pro, PowerPC 604
« Re-order buffer holds values
« Renaming points to re-order buffer entries

— Tomasulo-like
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* Physical Register File
— Values reside in the register file
— At writeback instructions broadcast the register name

« Reservation Stations:
— Values reside:

— In the register file upon commit
« Non-speculative

— In reservation stations prior to commit
« Speculative
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 Critical Path Delay as a function of architectural
parameters

— WinSize: Instruction Window size dnA. TTO0£C EVTOAEC
EXOUV «UTTEI» OTO OUCTNMA EKTEAEONC KAl TTEPIMEVOUV
€iTE TEAEOTAIOUC £iTE AEITOUPYIKNA JovAda

— [IW: Issue Width
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« Rename;

— Map Architectural registers to Physical
— Eliminate False Dependences

— Passes renamed instructions to scheduler
» Also called Dispatch
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* |nputs:
— IW instructions (IW = Issue Width)
— Up to 2 x Input register names
— Up to 1 x Output register name
« Qutputs:
— 2 X input physical registers
— 1 x new output physical register
— 1 x previous physical register name for checkpointing
— Updated rename table

« Superscalar Issue complicates thing!
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Cross Bundl
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« Dependency Checking logic for instruction / must match
against all preceding destinations

 If there are multiple matches it must enforce priority:
— Pick the one closest to this instruction
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CAM cell

encoder / Active bit

7
Phys reg /
<€

k |

>

#PHYS REGS

Ig(#ARCH REGS)

 One CAM per physical register
« Active bit indicates the current map
* New version by setting active bit
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« SRAM:
— Arch reg rows
— Lg(phy reg) cols
— SRAM read/write
« CAM:
— Phy reg rows
— Lg(arch reg) cols
— CAM match
— Update:

» Reset previous valid bit
« Set current valid bit
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« Wakeup:

— Instructions check whether they become ready
— From Writeback: physical register names

« Select:
— Amongst the ready select those to execute
— Structural hazards
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Scheduler: Part #1 - Wakeup

tagW tagl

Y I N
OR .4@ J @/— OR
v !
rdyL opd tagl. opd tagR rdyR
rdyL opd tagl. opd tagR rdyR
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Scheduler: Part #2 - Select

ISSUE WINDOW

1 1 , For a Single FU
aow At Tree of Arbiters
anyreqenable anyreq enabld  |anyreq enable anyreq enable
Location based select policy
] ' [
REQ Signals SETT¥YEE GRANT
emne 2393 B & & Signals
sEZE ELE& anyreq enable .
1 from/to other subtrees
el N
OR Priceity Encoder | | ARBITER CELL i R Root enabled
73
= % ROOT cell if FU
ayreg  emble ANYyreq raised if any req is bl available
active, Grant Issued if f
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« Handling Multiple FUs of Same Type:

— Stack Select logic blocks
In series - hierarchy

— Mask the Request granted
to previous unit

NOT Feasible for More than 2 FUs
« Alternative:

— statically partition issue window among FUs — MIPS

R10000, HP PA 8000
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Datapath and Bypass

FU3 Commonly Used Layout:
( mux | rgﬁézc‘é T & 3 X T T.
%1% urn on Tri-
FU2 State A to
= FU1 to left
Regfile _§ operand of
< FUO
| mux |
FUO
rc.sult :_‘:‘,‘_q_
- 1 Bit-Sli
it-Slice
<
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e Summary:

e “Future”

Issue | Window | Rename Wakeup+Select Bypass
width size delay (ps) delay (ps) delay (ps)
0.8 um technology
4 32 15779 2903.7 184.9
8 64 1710.5 3369.4 1056 .4
0.35pm technology
4 32 627.2 1248 .4 184.9
8 64 726.6 1484.8 1056.4
0.18 um technolog
4 32 351.0 578.0 184.9
8 64 427.9 724.0 1056.4

— 4 Way - Window Logic is bottleneck
— 8 Way - Bypass Logic is bottleneck

cslab@ntua 2019-2020
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* [Napadeiypara atro eTmecepyaocTeC Intel x86

o 101aITEPOTNTA: TO OUVOAO EVTOAWYV *0ev™* gival RISC

— TToAANEC ATTAEC EVTOAEC OAAG Kal AiyeC TTOAUTTAOKEC (TTPOOBACN
Hvnung + pagn, >1 mpdoBacn PvAMNG, K.a.)
— O1 ouvOeTEC eVTOAEC ATTAITOUV TTOAAATTIAG BriuaTta eKTEAEONG

* AUON: OTTACIUO TTOAUTTAOKWY EVTOAWYV O€ TTOAAEC ATTAEC
— [MoAuTtTAoko front-end => p-ops
— EKTEAEON P-0OpPS 0-0-0, OTTWG EXOUUE OEl

— Pipeline ektéAeong 0ev aAAGCel, UOVO JEYOAUTEPO KOOTOC
OIAKAAOWOEWV!
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Multi-level Blrpangh > |-TLB 32KB Instruction Cache “

re
decoder e | >20 bytes

etc

[ > x86 predecode
Micro-code (?) Unit | | . | 4instr
Micro- | | Complex | | Simple Simple Simple
H-op cache code Decoder | | Decoder | | Decoder | | Decoder
—i i | , 4 pops
Rename w/64 : 1.5K Micro-op (L0O) Cache
physical registers Retire
(not w/ #RS) ‘U’T'tk “ » Rename/Dispatch
4 HOpS v wL Yy v
x86-64 arch l
registers = 16 Load | [Load/| [ALU/]| [ALU/] [integer| [ FP FP Shared
Unit Store | |Branch| | Divide | | ALU Multiply dd C
W W ) r 3 ' W ) . A ' W ' W Y aChe
64 64 [[lesa T1lea Tlea [1lose 17 )2s6
64-bit Integer Registers FP + YMM Reg
64 | I 256
3x128] 1 |
>
cslab@ntua 2019-2020 — D-TLB P B 256




Intel Skylake (6-9t" gen i3/i5/i7) Front End

Front End Instruction _
cache Tag| L1 Instruction Cache
HOP Cache 32KiB 8-Way Instruction
Tag TLB
16 Bytes/cycle
Branch .
Predictor Instruction Fetch & PreDecode
(BPU) (16 B window)
MOP MOP MOP MOP MOP MOP
Instruction Queue -
(50, 2x25 entries) bl UL
MOP MOP MOP MOP MOP

MicroCode 5Way Decode

Seq::acer Complex|| Simple || Simple || Simple || Simple

(MS ROM) Decoder || Decoder || Decoder || Decoder || Decoder

Stack
Engine
4 poPs (SE)
5 popP e | [ (]
Decoded Stream Buffer (DSE) a N L LT LT
(LOP Cache) 6 pOPs
1.5k pOPs; 8-Way)

(64 B window) N\ MUX 7
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Loop Stream
Detector (LSD

Allocation Queue (IDQ) (128, 2x64 uOPs)

Micro-Fusion

a12A/gat9
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Register Alias Table (RAT)

pOP pOP pOP pOP pOP popP

Branch Order Buffer
(BOB) (48-entry)

|Move Eliminationl

Rename / Allocate / Retirement
ReOrder Buffer (224 entries)

Ones ldioms I IZeroing Idiomsl

[SBQD) S*sng =R UoWWo]

: . Scheduler . .
nteger Physical Register Flg . ] ) Vector Physical Register Fle
(180 Registers) Unified Reservation Station (RS) (168 Registers)
(97 entries)
on
c
=) (o) I
IR
ol @ Q
INT ALU INT ALU INT ALU INT ALU | | AGU |Store Data] | AGU | n| &0
INTDIV || INTMUL ||Vect Shuffle] | Branch | [Load Data| [Load Data . 's g
INT Vect ALUJ[INT Vect ALU|[INT Vect ALU o]
‘INT Vect MUE}NT Vect MUI=| LEA <
| FPFMA || FPFMA | 256bit/cycle
AES Bit Scan
Vect String E U s
FP DIV
Branch
Execution Engine Store Buffer & Forwarding
(56 entries) %
. 32B/cycle \ =
Rename w/180 physical P <
. & Data TLB 3
@ )
registers Load Buffer| & | L1 Data Cache

Large buffers everywhere!
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(72 entries)

Memory Subsystem

328/cycle

32KiB 8-Way

Line Fill Buffers (LFB)

(10 entries)

32B/cycle

/ To L3
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Aucnon arrodoong JE TTOAUVNUATIKI ETTECEPYATIO
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1 Time Instructions Cycles Time

Performance _ Program B Program X Instruction * Cycle

IPC x Hz

instr. count

— Performance =

Augnon atrédoong
» clock speed (1Hz)
* apPXITEKTOVIKEG BeATIoTOTTOINOEIG (TIPC):
 pipelining, superscalar execution, branch prediction,
out-of-order execution, caches
* aAyopiBuol (linstr.count)
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e O ILP ekpetarAevetal tapaAAnAeg Aettoupyieg, cuvnOwWC KN opLl{OLEVEC ATO
TOV TIPOYPOUMATLOTH

- o€ pa «euBeio» akolouBia evtoAwv (xwpic branches)
- avapeoa os dtadoxlkec emavaAnPelg evog loop

* AUoKoAo To va e€dyoupe oAogva Kal eplocotepo ILP amod eva kal povo vipa
EKTEAEONC

- gyyevwe XapunAoc ILP og moAAEC edapUOYEC
—> QVEKUETAAAEUTEC TTOAAEC OO TIC PoVASEC eVOC superscalar emeéepyaotn

e Juxvotnta poAoylov: puoLkd epmodla otn cuveXOeVn av&énaon TG
- HeyAaAn €kAuon Beppotntag, Leyain katavalwaon oxvoc, dltappon peUUATOC

Mpemnet va Bpouue aAAov tpormo repa aro tov ILP + ouxvotnta poAoylou

yia va BeAttwoouue tnv artodoon
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* NMapaAAnAicpoc oe eninedo evtoAng (Instruction Level Parallelism — ILP)

* E€aptatal amo Tig npayUaTIKES e€aptioelc Sedopévwy nou vdiotavral
QVAUECO OTLC EVTOAEC.

* NMapaAAnAicpoc oe eninedo viapatog (Thread-Level Parallelism — TLP)

* Avarmapilotatol pnta oo ToV MPOYPAUUATLOTH, XPNOLLOTIOLWVTOC
TIOAAQTTAQ VALOTA EKTEAECNC TOL OTTOLAL ELVAL EK KATOLOKEU G TIOPAAANAQL.

* NMapaAAnAicpoc oe eninedo dedbouevwyv (Data-Level Parallelism — DLP)

e Avarmapilotatol pnta oo ToV MPOYPAUUATLIOTA ) dnULoupyeitaLl autopaTa
Qo TOV LETAYAWTTLOTH.

e OL 10lec evtoAEg emetepyalovtal TToANaAd dedopEva Tautoxpova
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Review: Basic Scalar Pipeline

Fetch Decode/ Execute Dcache/ Reg
Store Write
| Reg Read. Buffer

Dcache

l  Regs

cslab@ntua 2019-2020
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Review: Basic Superscalar Pipeline

Fetch Decode Queue Reg Execute Dcache Reg Retire
IMap Read [Store  Write

cslab@ntua 2019-2020

| Buffer_

Regs Regs

g Dcache g
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High-Level Overview of the pipeline

Time —

w $7 Iw $6 Iw $5 w $7 Iw $6 Iw $5
add --- --- add --- ---

cslab@ntua 2019-2020



Time —

lw $5\

Cache miss
blocks in Dcache
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« Other dependent instructions sitting in instruction queue

Time

w $61w$5 Iw $7 Iw $6 1w $5 Iw $7 Iw $6 Iw $5

bne addi di addi bne waddi \

Cache miss does
not block in Dcache

cslab@ntua 2019-2020
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« Other dependent instructions sitting in instruction queue

LD/ST Unit
ALU 0
ALU 1
FPU

cslab@ntua 2019-2020

Time —

6 Iw$5 sw$5 $7 Iw $6 Iw $5
ddi bne a add addi
-- addi\addi ---

sw $5 lw $7
bne add add
--- addi addi

Not enough independent instructions
to keep pipeline full => low utilization!
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100 =

8-way superscalar

5 NN

@ memory conflict

E long fp

short fp

long integer
E short integer
load delays

I:I control hazards
branch misprediction
E dcache muss
[]II icache miss
E aab miss

. itlb miss

. processor busy

8O

7]

%

/ .2
71
21
1 E:
AL
é . -

8 AN, |

60

40

Percent of Total Issue Cycles
Lcn

10
[Tullsen, Eggers, and Levy,

“Simultaneous Multithreading:
Maximizing On-chip Parallelism,
ISCA 1995.]
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e JKOTIOG: Xprion moAAwv aveEaptntwy instruction streams amnod moAAamAd
VALOTO EKTEAEONC

* MoapaAAnAiopog oe eninedo viipartog (Thread-Level Parallelism — TLP)
Avarmoplotatal pntd amno ToV MPOYPOAUMATLOTH, XPNOLULOTIOLWVTOC TIOAAXTIAL
VALOTA EKTEAECNC TOL OTTOLAL ELVAL EK KATALOKEUT G TTOLPAAANAQL

* [loAAa doptia epyaciog €xouv oov XopPoKTNPLOTLKO TouC Tov TLP:
- TLP og moAumnpoypappatilopeva poptia (EKTEAECN aVEEAPTNTWY OELPLAKWVY
epappoywv)
- TLP og moAuVNUOTIKEC ePapUOYEC (eTitaxuvon pLog edpoppoyng dtaxwpilovtag
TNV O€ VIHLOTA Kol EKTEAWVTOC TA TTapAAANAQ)

*  OLTTOAUVNHOTLKEC OPXLTEKTOVLKEC Xpnotlpomolouv tov TLP og tétola doptia
gpyaoiac ya va BeAtlwoouv ta emtimeda xpnoLpuonoinonc Twv povadwy tou
eNeEepyaoTn

- BeAtiwon tou throughput moAunpoypappatilopevwy GopTiwy
- BeAtiwon Tou XpOvou eKTEAECNC TTOAUVNUATIKWY EDAPLOYWV
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40 .t1 .12 .t3 .t4 .t5 .t6 .t7 .t8 .19 t10.t11 t12 t13 t14.

LW rl, 0(r2) FID|X|M|W

w5, 12(x1)i |F[-|-]-|D|{X|M|W
ADDI «r5, r5,#12; -|-|-|F
SW r5, 12(rl) | |

e OLetaptNOELC LETOEL TWV EVTOAWYV ATTOTEAOUV TIEPLOPLOTLKO
nopayovta yLa tnv e€aywyn napaAAnAlopou

* TiLumopet va ylvel mpog auth tn KatevBuvon;
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MW UITOPOUUE VO LELWOOUME TLC EEAPTAOTELC LETAEY TWV EVIOAWV
o€ €va pipeline?
-‘Evoc tpomocg ivol va eritkaAUPou e TNV EKTEAECN EVTIOAWV QIO
Sladopetikd vipata oto (dlo pipeline...
ErukaAvyn exktéAeonc 4 vnuatwyv, T1-T4, oto anAo 5-stage pipeline
10 t1 t2 3 t4 15 16 17 .t8 . 19

Tl: LW rl,0(r2) :F Dl MWE
T2: ADD r7,rl,rd _F D M{W; :
T3: XORI r5,r4,#12 F(D|X[M WE
T4: SW r5,0(r7) L | FIDIXIMIWE
Tl: LW r5,12(rl) FIDIX M.W

H rtponyouuevn evtoAn are-vnua oAoKAnpwvet to
WB rtpotoU n emouevr] evtoAn oto ibto viuo

olaBaoel to register file
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‘2  Thread W 2 I

select

» To software «BAEmew» oAAamAEg CPUs
* KaBe vripa xpetdletal va dtatnpel tn SLKr TOU APXLTEKTOVLIKN KATAOTOON

- program counter
- general purpose registers

* Ta vApoata potpalovtal TiS (dleg povadeg ekteAeoNC
* Hardware yia ypryyopn evailayr twv threads

- TIPEMEL VA lval TTOAU TtLo ypriyopn amo £va software-based process switch (= 100s -
1000s KUKAwV)
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* [MAeovekTApOTA
* At xpelaletal dependency checking petaél Twv evtoAwv

e Ae xpelaletal branch prediction

* Amoduyn bubbles npaypatonolwvtag xpriotpn SouvAeld amo aAla
threads

* BeAtiwon system throughput, utilization, latency tolerance

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

* YPnAOC avtaywviopocg yLa mopou¢ (resource contention for caches &
memory)

ErtutA€ov UALKO Katl TANpodopiec:

* Mario Nemirovsky, Dean M. Tullsen. Multithreading Architecture. Synthesis Lectures on
Computer Architecture, Morgan & Claypool Publishers 2013, ISBN 9781608458554.
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\ 4
|
|
|
|
[}
]
|
]

Issue slots
]
]
]
]
]
]
]
]

Horizontal waste Vertical waste

* Horizontal waste: e€attiog xapnAou ILP

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

- pipeline flushes Aoyw branch mispredictions
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CPU1

e ta npoBAnpata e€akoAouBoulv va vdilotavtal...
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1. Coarse-grained multithreading
2. Fine-grained multithreading

3. Simultaneous multithreading (SMT)

cslab@ntua 2019-2020
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Time

>
»

Issue slots

EvaAlayn thread povo petd ano stall tou thread mou exteAeital, m.x. Aoyw L2 cache miss

MAgovektiuota:

- &g yxpelaletal va €XeL TTOAU yprlyopo HNXoviopo evaAlaync twv threads

- &ev kaBuotepel TNV ektéAeon evog thread, adol ol evtoAéc amd aAAa threads yivovtal issue povo otav to

thread avtipetwnioet kamnouo stall

MelovekTripuata:

- Sev avtipetwnilel to horizontal waste

- o€ pikpa stalls, n evaAiayn tou stalled thread kot n §popoAdynon oto pipeline kamolou £€totpou thread pmopet
va EXEL AMWAELEG oTnV anodoaon tou mpwTtou thread av teAkad ol KUKAoL Ttou stall-dpet elval Alyotepol amo Toug

KOOTOG EKKivnong tou pipeline pe to véo thread

E€attiag autoU Ttou start-up kdotoug, To coarse-grained multithreading sival kaAUtepo yla tnv peiwon

TOU KOOTOUG amo ueyada stalls, yia ta onola to stall time >> pipeline refill time

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

cslab@ntua 2019-2020
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Coarse-grain Multithreading

Fetch Decode/ Execute Dcache/ Reg
Store Write
| Reg Read. Buffer

Dcache g Regs

Regs
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\4

Issue slots

_ =
o

Y W T

to «Kitpwvo» thread eivau stalled ko
TIOLPOLKALUTTTETALL

* EvaAlayn Hetal twv threads og kaBe KUKAO, pe ATOTEAECHA TNV ETUKAAUYP N TNG EKTEAECNC TWV
threads

- n CPU &lvat auth mou KAvel tnv evaAAayr o€ KaBs KUKAO

* Tivetal pe round-robin tpomo (kukAka), mapakapntovtog threads ta omoia eival stalled og kamolo
long-latency yeyovocg

* Avtipetwrilel to vertical waste, T000 yLa pkpa 600 Kal yla peyada stalls, adou otav éva thread sivat
stalled to emopevo pmnopei va yivel issue
*  MelovekTipata:
- &ev avtipetwnilel to horizontal waste

- KaBuotepel TNV ektéAeon evocg thread to omolo eival €tolpo va ektedeotel, xwplg stalls, adol avapeoa os
Stadoykoug kukAouc autoU tou thread mapepuParlovrat KUKAOL EKTEAEONC oo OAa Ta urtoAouna threads

* e.g., UltraSPARC T1 (“Niagara”), Cray MTA, CDC 6600, Delco TIO
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Fine-Grained Multithreading

Fetch Decode/ Execute Dcache/ Reg
Store Write
| Reg Read. Buffer

L

Dcache g Regs

v v v v v v
/ v

Regs

Mul iplé threads:running |
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Time

\ 4

Issue slots

* [ilvovtal issue eVTIOAEC o TMOAAQTTAQ VALATO TAUTOXpOVA
- avtlpetwniletal to horizontal waste

e Otav éva vua stall-apel Aoyw evocg long-latency yeyovotog, Ta urtoAoua
vApota propouv vo. §popoAoynBbouv Kal va XpnoLUOTIOLoouV TIG SLaBEoLUEC

HoVAOEC eKTEAEONC
- avilpetwriletal to vertical waste
e MEyLoTN XPNOLLOTIOLNON TWV EMEEEPYAOTIKWY TTOPWV ATTO AVEEAPTNTEC
AELTOUPVLEC

cslab@ntua 2019-2020
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Fetch
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Simultaneous Multithreading

Decode/ Queue RegRead Execute Dcache/S Reg Write Retire

Map tore
Buffer

Regs

g o A 4 :
:’)' Dcache i

< Thread-blind

Thread Blind?
Not really
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* BOOLKEC EMEKTAOELC OE OXEON HE ML CUMPATIKA superscalar
O PXLTEKTOVLKN

noAAarntAoi program counters Kol KATAAANAOG LNXAVIOMOC LECW TOU OTtoloU N

fetch unit emAéyel kamolov ano avtolc os KABe KUKAO (mT.X. Le faon kAol
OUYKEKPLUEVN TLOALTLKN)

thread-id o€ kaBe BTB entry yLa tnv anoduyn npoPAsPnc branches nou

avrnkouv og aAAa threads
Eexwprotn RAS yia kaBe thread yia tnv mpoPAedn tng dtevBuvonc emtotpodnC

LLETA ato KA on umopouTtivag og kabe thread
Eexwprotoc ROB yia kaBe thread nmpokelpEvou to commit kat n dtaxeipon twv

mispredicted branches + twv exceptions va yivetal aveéaptnta ya kabe thread
pneyaAutepo register file, yia va urtootnpilel AoykoU ¢ KataxwpnteC yla OAa ta

threads + enuTA£ov KaTAXWPNTEC yLa register renaming
EexwpPLoTo renaming table yia kaOe thread

» gpooov ot Aoyikol Kara)(wpnreg yla OAa ta threads anaKowZovrat OAoL o€
SLAPOPETIKOUC (pUO'LKOUC Kam)(wpnrec, ol evrerg armno 6Lacpop£ru<a
threads urmopouv va avaut)(ﬁouv UETA TO renaming Ywpic va cuyxeovtal ol
source kot target operands avaueoo ota threads

Kpiown emtthoyn: fetch-interleaving policy
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M meploxéc pe unAd emnineda TLP, Mo meployeg pe xapnAa enineda TLP,

OAOKANPO TO £UpoC Tou emefepyaoty — OAOKANPO TO EUPOG TOU EMELEPYAOTN

polpadetal ano oAa ta threads elvaL dlaBeato yia TNV eKPeTAAAEUON
Tou (omotou) ILP

Issue width Issue width

Time

Time
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1. Pentium 4

2. Power5

3. UltraSPARCT1
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e 2-way SMT (Hyperthreading otnv opoAoyia tn¢ Intel)
- T0 AeLtoupyLko «PBAEmew» 2 CPUs
- ektelel Vo Slepyaoiec Tavtoxpova
» ToAuTpoypappati{opeva doptia

» TIOAUVNMUOTLKEC EPAPLLOYEC

* O duOoLKOC emetepyaotnC SlaTNPEL TNV APXLTEKTOVLKA yLa 2
AOYLKOUC ETEEEPYAOTEC

e EmutA€ov KOOTOC yLa UTtooTHPLEN 2 TOUTOXPOVWY VNUATWVY
eKTEAEONC < 5% ToUL ap)LkoL hardware

cslab@ntua 2019-2020
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Instruction Streaming Buffers

Instruction TLB

Trace Cache Next IP ||}

Trace Cache
Fill Buffers
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Next IP

Microprocessor

Research
Forum

205

'

66



Architectural
State

Architectural
State

Architectural
State

Architectural
State

L2 U-cache | L3 U-cache

Cache control

o o
o 2 g 8 s
[] ] b3 5
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5 Sl (5| |g|l|2]|&
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uCode
=
IS ROM [T}
(2]
o
=
-]
e
o
w

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

b o
ol (8] [E] |8 E
s |8 |Z( |3 g
[+] (3] Py 3 4
sl |8 |E[ |2 5
o ® ] g' ) o
= [ - Q
= © = [ t
= s

H

uCode

=

S ROM [%)

(7]
o
=
o
9]
2
o
[T

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
Trace cache
Rename / Alloc

uCode
ROM

uop queues

D-TLB

L1 D-cache

Load
AGU

Store
AGU

ALU

Integer reg. file

ALU

ALU

Schedulers
Reorder / Retire

FP Load
FP Store

FP Add

FP Mul

FP Div
MMX,SSE

FP reg. file

* OTOUC TIOAUETIEEEPYAOTEC T resources Bplokovtal og TTOAAATTAA

avtiypada

 oto Hyper-threading ta resources dtapotpalovtal
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* MNopol og moAAamAd avtiypada:
- apXLTEKTOVLIKN Kataotaon: GPRs, control registers, APICs
- instruction pointers, renaming hardware
- smaller resources: ITLBs, branch target buffer, return address stack

* JTOTLKA SLAXWPLOUEVOL TTOPOL:
- ROB, Load/Store queues, instruction queues

- KAO&g v UTTOPEL va XpNOLUOTIOLNOEL EWG TA MLoA (To TTOAU) entries kA O«
TETOLOU TTOPOU

» €va vipo 6ev pmopel va olkelomolnOel to oUVOAO TwV entries, OTEPWVTAC
™ duvatotnta Ao To AAAO VU0 VOL CUVEXLOEL TNV EKTEAEDH] TOU

» etaodaliletol n anpookontn NPoodoc Vo VAMATOC, aveEédptnta oo TV
NPO0do Tou AAAOU VAMOTOC

e Auvoapika dtapolpalopevol mopol (kat’ amaitnon):

- out-of-order execution engine, caches
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* Trace cache

- «elbkn» instruction cache mou kpataet
OTTIOKWOLKOTIOLNEVEC ULKPO-EVTOAEC

- o€ KABe cache line amoBbnkevovtal oL ULkpo-
EVTOAEC OTN OELPA UE TNV OTola eKTeAoUVTOL
(Tt.X. evtoAn aApatoc padl pe tnv akoAouBia
evtoAwv otnv npoPAedBeioa katelOuvon)
e Ye Tautoxpovn {Ntnon amno touc 2 LPs
(Logical Processors), n mpoofBaon

evoAAdooeTal KUKAO-ava-KUKAO
e Otav povo 1 LP {ntaeL npocBaon,
uropel va xpnotuornotnoet tnv TC oto

ueyloto duvato fetch bandwidth (3
ulPC)

cslab@ntua 2019-2020

I-Fetch

Uop
queue

Trace
Cache
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Trace Cache
fill

L2 Access Queue Decode Queue

Uop
queue

ITLB

] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
] ]
L2 Access L —5 | Decode |——> —

Trace
Cache

* L2 cache
- nnpooPaon yivetal pue FCFS tpormo
 Decode

- o€ Tautoxpovn {ntnon amno toug 2 LPs, n mpooBaon evalldooestal, aAAA LE TILO coarse-
grained tpomo (&nA. oxL KUKAo-ava-KUKAO, aAAA k kKUKAoUG-ava-k kUkAou()

cslab@ntua 2019-2020



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 general | | | | | |
P ! I ! ! ! ! ! Store Buffer | ! Re-Order
i e i i T = i - e
1 1 1 1 - 1 1 1 1 1
: M -
Register
| i Rename | 1 1 1 | | |
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 i =
— — — i > — 1 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 1
i i Allocator i i i = i i i
1 . 1 R t

i i s i oo ResEm | LiDCache | oot

Trace i i i memory i i i i i i

Cache i i i i : : ] ] f
1 1 1 1 1 1 1 1

i . o L.
In-Order Out-Of-Order In-Order

* Allocator: ekxwpel entries og kaOe 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 Y& Towtoxpovn {ntnon amnod toucg 2 LPs, n mpooBacn evaAldoostal KUKAO-avA-KUKAO

» stall-apetL €évav LP otav emiyelpel va XpnOLULOTIOLNOEL TIEPLOCOTEPO ATTO TA ULOA entries
TWV OTOTIKA SLAXWPLOUEVWY TIOPWV
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I-Fetch i Uop | Rename Queue | Schedulers ;| Register | Execute | L1Cache; Register | Retire

queue | Read i f f Write !
P i ! Rl i i Store Buffer i i Re-Order
E E E _>E E E Buffer

i Register g i ] i i i

|| Rename | | | | |

| x | | | b b

A i — Al|: — 1 1

g — : i
Allocator i E > | .
i Regstzi i L1D-Cache | RegEbE
Trace a memory E E i
Cache 1
In-Order Out-Of-Order In-Order

* Register renaming unit

- enektelvel Suvaplka toug architectural registers amelkoviovtag touc o€ Eva
HeyaAutepo ocuvoAo amno physical registers

- &eXwpPLOTO register map table yia kaBe LP
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I-Fetch i Uop | Rename | Queue | Schedulers | Register | Execute | L1Cache; Register | Retire

1 -
queue ! ' ' ' Read Write
1 1 1 1
1 1
i i i general i i i | | |
P i i i i i i ;  Store Buffer | i Re-Order
: | : : : — i | I
1 1 1 1 - 1 1 1 1 1
—_ 1
Register ™ |
1 1 Rename i i i i i i
1 1 1 1 1 1 1 1
1 1 (| 1 1 1 1 1 1
i i i i i | i - g
— — —— i > — i i
] ] | — | | [ =N | |
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 i Allocator i i i PP i i )
: i i i I Registers i i L1 D-Cache i Registers
- i i Ho i i i i i
race ! : : memory ' ' ' ' '
Cache 1 1 1 1 1
1 1 1 1 1
i o o A .
In-Order Out-Of-Order In-Order

e Schedulers / Execution units

- otnv npaypoatkotnta 8¢ (xpetaletal va) EEpouv o€ Ttolov LP avrikel n evtoAn
TIOU EKTEAOUV

- general+memory queues OTEAVOUV LLLKPO-EVTOAEC OTOUG SPOUOAOYNTEC, UE TNV
npooBaon va evaAldooetatl KUKAO-avAa-KUKAO avapeoa otouc 2 LPs

- 6 puIPC dispatch/execute bandwidth (= 3 pIPC per-LP effective bandwidth, étav
Kol oL 2 LPs gival evepyol)
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I-Fetch i Uop | Rename | Queue | Schedulers; Register | Execute | L1Cache Register | Retire
i | Read ; ; : Write '

queue |

i i L genera i : : : : :
P ! ! ! ¢ ! I ! N I Store Buffer ! ! Re-Order
1 1 1 1 1 1 1 1 1
| | | | | | — | I | Buffer
1 1 1 1 1 1 1 1 1
1 1 1 1 :

Allocator

1 | | Rename | | |

S S I . S — 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 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1

: : : : : . : : - :

: : | : i Registers : ! L1D-Cache | :

: : : memory | : : [ [ [

1 1 1 ) ) ) 1 1 1

1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1
B
L)

In-Order Out-Of-Order In-Orde;'

>

A
A\ 4
A

* H apyltektovikn kataotaon Kabe LP yivetat commit pe tn oslpa
npoypappatoc, evallacoovtac tnv npocfoon otov ROB
avapecsa otoug 2 LPs kUkAo-ava-kKUKAO

* 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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Simultaneous Multithreading
Pentium 4 Processor”, PACT 2003.
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Case-study 2: Power5
Enéktaon tov Power4 yia untootnptén SMT (2004)

DO 4 DI H D2 — D3 HXfer— GD H—

1
I

I

1

: Instruction crack and
: group formation
I

1

1

1

I

HHH
;

H

Interrupts and flushes

* Power4: Single-threaded «mpokdatoxoc» tou Power5

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

- KABe pla pmopel va kavel issue 1 evtoAn ava KUKAo

e Execution bandwidth: 8 operations ava kUkAo
- (1 fpadd + 1 fpmult) x 2FP + 1load/store x 2 LD/ST + 1integerx 2 FX
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Power4 o e

Branch redirects

: Instruction fetch : BR
: L ~ MP H ISS /= RF — EX H* WB = Xfer
'-+ IF H IC BP — LD/ST
- '“MP"ISS—RF'—‘EA—DC{Fmt"‘\'-’B—Xfer CP -,
1
I |
I : FX .
" DO / DI HD2H D3 HX?CI‘HGDF—‘ MP 1 ISS /1 RF 1 EX WB i Xfer [~ :
: Instruction crack and :
: group formation — MP [ ISS = RF = FP '
|
]
! F6 WB } Xfer |
|
: Interrupts and flushes :
L oom o oo oom oo oo oo o o o mw omm oww oww mm o o o o e M O W M M MR R M WM R MM M M MR R N MR WM WM N N N N MM MR WS W MR WM WS WM WM W Wm M W W Wm W Wm Wm wm ww wm ww
2 commits
Broh rediracis po we rs Out-of-order processing ( ar ch i e ct e d
: . sanen  Fegister,sets)
: Instruction fetch MP ssH ar I ex : pipeline we b
: ' erf—
: Load/store
- IF Ic Bp pipeline
. —|MP [{|ISS || RF [{EA [—|DC [—{Fmt [—|WB [—{Xfer CP -]
5 DO iN>1 H D2 H D3 [HxterHGD H-{mP [{ISS H RF H EX Fxed-pont LWB [Xfer ;
Group formation and pipeline :
4 instruction decode MP [|ISS || RF “‘ﬁ;‘_‘ .
? 2 fetch (PC P8 [ Fioaing. LB [ |
: ) Floating- ;
; point pipeline |
Interrupts and flushes 2 in itial deCOdeS !
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SMT resource management

Branch prediction ]

Instruction
cache

Shared
issue
gueues

Instruction
translation

Dynamic
instruction
selection

t
Branch| | Return| | Target
history | B stack | | cache
tables
Instruction
buffer 0 Group formation
Instruction decode
Dispatch
Thread
priority
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Shared-
register

mappers

Shared
execution
units
LSUO Data Data
FXUO Translation Cache
s —= [FXU1 /S Group Store
FPUO completion queue
FPU1 ﬁ
| BXU |
CRL Data Data
Read Write translation | |cache
shared- shared- l_-
register files register files L2
cache

[ Shared by two threads [ Thread 0 resources I Thread 1 resources |
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* AU¢&non ovoxetlotikotnTog tnG L1 instruction cache kot twv
ITLBS

¢ Zgxwplotec Load/Store queues yla kKaBe vipa
* AU&non peyeBouc twv L2 (1.92 vs. 1.44 MB) kat L3 caches

e Zgxwploto instruction prefetch hardware kat instruction buffers
ylo KaBe vapo

* AU&non twv registers amno 152 og 240
* AU&non tou peyEBouC TWV issue queues

e AU&non peyEBouc katd 24% oe oxeon Ue Tov Power4 s€attiog
¢ mpooBnkn¢ hardware yia utootpen SMT

cslab@ntua 2019-2020
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Branch redirects Out-of-order processing

point pipeline

Interrupts and flushes

Branch
. Instruction fetch | pipeline
: MP ISS | AF 4 EX WB |—iXfer |
: —| Load/store
: ipeline
.: - IF IC BP pip
: ~{MP -{{ISS|-{RF-{EA {DC *iFmt—WB —{Xfer H |CP [
: ‘ T— |
DO H p1 H D2 H D3 HxferHGD H{mP Hi1ss H RF H EX : —WB [—iXfer :
Fixed-point :
Group formation and pipeline |
instruction decode MP 1SS | RF [
F6 - WB |—{Xfer |— E
Floating- :

e Jto IF otadio n mpocPaon evaAldooestal KUKAO-avA-KUKAO avapeoa ota 2 threads
- 2 instruction fetch address registers, 1 yia kaBe vriipa

* Mrmopouv va poptwBouv 8 instructions og kaBe kUkAo (otadio IC) amo tnv I-Cache
- O€ €VOV OUYKEKPLUEVO KUKAO, OL EVTOAEC TTOU HOPTWVOVTAL TIPOEPYXOVTAL OAEC aro To idto thread

- Kot tonoBetouvtal oto instruction buffer tou thread avtou (otadio DO)
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Branch redirects Out-of-order processing
Branch
Instruction fetch | pipeline
: MP ISS - RF (4 EX WB —iXfer
: J Load/store
. ipeline
| F e BP Pip
1 ~|MP [-{{ISS [-| RF [ | EA ﬁDCHFlt—WB —Xfer——H |CP [
1 - ‘ T— |
1 DO 1 p1 H b2 H D3 HxferHGD H-{mP iI1ss H RF H EX : — WB [—iXfer :
Fixed-point
Group formation and pipeline
instruction decode MP 1SS [-| RF [ 1
F6 —wB {Xfer{ -
Floating-
point pipeline |
Interrupts and flushes :

e Jta otadia D1-D3, avdaAoya pe tnv mpotepalotnta kKabe thread, o emeéepyaotnic
SLaAEyel eVIOAEC amo Evav armo toug duo instruction buffers kal oxnuatilet Eva

group

* 'OAec oL eVTOAEC O€ £va group mpoEpyovtal ano to iblo thread kot
armokwdikorolovvtat mapAAAnAa

* KaBe group pmopel va mepLexel to oAU 5 eVToAEC
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Branch redirects Out-of-order processing

Branch

Instruction fetch i pipeline
MP ISS - AF (4 EX |- WB [—iXfer

| J Load/store
: ipeline
;---‘ F |Tic | {er — e

Bl —MP HHISsH RF HEA {DC} {Fmt WB |—Xfer

‘ H :
DO H p1 } D2 H D3 HXfer{GD f~~ MP 1SS H RF H EX . —IWB [—iXfer :
T Fixed-point :
Group formation and pipeline :
instruction decode MP 1SS | RF [ 1 |
F6 ——wB )Xfer’ - '

Floating-

point pipeline

Interrupts and flushes

e Otav 6AoL ol amoLtoUpevoL TtopoL yivovtat SLabEoLUoL yLa TG EVIOAEC EVOC group, TOTE TO
group umnopetl va yivel dispatch (otadio GD)

- TO group tomoBeteital oto Global Completion Table (ROB)

- ta entries oto GCT ekYwpoUuVvTaLl LE TN OELPA TIPOYPAUATOC yia KaBe thread, kot ameAeuBepwvovTtal
(TLAAL LE TN OELPA TIPOYPAUMUATOC) LOALG TO group yivel commit

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

- 120 physical GPRs, 120 physical FPRs
- ta 2 vipata Stapotpalovral Suvapka registers
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Power 5 datapath

Out-of-order processing

Branch redirects
Branch
. Instruction fetch I pipeline
: MP - ISS - RF I EX [ WB [—iXfer
; —| Load/store
: ipeline
LE[ F I e pip
: —|: MP -HISS | RF [-{EA [—|DC [—|Fmt |—|WB [—{Xfer
DO H p1 |+ b2 H D3 HxferHGD H-MP [Hiiss H RF H EX : —WB —iXfer
T Fixed-point
Group formation and pipeline
instruction decode MP [—1ISS || RF _%_‘
F6 - WB [—iXfer
Floating-

Interrupts and flushes

* |ssue, execute, write-back

point pipeline

- O¢e yilvetal dakplon avapeoa ota 2 threads

* Group completion (otadto CP)

- 1 group commit ava kUKAo yLa kaBe thread

- 0Tn OELPA POYPAUATOC TOU KAOe thread

cslab@ntua 2019-2020
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e [Mpémnel va e€aodaAloTel N ampookomtn Kol opaAr) pon Twv threads oto

pipeline, aveédptnta oo TIC AT OELS TOU KAOEVOC O€ ETEEEPYATTIKOUC
TTOPOUCG

* Mnyaviopol mepLoPLOUOU VOC TTOAU armattntikou thread:

- uelwon npotepalotntac tou thread, otav dtarmotwvetat OtL ta. GCT entries mou
XPNOLHOTIOLEL EETTEPVOUV Eva KOBOPLOUEVO OPLO

- otav €va thread €xeL moAAQ L2 misses, TOTE Ol LETAYEVECTEPEC EEAPTWUEVEC
EVTOAEG TOU UITOPOUV va YEULoOUV TIC issue queues, epmodilovtag va yivouv
dispatch evtoAec amno to aAlio thread

» napakoAovdnon tn¢ Load Miss Queue evog thread €tol wote otav ta

misses Tou uTtepPaiivouv KATOLo 0PLo, N armokwdLKOTToiNon EVTOAWY ToU v
OTAUATAEL PEXPL VA armocudopnOouv oL issue queues

- oupdopnon oTLC issue queues Umopel va cupPet ko otav €va thread ektelel pa
€VTOAN ToU amattel ToAU Xpovo

» flushing Twv evtoAwv tou thread mou mepLpévouyv va yivouv dispatch kot
ipoowptvh SLakorn TNC amoKwOLKOITO(NonN¢ EVTIOAWY TOU UEXPL VA
anoocupudopnBouv ot issue queues

cslab@ntua 2019-2020
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* Emutpemnel oto software va kaBopioel ote eva thread Ba mpémet va €xel
HEYOAUTEPO 1 ULKPOTEPO PEPIOLO ETIEEEPYOOTIKWV TTOPWV
e MMBaveéc artieg yia SLodhOPETIKES IPOTEPALOTNTEC:

- ¢éva thread ektelei éva spin-loop meppévovrtacg va mapet kamoto lock = dev kavel xpAotun
SoUAELA 600 spin-ApeL

- ¢€va thread 6ev €xel SoUAELA v eKTEAEDEL KOL TIEPLUEVEL VO TOU avaTteBel SouAeld og Eva
idle loop

- ula epoppoyn MPEMEL va TPEXEL TILO YPHYOpPQ O€ 0XEoN HE Hiat AAAN (rt.x. real-time
application vs. background application)

» 8 software-controlled emtineda npotepatdotTnTag ya kabe thread

e O enetepyaotic napatnpel tn Stadpopd Twv ENMUTEOWV TPOTEPALOTNTAC TWV
threads, kot divel oto thread pe tn peyaAltepn npotepatdoTnTa
TEPLOOOTEPOUC HLadoXLKOUG KUKAOUC yLal ammokwdLKomoilnon EVToAwyY Tou

cslab@ntua 2019-2020
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Enidépaon npotepatotntac otnv anodoon kabe thread

e Otav ta threads €xouv idle¢
TIPOTEPOALTOTNTEC, EKTEAOUVTOLL
TILO APYA ATT'O,TL v KAOE
thread eixe StaBcopua OAa T
resources Tou €negepyaoth
(single-thread mode)

cslab@ntua 2019-2020

Instructions per cycle (IPC)

Single-thread mode

07 27 47 67 7.7 7.6 7.4 7
16 36 56 66 65 63 6,
25 45 55 54 5.2
14 34 44 43 41
23 33 32
21 22 2,1

Thread 0 priority, thread 1 priority

|OThread 0 IPC @ 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 2019-2020
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« Grochowski et al., “Best of both Latency and Throughput,” ICCD 2004.

Large core Small core

Microarchitecture QOut-of-order, In-order
128-256 entry

4 ROe 1

Width 3-4 1

Pipeline depth 20-30 5 |
Normalized 5-8x 1x
performance

Normalized power 20-50x 1x

Normalized 4-6x 1x

energy/instruction i
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Single
issue

ILP |C M C M C M T

TPfc ™ |
(on shared . Time saved
single issue | © M T -
pipeline) C Ml

0 Memory latency [ Compute latency

o Juumepldpopad enefepyaotwy PeAtiotonotnuevwy yia TLP kat ILP o€ server workloads:

- server workloads:
» uPnASg TLP (peyaAog aplBuoc mapdAAnAwv client requests)

» xapunAog ILP (unAa miss rates, moAAd unpredictable branches, ouxvéc load-load
e€aptnoeLq)

» TO memory access time KuplLapXel 0TO CUVOALKO XPOVO EKTEAEDONC
* O “ILP” emeéepyaotnC LELWVEL LOVO TO computation time
- TO memory access time KuplapXel o€ AKOUO LEYAAUTEPO TTIOCOOTO

* Jtov “TLP” emetepyaotry, To memory access evog thread emikaAUmttetal ano
computations amno aAla threads

- nanodoon avéavetal yla pta memory-bound multithreaded epappoyn
cslab@ntua 2019-2020
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* in-order, single-issue i L2
ore cache To
- ETUKEVIPWVETOL TAAPWE OTNV o =y
EKUETAANEUON TOU TLP i
Core
» 4-8 cores, 4 threads ava core S
L2
- max 32 threads Core g L
- fine-grained multithreading \ Directary
e L1D + L1l potpaldpevec amo Ta e R
switch L2
4 th readS - / ] cl;aac:':a meIgory
* L2 cache + FPU potwpaldpevn Directory
arno oAa ta threads -
o EeXWPLOTO register set + C;Zike %
an memory
instruction buffers + store Care -~
buffers yia kB¢ thread
Cord FPU unit

£ 2007 Elsavier, Inc. Al rights resarved.
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Fetch Thread select Decode Execute Memory Writeback

Register
file
x 4

e

ICache - Instruction DCache
ITLB buffer x 4 Thread C‘I'ji - DTLB Crossbar
select —»{ Decode —# Shifter store interface

A

Mux DIV buffers x 4

A

-=—— Instruction type
Thread selects Thread |  \isses

select
PC
logic
x 4

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 armo touc 4 PCs Ba npemneL va
npoorneldoel tnv ICache kot to ITLB

* Thread select stage: anodaocilel o kaBe KUKAO MOLOC ATtO TOUC 4 instruction
buffers Ba tpododotrioel pe eVIOAEC Ta eMOpEV oTAdLA

- av 1o thread-select otadlo emiA£el Eva vijpa armo to omoio Ba oteilel evtoAég, to fetch
otadlo Ba emiAE€el To 1OLo thread yla va tpoomeAdoel tnv ICache

cslab@ntua 2019-2020 92



Fetch Thread select Decode Execute Memory Writeback

Register
file
x 4
* 4
ICache - Instruction DCache
ITLB buffer x 4 Thread r\//\IIL_JLi - DTLB Crossbar
select —»{ Decode —# Shifter store interface
Mux -t
- buffers x 4
DIV -

A

-=—— Instruction type

Thread selects Thread | o  pisses
select
logic -«—— Traps and interrupts

~—— Resource conflicts

PC
logic
x 4

* oAtk emdoynic thread:
- evallayn petaéL Slabéopwy threads oe kaBOe KUKAO
- mpotepalotnta oto least recently used thread (round-robin)

e Aoyol un dtaBeopotntacg (kat pn erthoync) evog thread

- long-latency evtoA£g (.. branches, mult/div) o6nyouv otn pn-emthoyn tou avtiotolyou thread
yla 600U¢ KUKAOUG SlapkoUv

- stalls Adyw cache misses

- stalls Adyw structural hazards yia pia non-pipelined doun mou xpnotwpomnoteital nén anod
karoto aAAo thread (m.x. divider)
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UltraSPARC T1 pipeline

cslab@ntua 2019-2020
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Benchmark Per-thread CPI Per core CPI Effective CPI for eight cores Effective IPC for eight cores

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

* Fine-grained multithreading petav 4 threads
- 16aviko per-thread CPl =4

* |daviko per-core CPI=1

Effective CPI = per-core CPI / #cores

Effective throughput: petaét 56% kat 71% tou Ldavikou
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MpodiA ekteAeong evoc peoov thread

Percentage of cycles

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

H Not Ready
[ Ready, not chosen
M Executing

TPC-C like SPECJBB00 SPECWeb99

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

| N ]
80%

70%

60% [
@ Other
50% | [ Pipeline delay

M L2 miss
40% F D L1 D miss
M L1I|miss

30°/o B

Percentage of cycles

20% I

10%

0%
TPC-C like SPECJBB00 SPECWeb99

© 2007 Elsevier, Inc. Al rights resarved.

* Pipeline delay: long-latency evtoAeg onwc 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

n""-"\1‘e

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

L1 1I/D in KB per core 3 MB shared | MB/core | 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

* Baowkeg StadopEc:

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

» emnnpedleL tnv anodoon epapUoywyV PE LEYAAO Miss rate

cslab@ntua 2019-2020
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«Crash-test» multicore eneéepyactwv

6.5 r

6.0 1 B Power5+

55 F

50 Opteron

4.5 B SunT1

40 r

3.9 I

3.0 F

290 I

2.0

1.5

1.0

I
0 : : : .

] 1 1

Performance relative to Pentium D

1

SPECintRate SPECfRate SPECJBB05 SPECWeb05 TPC-like

© 2007 Elsavier, Inc. All rights resaerved.
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«Crash-test» multicore emeéepyactwv (~2010)

AMD Opteron

8439

IBM Power 7

Intel Xenon
7560

Sun T2

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 2019-2020
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Large Large
core core
Large Large
core core

“Tile-Large”

* Tile afew 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 2019-2020
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* Tile many small cores

* Sun Niagara, Intel Larrabee, Tilera TILE (tile ultra-small)

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”

+ High throughput on the parallel part (16 units)

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

cslab@ntua 2019-2020
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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 2019-2020

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

103



Today: Many Cores on Chip

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

Intel Core i7 IBM Cell BE
8 cores 8+1 cores 8 cores

AMD Barcelona
4 cores

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

Sun Nlagara |
8 cores
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* Intel Nehalem (~2010)
 slides by Krste Asanovic (Berkeley, CS152 - )

* HotChips 2012 (HC24 )
* Intel’s 3 generation processors Ivy Bridge ( )
 AMD’s Jaguar next generation low power x86 core ()

* Knight’s Corner - Intel's MIC ()
 Power7+( )

e HotChips 2013 (HC25 )
e Power8( )

* Intel’s 4t generation processors Haswell ()

* HotChips 2014 (HC26 )
« AMD’s Kaveri APU (| )

e AMD’s Opteron A1100( )

* Next generation SPARC Processor Cache Hierarchy ()
* Intel C2000 Atom Microserver (| )

* NVIDIA’s Denver Processor ()

 MIT Scorpio ()

* Powering the loT ()
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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%20arch%20-%20hotchips.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: 24 Generation Xeon Phi Processor (' )
« AMD’s Carrizo APU ()
* Oracle’s Sonoma Processor ()
* HotChips 2016 (HC28 )
« ARMV8-A( )
e Samsung Exynos-M1 ()
 NVIDIA Tegra SoC( )
* Oracle SPARCM7( )
* Intel Skylake (' )
« POWER9 (/)
e HotChips 2017 (HC29 )
* Knights Mill: Intel Xeon Phi Processor for Machine Learning ()
* Celerity: An Open Source RISC-V Tiered Accelerator Fabric ()
e Graph Streaming Processor (GSP) A Next-Generation Computing Arch. ()
 The New Intel Xeon Processor Scalable Family (")

* And many more..
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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
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.22-Monday-Epub/HC28.22.20-Moble-Epub/HC28.22.220-ExynosM1-BradBurgess-SAMSUNG-FINAL.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.22-Monday-Epub/HC28.22.30-Low-Power-Epub/HC28.22.322-Tegra-Parker-AndiSkende-NVIDIA-v01.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.23-Tuesday-Epub/HC28.23.80-Big-Data-Epub/HC28.23.821-SPARC-M7-Aingaran-Oracle-v9.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.23-Tuesday-Epub/HC28.23.90-High-Perform-Epub/HC28.23.911-Skylake-Doweck-Intel_SK3-r13b.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc28/HC28.23-Tuesday-Epub/HC28.23.90-High-Perform-Epub/HC28.23.921-.POWER9-Thompto-IBM-final.pdf
http://www.hotchips.org/archives/hc29/
https://www.hotchips.org/wp-content/uploads/hc_archives/hc29/HC29.21-Monday-Pub/HC29.21.40-Processors-Pub/HC29.21.421-Knights-Mill-Bradford-Intel-APPROVED.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc29/HC29.21-Monday-Pub/HC29.21.40-Processors-Pub/HC29.21.430-Celerity-RISC-V-Davidson-UCSD.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc29/HC29.21-Monday-Pub/HC29.21.40-Processors-Pub/HC29.21.440-Graph-Streaming-Cook-ThinCl-v1.1.pdf
https://www.hotchips.org/wp-content/uploads/hc_archives/hc29/HC29.22-Tuesday-Pub/HC29.22.90-Server-Pub/HC29.22.930-Xeon-Skylake-sp-Kumar-Intel.pdf

* HotChips 2018 (HC30 )
e Samsung M3 processor ()
 BROOM open-source 000 processor ()
* NVIDIA Xavier SoC ()
 ARM ML processor ( )
* IBM Power9 Scale Up processor ( )
 Xilinx DNN processor ()
* Vector Engine Processor of NEC’s Aurora ()
* And many more...
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https://www.hotchips.org/archives/2010s/hc30/
https://www.hotchips.org/hc30/1conf/1.01_Samsung_Exynos_HotChips_MK_rev2.pdf
https://www.hotchips.org/hc30/1conf/1.03_Berkeley_BROOM_HC30.Berkeley.Celio.v02.pdf
https://www.hotchips.org/hc30/1conf/1.12_Nvidia_XavierHotchips2018Final_814.pdf
https://www.hotchips.org/hc30/2conf/2.07_ARM_ML_Processor_HC30_ARM_2018_08_17.pdf
https://www.hotchips.org/hc30/2conf/2.12_IBM_POWER9_HC30.POWER9Cv7.pdf
https://www.hotchips.org/hc30/2conf/2.11_Xilinx_HC30_Xilinx_Rahul_Nimaiyar_08212018_v2.pdf
https://www.hotchips.org/hc30/2conf/2.14_NEC_vector_NEC_SXAurora_TSUBASA_HotChips30_finalb.pdf

