MPOZOMOIQZzH APXITEKTONIKHZ
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Complex,

code-heavy,
* Processor Design high-end
: T . digital
 Single thread - pipeline, branch prediction .

* Multiple threads - SMT resource allocation,
threads scheduling

* Etepoyevelc apXLITEKTOVIKEC
* General Purpose Computing, Gaming, and Enter
- Cell (PS3)
- Intel Sandy Bridge, vy Bridge, Haswell
- AMD Fusion, AMD APUs (Jaguar in PS4)
* Intel Stellarton (Atom E600C + Alter FPGA)
ARM (big.LITTLE)

* HSA architectures
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Computer Architecture

Complex,
code-heavy,
* lepapyia pvAung high-end

digital
system

- Multiple levels

- Cache sharing
- NUMA
- Coherence Protocols
* MapaAAnAa cuotipata
- Coherence, Aiktua dtaclvdeong
- Compilers, automatic parallelization

- Programming Models, synchronization costs, locks, computation and
communication oveheads
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- XpNon UttapxovTwy pNXavnuaTwy
- MeyaAo KOoTOG

» Oracle SPARC Enterprise T5120 server (2*16*8=256 threads,
512GB mem) ~ 64K $ (2014)

» Intel Sandy Bridge E5-4620 (4 * 8 cores, 64 threads) ~ 15K $
(2013)

- Aduvapia TTapEpBacng oTo UAIKO TOUC
» pipeline, caches, interconnection network

- [eplopiopévn duvardTnTa TTAPAKOAOUBNONG KAl HETPACEWV
» performance counters — Aiyol, JIKpO documentation

- [eplopioudc oTO ONEPQ
» MEANOVTIKEC APXITEKTOVIKEG (TT.X. chip pe 100 4 1000 threads) ;

- AUon : Simulation (Trpocouoiwon)
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- 'Eva gpyaAcgio TTou avattapAayel Tn «CUUTTEPIPOPA» EVOC
UTTOAOYIOTIKOU CUGQTHATOGC.

- [aTi va xpnoigoTtroinooupe éva simulator;
- TTANPOPOPIEC OXETIKA UE TNV EOCWTEPIKA AEITOUpPYIQ
» Performance Analysis

- AuvatoTtnTa avatrtu¢ng AoyIOMIKOU yia un dIaBEaipeg (1 Kal un
UTTAPKTEC) TTAQTPOPMEC

- [MpoBAswelc atrddoonc yia SIAPOPETIKEC APXITEKTOVIKEC.
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Simulator taxonomy

Architecture simulators

Functional Performance / Timing

Trace-driven Execution-driven Trace-driven Execution-driven

User code Full system
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« Functional Simulators
- Visible architectural state

- [lpooopoiwaon TNG A&ITOUPYIKOTNTAC Twv eVvIOAwvV (instructions
semantics and functionality), yeTaoAr) Tou state (registers, memory)

- 2W0OTO program output
- Kuplo¢ okotro¢: Software development and/or emulation

- Timing Simulators
- Microarchitecture details

- N\eTTTONEPNC UAOTTOINON TWV OIa@POPETIKWY douwv (pipeline, branch
predictors, interconnection networks, memory hierachy, etc)

- XPOVIOUOC YEYOVOTWYV, TIPOKEIMEVOU VA UTTOAOYIOOEi O XpOvog
EKTEAEONC TOU TTPOYPAUMATOC

* Functional simulation 1ToAU 110 YpPrYyOPO
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Trace Simulators

- EKTEAEON TNG EQAPUOYNG O€ TTPAYMATIKA TTAATPOPUa — trace (instruction,
address, ...)

- Ta traces xpnoigoTtTolouvTal oav inputs Tou simulator

Execution-driven Simulators
- O simulator ekTeAEi TNV e@appoyn
- Alatipnon application state kai architecture state

Trace-driven simulation ocuvriOwcg¢ TT1I0 YPryopo

- Alatipnon Jdovo Tou architecture state, Oev ekteAouvtal OAol Ol
UTTOAOYIOOI

Ta traces emMTPETTOUV TNV TTPOCOUOIWGON proprietary applications
& Input sets.

[Mp6BAnua : Ta traces dev utTopouv va ocUAAGBouv/pavepwoouv
TNV OUVAMIKA CUPTTEPIPOPA TNGC EPAPHOYNGS
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- User code Simulators
- [Npoocopoiwaon JOVO ToU KWOIKA TNG EQAPHOYNGS
- System calls ka1 I/O ekteAouvTal pe functional simulation

- 2uvnBwcg 1o functional emulation Trpayuarotroicital amd 10 host OS
» host OS = target OS

- Full system Simulators

- [Npooopoiwaon TNG EQapuUoyNng
- MNpooouoiwon Tou OS
- lNpooopoiwon Twv devices (disks, network, etc.)
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Speed

Accuracy

cslab@ntua 2014-2015

Flexibility

Agev uTTApxEl 0 TEAEIOG simulator
FPGA prototypes

- ['priyopa, akpiry, aAAG EAAeIYnN ueAICiag
NAeTTTONEPN Software YovTEAQ

- AKpIBA, eUEAIKTa, aAAG apya
Apnpnuéva software povreEAa

- ['pAyopa, eUEAIKTAO aAAG OXI akpIfn)
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Speed vs. Accuracy

> - (>10,000x)

o

§ emulator

= Simics™ =
/ Virtual PC, VMWare,
—> Crusoe, etc

| >
1 KIPS 100 MIPS
speed

.
Copyright € 2002, Virtutech AB, Virtutech Inc. Simics Tutorial, MicroArch 35, 198 Nov 2002 v I I l : u te C h
11
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[Tapdodelyua xpovwy tTpoogopoiwonc (1)

- spec2k with gcc and small inputs

Time Ratio to Native Ratio to Functional

cslab@ntua 2014-2015 12



+ OI TTPAYUATIKEC EQAPUOYEC TTAIPVOUV WPEC OE TTPAYUATIKA
unxavnuara

« Xpe1alOUaOoTE APKETA PEYAAEC TAXUTNTEC VIO VA TPECOUME
EVA ONMAVTIKO KOMMUATI QUTWYV TWV EQAPUOYWV.

Number of Ops (B)

Windows XP Boot 5
Linux RH 6.0 Boot 4
Windows XP Install 361
SPECint2000 (train) 279

.
Copyright € 2002, Virtutech AB, Virtutech Inc Simics Tutorial, MicroArch 33, 19% Nov 2002 VI I tUt e C
13
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- ATTQITAOEIC

- ['evikotnTa (Generality)
» Mrtropei 1o epyalAeio va avaAuoel Ta workloads?

» Parallel Systems, Multithreading, Multiple address spaces, OS
code, Network Systems, etc.

- [pakTikoTnTa (Practicality)
» MT1TOpEi TO EPYaAEio va XpnOIPOTTOINOEI ATTOOOTIKA,;

» Host assumptions, compiler assumptions, OS modifications,
workload language assumptions

- E@appoaoipornta (Applicability)
» MTtropei To epyaA&io va atTavTnoel OTA EPWTANATA UAG;

» Restricted state that can be monitored, restrictions on parameter
visibility, restricted length of observations.
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* [NAeovekTAuaTa
- Early availability
- EukoAia xpriong
» [MAApNC dlagaveia Kal EUKOAIa TTAPAKOAOUBNONG Kal JETPOEWVY
» AIQQOPETIKA £TTITTEOA AETITONEPEIOC KA AKPIBEING
- Pipelines, caches, branch predictors, ...
- Hardware devices (timer, drives, cards, ...)
» ‘EAEYyX0C KAIVOTOUWYV TTPOTACEWV/IOEWV
- KoéoTtog
» Open source (Free)

» Academic licenses (Free 3 hIKpO KOOTOG yia support)

cslab@ntua 2014-2015
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* [1pokAnoEIC
- XpOvocg avaTTucng Twv povréAwv (modeling time)
- ‘EAeyxoc opBoTnTOC povTEAWY (validation)

- Taxutnta TTpocouoiwong

- Evepyo gpeuvnTiKO TTEDIO
* [TIANBwpa etTIAOYWYV
- WindRiver Simics (x86, SPARC, MIPS, Leon, ARM...)
- AMD SimNow (x86)
- Simplescalar (Alpha, PISA, ARM, x86)
- SimFlex
- MARSSx86

- SniperSim

cslab@ntua 2014-2015

16



- Kpithpia EmAoyng

cslab@ntua 2014-2015

Modularity simulator

Extensibility simulator

Emitredo akpifeiac simulator

Taxutnta simulator

MéyeBoc Tou design space TTou BEAOUE VO JEAETIIOOUME

EmiAoyr) katdAANAwv benchmarks
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« O oKoTro¢ €vog timing simulation €ival N OuykKEVTPWON
TTANPOPOPIWYV Kal HETPNON OIAPOPWYV PEYEBWV
- IPC
- Memory access cycles
- On-chip network contention

- Ta Tpoypauuata TrTapouacialouv OIAPOPETIKEC PATEIC
- Initialization phase
- Main phase
- Wrap-up phase

- [10T1€E TTAiPVOUNE TA OTATIOTIKA TTOU HOC EVOIAPEPOUV;

cslab@ntua 2014-2015
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- H Trpooopuoiwon ival £va single-thread process
- AKOuQ Kal av TTPOCOPOIWVOUNE Eva TTapAAANAo cuoTnua
- H taxutnta trpooopoiwong O¢ BeEATIWVETAI TTIA PE TNV
TEXVOAOYia

- MapaAAnAa cuoTtiuata TPEXOUV TTOAAQTTAEC TTPOCOMOIWOEIG
TAUTOXPOVA.

+ Agv PTTOPOUNE VA PTIACOUME YPryopoucg simulators
- Agv TTPOCOUOIWVOUUE OAOKANPO TO CUCTNUA

- Agv TTPOCOUOIWVOUHE OAOKANPN TNV EQAPUOYN
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- [1lpooouoiwon UIKPOTEPOU CUCTIMATOG
- T1.X. 16 cores avri yia 1024
- Agv ekBETEl BEpaTa KAIHakwaoiIpoTNTAC (Scalability)
» AvTaywviouog yia shared resources

» Conflicts

» Race conditions
- [lpocopoiwon MIKPOTEPNG EPAPPOYNGS
- 11.X. Matrix multiply 1K x 1K avTi yia 1M x 1M
- Aev gceTadlel Ta opia Tou hardware
» To working set xwpdgl oTiC caches
» Capacity/conflict issues

» AIlyoTEPN €TTAVAXPNOIYOTIOliNON data/code

» Initialization vs. steady state

cslab@ntua 2014-2015
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(a)

(b)

(©

(d)

2.TaTIOTIKA [poocopoiwang

whole execution w/ detailed simulation N instructions

9
t=T

t

I
o

M instructions

t=T,

K instructions

> t=T+Tskppen+ Twarmur

detalls skipped

representative phases

t=Tacrua* Tsiapren + Twarm-up

sampled periods

t =TACTUAL+TSKIPPED +TWARM—UP

cslab@ntua 2014-2015
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Sampling

- [lpooopoiwan Tuxaiwyv anUEiwY TNG EQAPUOYNG

Fast-forwarding

- Méxpl va gTtdooupe oto sample point

Warm-up

- ['pryyopn TTpocopoiwan TpIv TN ¢Acn TwV YETPNOEWV
Checkpointing

- AmroBnkeuon architectural state mrpiv To sample

Phase detection

- EmAoyn Twv samples pera ammdé avaluon 1nG EQAPHOYNG

cslab@ntua 2014-2015
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N instructions (total benchmark execution)

| i i i ] -

. A < U
2TATIOTIKA TTPOCEYYION Actual simulator

measurement

v

- E&erdooupe avTiTpoowtreuTIKA dEiypaTa

* MaBnuarTikr) TTPpooEyyIon
- confidence margin (eg. 95%)
- confidence interval (eg. +/- 2.5)

+ AUO TTPOCEYYIOEIC OXETIKA ME TNV ETTIAOYNA
OEIyHATWY

- Systematic sampling
» Sample every N instructions
- Random sampling
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N instructions (total benchmark execution)

v

— I B — -

> e —->
U
. . . Detailed simulator Actual simulator
Functional simulation warm-up measurement

Warm-up of large structures

« Agv UTTOPOUE va TTPOCONOIWOOUKE CWOTA av £Xoule empty architecture state
- Caches’ invalid state
- Branch predictor, TLB, ...
- Operating system state
» Files open/ close, read / write pointers, ...

« Xpeiadetal KATTOI0G XPOVOG YIa warm-up
- 000 peyaAuTepn n doun, TOOO PEYAAUTEPOG O XPOVOG
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N instructions (total benchmark execution)

v

— I B — -

> — -
w y
Detailed simulator Actual simulator

Functional simulation
Warm-up of large structures

- =)

Restore checkpoint state

warm-up measurement

- Amofnkeuon warmed-up state trpiv a1rd kGBe sample
- functional simulation overhead time vs more detailed simulations

- [apdAAnAn Tpooopoiwon OAwv Twv samples

cslab@ntua 2014-2015 25
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- H kd&Be epapuoyn eupavicel pAaceig ol oTToieC TTOANEC POopPEC eTTavVaAAUBAvovTal
- EmAoyn cwoTtwyv samples

*  YTT00£TOUME OTI N CUPTTEPIPOPA TNG EPAPMPOYNAG ECaPTATAl AUECA ATTO TNV
EKTEAEON TOU static code.

- Kabe paon avrioToixietal o€ £va static section Tou KwAIKa
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« MeTtpdue TIC EKTEAETEIC VIO KABE basic
block

« [a oAGKANpPN TNV eKTEAEDON

- [ v ektéAeon N evioAwv (T1.x. N =
100 million)

- 2UYKpivoupue 10 sample BBV pe 10 global
BBV

- Manhattan distance

« Euclidean distance

- H ouykpion Twv BBV a1TtOKAAUTITEI ETTIONG
TIC TTEPIODIKOTNTEG OTNV EKTEAECN MIAG
EQAPHOYNG

- Initialization phase
- Repetitive intervals

cslab@ntua 2014-2015
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EmiAoyr) Simpoints
To 1o avTITTPOOWTTEUTIKO BBV ptTopei va gival yakpia
« Meyalocg xpovog fast-forward

- EmmAoyr katrolou sample vwpitepa

Movadiko sample;
- ‘Eva atro kaBe phase

Ta samples €ivai architecture dependent
« O id10¢ KWAIKAG Pe dIaPopeTIKO compiler €xel To idlo BBV.

cslab@ntua 2014-2015
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Multithreaded simulation

MASTER
HELPER e Y N W FEETIEeRE.
WORKER 1| | “-..1: -' ':':_" 1/l | < : h
‘q-.. [, ql
WORKER 2 1] B \\h 2y - cq-_..._ --I
WORKER 3| I |y o SN i \w__ o o
WORKER 4 R — -- <P
WORKER 5 ol e .F = N "
WORKER 6 = ——— - ---- [ ——
WORKER 7 eT———— I e
WORKER 8 T ——— RN ——
18,763 us 19,479 us

« Ta Tuxaia samples atrd ToAAaTTAG threads PTTOPEI VA Un GUUTTITITOUV XPOVIKA

+ To «kaBeto» sample dev eyyudTtal cwaoTr «eUBUYPAUMIoN»
- H taxutnta Tou K&B¢e thread diagpEpel kata Tn diIAPKEIQ:
» Functional simulation
» Warm-up
» Simulation
- To Fast-forward petpiéTal o€ instructions ox1 xpoévoT
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- 2uvepyaoia petagu Intel (Intel Exascience Lab), IMEC kai
5 BEAYIKWY TTAVETTIOTNMIWV

* 2KOTTOC : MeAETN TOU Kaipou Tou OlacThuaTto¢ w¢ HPC
workload.

[ = J=
S 1 190

W
{ ¢ &
EEETTTTEN
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Hybrid simulation
- Analytical interval core model

- Micro-architecture structure simulation (branch predictors,
caches, NoC)

Multi/Many-core systems running multithreaded &
multiprogrammed workloads

[TapdaAAnAo¢ simulator

http://snipersim.org

cslab@ntua 2014-2015
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- Interval Model
- Superscalar OOQ, ILP, MLP

- CPI Stacks & Visualization

- Parallel simulation

- X86 64, SSE2 support

- Thread scheduling & migration

- DVFS support

- Modern branch predictors

- Pthreads, OpenMP, TBB, OpenCL, MPI

cslab@ntua 2014-2015
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- User-level

- |davikog yia HPC

- Oxi1 1600 yia workloads pe apketd OS interaction
- High-abstraction core model

- Ox1 kat@dAAnAo¢ vyia Tn povTteAoTToinon OAWV TWV CUVETTEIWV
ecaITioc aAAaywyv oTo €TTiTTEOO TOU core

- [davikog yia memory subsystem 1} NoC

« Mdvo x86

cslab@ntua 2014-2015
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- ETepoyeveic oupTtTepIPOPEC TwV threads piag opoyevoucg
EQaPHOYNG;

SPLASH-2 - FFT

100% .
sync-barrier

sync-cril_secl
mem-dram
mem-off_socket
mem-I3
mem-12_neighbor
mem-|2
mem-11_neighbor
mem-I1d

ifetch

branch

depend-fp
depend-int
dispatch_width

80%

60%

40%

I T OTRT A Y

20%
Pl rL

0%

o 1t 2 3 4 5 6 7

Thread number
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Sniper : Cycle stacks for scaling behavior

- DRAM bound

Percent of time

cslab@ntua 2014-2015

100%

80%

60%

40%

20%

0%

Rodinia -

8c 8c
large small

SRAD

16c  16¢C
large small

IR T

sync-barrier
sync-crit_sect
mem-dram
mem-off _socket
mem-I3
mem-l2_neighbor
mem-I2
mem-11_neighbor
mem-11d

ifetch

branch

depend-fp
depend-int
dispatch_width
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Sniper : Cycle stacks for scaling behavior

- DRAM bound
* sync increases by 20%

Rodinia - SRAD

100% .
sync-barrier

sync-crit_sect
mem-dram
mem-off socket
mem-I3
mem-I2_neighbor
mem-12
mem-I1_neighbor
mem-l1d

ifetch

branch

depend-fp
depend-int
dispatch_width

80%

60%

40%

Percent of time

20%

0%
8c 8c 16c  16¢C

large small large small 2
cslab@ntua 2014-2015



cslab@ntua 2014-2015

Snipersim Demo
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