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[lepcneKkTnBbl NICNONMBL30BAHUA 3K3AIONCHbIX
BbIYUCITNUTENBbHbLIX CUCTEM
Tekyulee cocTosHue

OTHOCUTENBHO Manoe YUC/I0 UCMONIb30BAHMA BbIYNCANTENBbHbIX
mouwHocTen npesblwatowmx 100 TFLOPs

NPUYUNHbLI: OCTPbIN AedUUNT MaTEMATUYECKUX MOAENIEN, YNCNEHHbIX
a/ITOPUTMOB U NPOrPaMMHbIX CPeACTB A1 BbICOKOMPOU3BOAUTENbHbIX
BbIYNCAUTE/IbHbIX CUCTEM

Heobxoaumbl ormyecku npoctble n 3dPpeKTUBHbIE aATOPUTMbI ANA
COBPEMEHHbIX U ANA BYyAYLIMX apXUTEKTYP BbICOKONPON3BOAMUTE/IbHbIX
BbIYNC/IUTENBHbBIX CUCTEM

OcHOBHble Npobaembl MHBAaPUAHTHbI OTHOCUTENbHO TUMNA UCMOb3YEMbIX
BbluncantenbHbix cuctem (CPU, GPU)

PelwwleHne Ha ocHoBe pyHAAMEHTAIbHOMN HAYKU



bnvxaunime nepcnekTuBbl

e PeanbHaA H€O6XO,£I,MMOCTb BblICOKOMPOn3BoaAUTE/IbHbIX BbIMNC/TNTE/TbHbIX
CUCTEM C/eZlYIOLEero NoKoNeHNA AN1A peLlleHns 3a4ay:
— HedTerasosble Npobaembl pa3Beakn M ONTUMMU3aALMU A06bI4U
— 3KO/IOrMYEecKue asuraTenu
— AfepHasn sHepreTMka U TepmMoAaepHbIA CUHTES

— ¢$yHAaMeHTanbHble NPobaeMbl aCTPOOU3UKU

e 2015 - [locTtaTo4yHO WKNpOKoe ucnonb3sosaHmne PetaFLOPs
(101> onepauuit B cekyHAy) BbIYNMCAUTENBHBIX CUCTEM

e 2018...2021... - NpoussoauTenbHOCTb cynepkomnbioTepos 1 ExaFLOPs
(1018 onepaumin B cekyHay)



July 31, 2016
Paul Messina, Argonne National Laboratory, ECP Director
A Path to Capable Exascale Computing

From Giga to Exa, via Tera & Peta*
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3PPeKTUBHOCTL

ANropnTMbl

Jlornyeckaa npocToTa

e fABHble CXeMbl NO3BO/IAIOT CO34aBaTb NOTMYECKN NPOCTbIE a/ITOPUTMbI, HO
NMEOT CTPOrmne orpaHUYEHNA Ha AUCKPETU3ALMIO MO BPEMEHU U3 YCI0BUM
YCTONYUBOCTM:

— Ana napabonnyeckoro Tmna ypaBHEHUIM yCA0BUE YCTOMYNBOCTU

At < h? — wae no spemeHuU Masi, NPaKTUYECKM He/b3sl UCNONb30BaThb
BbICOKOE pa3pelleHne No NpoCcTPaHCTByY

— ANA ypaBHEHUN rmnepboanYecKkoro Tuna ycnosme yCToM4nmBoCTH

At £ h — MoXHO ucnoanb3osame 6oabWoOU Waz rno epemeHu,
8bIYUCAMb 8 0ecaAMKU pa3 bbicmpee

At - wae ouckpemu3ayuu rno spemeHu, h - wae ouckpemu3sauuu ro
npocmpaHcmay



AKKpeLuns obnaka MeXx3Be3gHOro rada Ha KOMMNakTHOM
aCTPOHOMMNYECKOM OOBbEKTE

HU3KOE pa3peLueHne BbICOKO€E pa3peLieHne

Mexx3Be3aHoe obnako 5 AU e« KOMMaKTHbIN OObLEKT:
MnoTtHocTb 0.8 x 10-11 kr/m3
CkopocTtb obnaka 300 m/s

MmnakT napameTep 4-10 AU ° Temnepatypa npoctpaHcTsa T =20 K



AKKpeunsa obriaka Mexx3Be3gHoro rasa Ha KOMMNakTHOM
aCTPOHOMWYECKOM OOBbEKTE

Low resolution High resolution

[AU]

[AU]

Mexx3Be3gHoe obnako 5 AU  KoMnakTHbIN ODbLEKT:
MnoTtHocTb 0.8 X 1011 kr/m3 — macca 1030 Kg
CkopocTtb obnaka 300 m/s — paguyc 0.5 AU

MmnakT napametep 4-10 AU « Temnepatypa npoctpaHctBa T =20 K



PenatuBucrckasa cTpys ranaktmkum M87

CHMMOK KOCMMNYECKOro Tefnieckona
nm. Xabobna

Astronomy Picture of the Day, July 6, 2000
https://apod.nasa.gov/apod/ap000706.html

http://planetarium-kharkov.org/?q=galaxy-CGCG049-033



CTpys U3 04HOW ranakTUKM HanpaBneHa Ha COCEHIO ranakTuKy U
OKa3blBaeT BO3[ENCTBUE Ha ee MeX3Be3Hylo cpeny

CONPANION GALAXY

Cuctema gByx ranaktnk C321

http://planetarium-kharkov.org/?q=galaxy-CGCG049-033



Cray HLRS — Germany, Stuttgart

«  Kaxgble 4.2 yaca omnkcupyetcst oTKas, TPebyHLNM BOCCTAHOBSIEHUS YacTH
CUCTEMBI
* [lonHbIn OTKa3 cuctembl kKaxkable 160 yacos

Di Martino, Catello, Zbigniew Kalbarczyk, Ravishankar K. lyer, Fabio Baccanico, Joshi Fullop,
and William Kramer. "Lessons learned from the analysis of system failures at petascale: The
case of blue waters." InDependable Systems and Networks (DSN), 2014 44th Annual IEEE/IFIP

International Conference on, pp. 610-621. IEEE, 2014. 10



Bpema mexagy otkazamMuy Ha 3K3anOnCHbIX
cuctemax ~ 30 MUHYT

Marc Snir, et al. Addressing failures in exascale computing. International Journal of High Performance Computing Applications,
28(2):129-173, May 2014

YacToTa annapaTHbIX OTKa3oB OyaeT Bo3pacTaTbh

* YMeHblUeHVe pa3mepa TpaH3ucTopa AeflaeT ero MeHee YyCTOMYMBLIM K KOCMUYECKOW
pagnaumm

«  EMKOCTM MeHbLLEro pa3mepa coaepxaT MEHbLUWIA 3aps[, - ero NpoLLe U3MEHUTb
* [lporpammHoe obecneyeHne CTaHOBUTCS CIOXHEE U cOOEPXUT Bornblue OLINBOK

« Ob6opynoBaHne CTaHOBUTCS CroXHee (HeOAQHOPOAHbIE A4pa, MHOrOypoOBHEBASA nepapxms
NamMAaATh, CNoOXHasi Tonosiorms obbeauMHEHUS Y3rOoB), YTO CYLUECTBEHHO YCNOXHSAET
nporpamMmMHoe obecnevyeHue

* MyflmeCbU3U‘-IHOCmb u MHoz2omacuwmabHocmb pewaeMbliXx 3agadv npuBoauUT K
obbeanHeHnto BonbLLIOro Yncna nporpaMMHbIX MOAyIen

+ CokpalleHne o6MEHOB, MCMOMNb30BaHME aCMHXPOHHLIX B3aWMOAENCTBUIA, obecneyeHne
3aLMLIEHHOCTM OT OTKa3oB 0060pYyJ0BaHUSA NPUBOAUT K CO3AaHUIO CIOXHbLIX MPUKNaaHbIX
KOJ0B

Cappello, F., Geist, A., Gropp, W., Kale, S., Kramer, B., & Snir, M. (2014). Toward exascale resiliencel12014
update. Supercomputing frontiers and innovations, 1(1).



Bpema co3gaHns KOHTPONbHOWU TOYKU
~ 30 MUHYT

System from TOP 500 Max performance Checkpoint time
(minutes)

LLNL Zeus 11 TeraFLOPS
Lawrence Livermore 26
National Laboratory
LLNL BlueGene/L 500 TeraFLOPS 20
Argonne BlueGene/P 500 TeraFLOPS 30
LANL RoadRunner 1 PetaFLOPS
Los Alamos Natlional ~ 20
Labs

Cappello F. 2009. Fault Tolerance in Petascale/ Exascale Systems: Current Knowledge,
Challenges and Research Opportunities. International Journal of High Performance
Computing Applications 23, 3, 212-226.
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IBM PowerPC® A2 1.6 GHz, 16 cores per node

Robert W. Wisniewski.
BlueGene/Q: Architecture,
CoDesign; Path to Exascale / Blue
‘ 13 Gene Supercomputer Research,

H_;H OBM i - January 25, 2012
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There are two spare cores here.
: ssfaeie  One core performs service functions.
R (RSB One core is idle.

Serdes ] ' . Cores are renumbered.
' The idle one includes into work.

Physical
Processor
core IDs

Logical
Processor
core [Ds

13

shut down



ypOBHI/I yrpasJieHUA KOHTPOJIbHbIMU TOYKaMU

* CUCTEMHBLIN YPOBEHDL
— [lpocToTa ncnonb3oBaHus

* YpoBeHb Nosb3oBaTens

— PagukanbHoe cokpalleHne 00 bEMOB KOHTPOJbHbIX
TOYeK

— BmecTo pectapTa Bcen CMCTEMbI - 3aMeHa
BbIYMCITINTENBLHOIO y3na

— XpaHeHue OaHHbIX He TOJIbKO Ha NoKalbHbIX AUCKax
HDDs HO 1 B onepaTUBHOW NaMATH

14



YucneHHoe mogennpoBaHue

« MacwTtabHoe M y

MOOENIMPOBAHUM:
— -5 BapuaHTOB pac4yeToB Ly
— - 3 pasHbIX BbIYUCIIUTENbHbIX

pecypca: Ho
« MVS10-P (MSC RAS)
« K1 (NICEVT) H - Gas
 IMMG6 (KIAM RAS) 7
[Tpobnembl OTHOCUTENBHO | O
ynpaBneHMﬂ 3ajavyamum;.
Py4Hon 3anyck U MOHUTOPUHT N w——
3a ,D, ay — ,5*\::
* PyyHas nepebpocka gaHHbIX C L LT T
O4HOro pecypca Ha gpyrou L ooy e g
« KBoOTa Ha amuckoBoe 1] |
NPOCTPAHCTBO 0

15



MoaenupoBaHua Bzanmogenctemusa Ni-N2

Size: 8 128 512 + 423 840 = 8 552 352 patrticles,
Temperature Ty, =273.15 K, T\, =273.15K

i - .

TRl

The problem is split into gas dynamics and molecular dynamics:
Flow and Particles

16



Fault-tolerant environments for
checkpointing

Automatic (based on BLCR) system level checkpoint :
« MPICH, MVAPICH, OpenMPI

Semi-automatic, user level checkpoint :

« C3 - Cornell Checkpoint pre-Compiler, (Greg Bronevetsky,
Daniel Marques, ... )

. ULFM(FT-MPI)

Egwutuoha, I.P. A survey of fault tolerance mechanisms and checkpoint/restart
implementations for high performance computing systems. / I.P. Egwutuoha, D.
Levy, B. Selic, S. Chen // The Journal of Supercomputing. — 2013. — Vol. 65,
No.3. —P. 1302-1326.

Cappello, F. Fault tolerance in petascale/exascale systems: Current
knowledge, challenges and research opportunities // International Journal of
High Performance Computing Applications. — 2009. — Vol. 23, No. 3. — P.
212-226

17



ULFM - User-Level Failure Mitigation

Current MPI 3.1 itself provides no mechanisms for handling
processor failures.

ULFM Is designed according to be the minimal interface
necessary to restore the complete MPI capability to transport
messages after failures.

ULFM functions:

« MPI_COMM_REVOKE

« MPI_COMM_SHRINK

« MPI_COMM_ FAILURE_GET_ACKED
« MPI_COMM_FAILURE_ACK

« MPI_COMM_AGRE

http://fault-tolerance.org/

ULMF is a part of new version of MPI (MPI1 4.1)



First control point

Ne 3

Ne 4

Ne 5

Ne 11

Ne 10

Ne 9

Ne 8

Ne 7

Ne 6
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Second control point

Ne 4

CP 3.0

CP 20

Ne 11

CP_10.0

Ne 10

CP 9 0

CP 90

Ne 9

CP 8 0

CP 80

Ne 8

CP_7.0

CP 7.0

Ne 7

CP_ 6.0

CP 6.0

Ne 6

CP_ 50

CP 5 0

CP_4_0

20



Third control point




Ne O
CP 110
CP_100
CP_9 1

CP 7 1

CP 22

Ne 11
CP_10_0
CP 90
CP_8 1
CP_6_1

resume the calculation

CP_1.2

.N. 1 .N. 2

Ne 10 Ne 9
CP_9 0 CP_8 0
CP 80 CP 70
CP_7_1 CP_6_1
CP_5_1

CP_0_2

o

Ne 8

CP_70

CP_ 60

CP_5_1

e

Ne 7

CP_6_0

CP_50

CP_4_1

CP_2 1

)

But, all processors will have to repeat
the calculation of some steps

Even if four processors falil, it will be possible to

Ne 5

CP_4.0

CP_30

CP 2 1

CP_0_1

Ne 6

CP_5_0

CP 4.0

CP_3_1
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HepnocTtaTkn KOHTPOSbHbIX TOYEK

bonblioe Bpems 3anncu rmodanbHOU KOHTPONbHOW
TOYKU

HecHukaemagqa noteps BpeMeHN Ha NOBTOPHbLIN pacyeT
LLaroBs, BbIMOMHEHHbIX NOCNne 3anncu KOHTPOMNbHOM TOYKU

HeobxoaMmMocTb MHOFOKpaTHOro nepecyeTa ogHUX U Tex
)Xe JaHHbIX NPU NOBTOPHbIX OTKa3ax

Bpems pacyeTta yBenuymBaeTcd B cny4vae
BO3HMKHOBEHUSI OTKa3a

23



HPC BbI30B

« Pas3paboTka NpuMHUMNOB YrpaBrieHNs KOHTPONbHbIMU
TOYKaMU, NPU KOTOPbIX BpeMsA HaKnagHbIX pacxodoB
MeHbLue yem MTBF

« PaspaboTka anropuTMoB, [AalOWMX BO3MOXHOCTb
npoJorkaTb pacyeT AaxKe Npu perynspHbiX oTkasax
4yacTu NpoLEeccoB

« ObecneyvyeHne He3aBUCMMOCTU BPEMEHU pacyeTa OT
BO3HMKHOBEHUSA OTKA30B, B TOM YUCIE MHOXECTBEHHbIX

24



OaHoMepHoe runepbonunyeckoe

ypaBHEHNE
9°d 1 9°d Flx)

— X,
x> C> ot

[1Be xapaKTepucTtukn x — ct n x + ct,

onpegenarwmmMmm odnacTb, BAUAIOLLYIO Ha
pewieHne d(x,t) B Touke (x,t)

[ eomeTpuyeckme pasmepbl 0biactn Ha
MOMEHT (t — At), onpeaenstowme d(x,t),

25



The domain n, allows to recover
the data lost due to a processor failure
using accelerated recalculations

The data in the domain n; determine the solution ®(x,t)
In the domain n, at the time t,,. 26



Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU1 CPU 2 CPU 3 CPU 4 CPUS5

memory memory memory
CP2 CP3 memory memory

CP1
CP3 \ CP1 CP?2 reserved reserved

27



Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU1 >< CPU3 CPU 4 CPUS

memory memory memory
CP1 CP2 CP3 memory memory
CP3 CP1 CP2 reserved reserved
CPU1 CPU3
memory memory
CP1 CP3
CP2

28



Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU1 >< CPU3 CPU 4 CPUS

memory memory memory

CP1 CP2 CP3 memory memory

CP3 CP1 CP2 reserved reserved
CPU1 CPU3
memory memory

CP1 CP3

Ch2
<
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Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU1

memory
CP1
CP3

CPU1

memory
CP1

>Bu< CPU 3 CPU 4 CPU5
memory memory
CP2 CP3 memory memory
CP1 CP2 reserved reserved
€< <
CPU 3
memory
CP3
CP2

N

30



Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU1

memory
CP1
CP3

CPU1

memory
CP1

T

memory
CP2
CP1

CPU 4

memory

CPU3
memory
CP3
CP2
CPUS CPU3
memory
memory CP3

CP2
<
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Fault tolerance approach

If we do not want to rollback we must have several copies.

We store them in the local memory of other working processors.

CPU 1 >< CPU 3

memory memory memory

CP1 CP2 CP3

CP3 CP1 CP2
CPU1 CPU4 CPU5S CPU3
memor

CP1 y memory memory m(e:r;:%ry

CP2 P2
< P2 e cP2
<

32



Fault tolerance approach

If we do not want to rollback we must have several copies.
We store them in the local memory of other working processors.

CPU 1 >< CPU 3

memory memory memory
CP1 CP 2 CP3
CP3 \ CP1 CP 2
( n,
CPU 1 CPU 4 CPU5 CPU 3
memory memory memory memory
CP1™—T>cp1 CP 3
cp2 Il cp2 / CP2
CP3 N

33



Fault tolerance approach

If we do not want to rollback we must have several copies.
We store them in the local memory of other working processors.

CPU 1 >< CPU 3

memory memory memory
CP1 CP 2 CP3
CP3 \ CP1 CP 2
( n,
CPU 1 CPU 4 CPU5 CPU 3
memory memory memory memory
CP1™—T>cp1 CP 3
cp2 Il cp2 / CP2
CP3 N

34



CoxpaHeHNEe KOHTPOMbHbIX TOYEK JTOKanbHO —
B NaMATb BbIYUCNUTESbHbIX Y310B

MckniodeHrne HeobxoanMMOCTU nepesanycka BCex npoL,eccopoB

CPU1 :D:wq CPU3 CPU4 CPUS5
memory memory memory g A : A
CP1 CP2 CP3 memory memory
CP3 CP1 CP2 reserved reserved
N J N
CPU1 CPU4 CPUS CPU3
N [ Y4 )
memory ( memory
CP 1 memory memory CP 3
ChP2 2
P CP2
\ /L J\_
CPU1 CPU4 CPU 3 CPUS

( ( ) ( )
memory memory memory
CP1 CP2 CP3 memory
CP3 CP CP2 reserved
. ) L y \ )




OaHoMepHoe runepbonunyeckoe

ypaBHEHNE
9°d 1 9°d Flx)

— X,
x> C> ot

[1Be xapaKTepucTtukn x — ct n x + ct,

onpegenarwmmMmm odnacTb, BAUAIOLLYIO Ha
pewieHne d(x,t) B Touke (x,t)

[ eomeTpuyeckme pasmepbl 0biactn Ha
MOMEHT (t — At), onpeaenstowme d(x,t),
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O61acmb YCKOPEHHO20 pac4yema npu
eo3MelweHuUU nomepu OaHHbIX, 8bI38aHHOU
8bIXOOOM U3 cMposi OOHO20 rpoueccopa

[Nogxoa NnpMeHUM Ans rmnepoborIiM4ecknx CUCTeM 1 Ons
NOObIX ABHbIX PA3HOCTHbLIX CXEM 37



3ameHa HeucnpaeHoO20 npoyeccopa

L0350
\ oo

mpeMsi 3arnacHbiMu

[loniTHoe BoccTaHOBIIEHME pacyeTa

&
W
W

SRELLLLNN
S

[MpogosrmkeHne paboTbl UCNPaBHbIX
npoLeccopoB

MoMeEHT NosfioMKKM npoleccopa
YTepsaHHas 4YacTb paCcYETHOWU CETKMU
[lepepacyeT YyacTn gaHHbIX

[locnegHas nokanbHasd
KOHTPOJSIbHaA ToYKa

CAARARALEA NN

7
e,
FELe,
555
)

)
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OueHka yncna AonorHUTENbHbIX
NpoLECCOPOB

2 d
1 L
d+1k Z Z“J

i=0

k;
a; —1+2y—
no

CAt
Yy =-—-  -4ncno KypaHTa

d — paamepHocmb rpocmpaHcmaa

- HUCJIO MO4YeK 06p868mbI686MbIX OOHUM rnpouyeccopom
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Estimate for the number of additional
processors required for recalculation
(single processor failure) &, =k,

CAt
y=-- - Courant number

n4 — the number of calculation points initially processed
by each processor

d = 1,2 or 3 — dimension of the simulated space

40



low muchis a ? 2 &
Let the y be equal to 1 pdde;“

Let the y be equal to 1
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Yy <1 —approximate result

IR
RNANAN




y = 1 — matching result

* Only hyperbolic?
* No, any explicit scheme

/
e

« Each step increases the zone of
dependence by one cell

43



How many additional processors do we need?

_cat
V¥ =7
2 d 2 n
2 12}(21
Pd = 0 10, L9 LY
j=1 1=0
Kj
a=1+2y—
U

n4 — the number of calculation points initially processed
by each processor

d = 1,2 or 3 — dimension of the simulated space

44



BbiBOO

MpennoxeH meton, obecneymBaloLLMin HE3aBUCUMOCTb BPEMEHU pacyeTa OT
dakTa BO3HUKHOBEHUSI OTKA30B, B TOM YMCI1E€ MHOXECTBEHHbIX,
OTNNYaIOLNIACA HUSKUM YPOBHEM HaKMNadHbIX PacXxoaoB

250

200 ‘\

)
150 N

—+o=HewncnpaBHoCTh nponieccopa
—m— Hert HeucnpaBHOCTH

100

50

0 2 4 6 8 10
Yuncno gononHUTENbHbIX NPOLIECCOPOB
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Additional part is only the border

deZ
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3akn4yeHune

« OgbghbekmusHoe ucrosib3ogaHue
8bICOKOIMPOU3800UMESTIbHbBIX 8bIHUCTUMESIbHbIX CUCMEM
mpebyem co30aHUs Ka4ecmeeHHO HOBbIX afl2opummos
peweHuUs npuknaoHbIx 3a0ay u cpedcme ornucaHus u
co30aHusi naparneribHbIX rnpoapamMmm

« PaccmompeHHble MemoOkl U UHCMpPYyMeHmMarsbHble
cpedcmea ro3e80sifom CcyuecmeeHHO roebicums, Kak
aghpeKkmusHOCMb UCMOIb308aHUS CYrNnepKoMIbLomMepos,
mak u aghgbeKmusHoOCmMb CcO30aHUs WUPOKO20 Kpyaa
naparsinesibHbIX rMPuIoXeHuu

« [lanbHelwee pa3sumue 803MOXXHO Ha Mymu mecHO20
83aumoodelicmeaus crneyuasaucmos o 8bl4UcIuUmMeribHbIM
memodam, rnPuUKIadHoMy U cucmemMHOMYy
rpozpamMmupo8aHUro .
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