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High-Performance Computing Systems

Top500 (#58, Nov 2021)
HPL 1 Hpee
System Rmax, PFLOP’S Interconnection Network (topological levels)
PFLOPS
Network Shared memory
Fugaku Tofu intercomnect D on Chip Core Mem Group,
Fujitsu 4420 16.0 ofu interconnec (ring bus) NUMA node
7 630 848 6D meshy/torus topology 4 CMG 12 cores
cores
158 976 nodes 48 + 2 cores | Fujitsu A64FX ARMvS.2
Summit /f .~ Mellanox EDR 1006 X-BUS Shared memory
IBM Power System 148.6 29 A S > Non-blocking fat tree 2 x Power 9 22 cores
AC922 ’ ' 4 608 nodes 3 x NVIDIA IBM Power9
2 414 592 cores (2 x Power 9, 6 x NVIDIA Volta V100) V100 3 x NVIDIA V100
Sunway Switch Supernode sunway Netwo.rk
TaihuLight network network Network on Chip Shared memory
41 932 800 93 0.48 full PCle 3.0 6 core 1 MPE + 64 CPE
y 107 520 groups (mesh 8x8, RISC)
cores connected
S5 GGG nodes 390 cores
Perlmutter 3 Slingshot AMD Infinity Shared memory
HPE CRAY EX235 70.9 1.9 4 Dragonfly Fabric 64 cores AMD Milan
/61 856 cores % &  >1536nodes NUMA-nodes 3 x NVIDA A100
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High-Performance Computing Systems

Top500 (#58, Nov 2021)

HPL 1 hpce
System Rmax, PFLOP’S Interconnection Network (topological levels)
PFLOPS
Network Shared memory
Fuagaku Core Mem Group,
2021 ACM Gordon Bell Prize NUMA node
76
Closing the “Quantum Supremacy” Gap: Achieving Real-Time Simulation uj it-z
of a Random Quantum Circuit Using a New Sunway Supercomputer X-BUS Shared
(China, https://doi.org/10.1145/3458817.3487399) - ared memory
IBM 2 x Power 9 22 cores
MPI + Threading + Vectorization |
24 , - ) 5 x
Sunway L/ Switch Supernode sunway Network
TaihuLight network network AL on Chip Sl [
g 93 0.48 erwor PCle 3.0 6 core 1 MPE + 64 CPE
41932 800 I\ oo X full
: nodes 3
Perlmutter AMD Infinity Shared memory
HPE CRAY EX235 70.9 1.9 : :

761 856 cores

C
N



https://doi.org/10.1145/3458817.3487399

High-Performance Computing Systems
Top500 (Nov 2022)

SITE COUNTRY CORES ot f gt
Frontier HPE Cray EX235a, AMD Opt 3rd Gen EPYC 64C 2GHz, AMD Instinct MI250X, Slingshot-10 DOE/SC/ORNL USA 8,730,112 1,102.0 211
Fugaku Fujitsu A64FX (48C, 2.2GHz), Tofu Interconnect D RIKEN R-CCS Japan 7,630,848 442.0 29.9
LUMI HPE Cray EX235a, AMD Opt 3rd Gen EPYC 64C 2GHz, AMD Instinct MI250X, Slingshot-10 EuroHPC/CSC Finland 2,174,976 304.2 582
Leonardo Atos Bullsequana intelXeon (32C, 2.6 GHz), NVIDIA A100 quad-rail NVIDIA HDR100 Infiniband EuroHPC/CINEC Italy 1,463,616 174.7 5.61
Summit IBM POWER9 (22C, 3.07GHz), NVIDIA Volta GV100 (80C), Dual-Rail Mellanox EDR Infiniband DOE/SC/ORNL USA 2,414,592 148.6 10.1

Frontier:

= x86 Cores: 591 872

= GPU Cores: 8 138 240

= |nterconnect: Slingshot-11

2022 ACM Gordon Bell Prize (https://awards.acm.org/bell)

» Project "Pushing the Frontier in the Design of Laser-Based Electron Accelerators with Groundbreaking Mesh-Refined
Particle-In-Cell Simulations on Exascale-Class Supercomputers” (Particle-in-Cell simulation)



top50.supercomputers.ru

YHUBEDCUTET UMEHWN

M.B.lomoHocoBa,
Mockea

CPU: 1x Intel Xeon Gold 6126, 96 GB RAM
Acc: 2x NVIDIA Tesla P100

FDR Infiniband / Gigabit Ethernet / FDR Infiniband

26.09.2022
HazBanue ApxuTtekTypa: Rmax PazpaboTtumk
MecTo ycTaHOBKM KON-BO Y3MnoB: KOH(urypauus yana Rpeak O6nacmb
CeTb: BblMUCNIUTENBHARA / cepBUCHAN / TpaHCMOPTHasA (Tdpnon/c) NpuMeHeHUst
1 «HepBOHEHKUCY 199 199: 21530.0 Angekc
398 CPU:2x AMD EPYC 7702, 1024 GB RAM 2941517  NVIDIA
Anpexc, 1592 Acc: 8x NVIDIAA100
Mockea IT Services
HDR InfiniBand / va / 100 Gigabit Ethernet
2 «FanywkmH» 136 136: 16020.0 AHpexc
272 CPU:2x AMD EPYC 7702, 1024 GB RAM 20636.1 NVIDIA
Anpexc, 1088 Acc: 8x NVIDIAA100
Mockea IT Services
HDR InfiniBand / va / 100 Gigabit Ethernet 4 «Kpuctodapu Heo» 99 99: 11950.0 NVIDIA
198 CPU:2x AMD EPYC 7742, 2048 GB RAM 149086  SberCloud (OO0
«fsnyHoB» 137 137: 12810.0 SberCloud (000 792 Acc: 8x NVIDIAA100 «O6nauHbie
06!
274 CPU:2x AMD Epyc 7662, 512 GB RAM 20029.19 ;‘eXH’;i‘;’::'j») o]
J HDR InfiniBand / 10 Gigabit Ethernet / 200 Gigabit
Anpexc, 1096 Acc: 8x NVIDIAA100 CoanEmi o 9 9 o T
Mockea Mocksa nposatidep
HDR InfiniBand / g / 100 Gigabit Ethernet
5 «Kpuctochapu» 75 75:NVIDIA DGX-2 6669.0 SberCloud (000
150 CPU:2x Intel Xeon Platinum 8168 24C 2.7GHz, 8789.76  «OGnauHble
SberCloud (OO0 1200 1536 GB RAM TEeXHONOrnmn»)
«Obnasneie Acc: 16x NVIDIA Tesla V100 NVIDIA
TEXHOMOrUM») ,
Cbepbarik, EDR Infiniband / 100 Gigabit Ethernet / 10 Gigabit R
Mocksa Ethernet npoeatidep
6 «JlomoHOCOB-2» 1696 1536: 2478.0 T-Mnarcdopmbl
1696 CPU: 1x Intel Xeon E5-2697v3, 64 GB RAM 4946.79
Mockosckuit 1856 Acc: 1x NVIDIA Tesla K40M Hayka u
rocyapCcTBEHHbIN 160: obpasoeaHue



PazBute KOMMyHUKaUMOHHbIX TexHonoruii pna HPC B PO

KoMMyHMKaUMOHHas ceTb «AHrapa», paspabatoieaemass OAO «HULIBT»
(r. Mockga) [1]

KoMmyHuKaumoHHas cetb CMIMO-10G, paspabateiBaemas OIYI «POAL-BHUND D»

(r. Capos) [2]

KoMMyHuMKaumoHHasa ceTb «MBC-Ikcnpecc», paspabaTbiBaemMas OIYI «HUN Keant» u UM PAH
(r. Mocksa) [3]

KommyHukaumoHHble cetn CKUD-ABpopa, [1ayTnHa, paspaboTtaHHbie UTMNC PAH
(r. NepecnaBnb-3anecckui) [4]

AN. CnyukumH, A.C. CumoHoB, N.A. XXabuH, [1.B. MakaroH, E.J1. CbipoMaTHMKOB. Pa3zpaboTka Mexy310B0M KOMMYHMKaLMOHHON ceTn EC8430
«AHrapa» on9 nepcnekTMBHbIX POCCUMACKMX CYNepPKOMMNbIOTEPOB // Ycnexu COBpeMeHHOM paamoanekTpoHmku, 2012, N21, c. 6-10.

B.l. bacanos, B.M. BanyxuH. AnanTMBHag cuctemMa MapLipyT13aumm 4nsg oTe4eCTBEHHOM CUCTEMbI MexXnpoLueccopHbix obmeHos CMIM0O-10G //
Bonpocbkl aToMHOM Hayku 1 TexHuKkK. Cep. MatemMaTnyeckoe mogenmpoBaHue dusmyecknx npoueccos 2012. Boin.3. C. 64-70.

B.K. NlesuH, b.H. YetBepywkuH, I.C. Ennzapos, B.C. TopbyHos, A.O. Jlauuc, B.B. KopHees, A.A. Cokonos, [.B. AHgptowuH, HO.A. Knumos.
KoMMyHMKaunoHHas cetb MBC-2kcnpecc // UHdopMaLumMOHHbIe TEXHONOMTMKU U BbluMcauTenbHble cuctemol, 2014, N21, c. 10-24.

C.M. Abpamos, B.®. 3agHenposckui, E.MN. Jlnunutko. Cynepkomnbtotepbl «CKU®D. psaa 4», MHDOpMaLMOHHbIE TEXHOIOTUU U BbIYUCIUTENbHbIE
cuctembl, 2012, No1, c. 3-16.

CrenaHeHko A.C. MynbtunpoueccopHbie cpeabl cynep3BM. MacwTabuposanue adpdektueHoctn. — 2016.



Cranpapt MPI

= MPI (Message Passing Interface) — nporpaMmHbIi nHTEpdenc nepenaum coobueHui (API)
AN NPOrpaMMMUpPOBaAHUS BbIYUCIUTENBHBIX CUCTEM

= OcHoBHble pasaenbl MPI

O Point-to-point Communications

1 One-sided Communications
1 Collective communications
O Derived datatypes

O Process topologies and management

: 3.2 Blocking Send and Receive Operations

':‘ 3.2.1 Blocking Send

= The syntax of the blocking send operation is given below.

. MPI_SEND(buf, count, datatype, dest, tag, comm)

The blocking semantics of this call are described in Section 3.4

3680 9632 129 600 3120 000 >10°

cores cores cores cores cores
MPI 1.0 MPI 1.1 MPI 2.0 MPI 2.1 MPI 2.2 MPI 3.0 MPI3.1 MPI4.0 MPI5
(1994) (1995) (1997) (2000) (2008) (2009) (2012) (2015) (2021) (?)
—@ @ @ @ @ @ @ @ @

https://www.mpi-forum.org

https://github.com/mpi-forum .

>


https://www.mpi-forum.org/
https://github.com/mpi-forum

[Mpo6nembl MacwTabupyemoctu uHtepdeica MPI

Macwrabupyemoctu (scalability) — cnocobHOCTb CUCTEMbI COXPAHSTb 3a4aHHbIN YPOBEHb
NpOn3BOAUTENBHOCTb NPM POCTE YMCNA P NPOLECCOPHbLIX Saep

MacwTabupyemoctu MPI - 3aB1McMMoOCTM pa3Mepa TpedbyemMor namMsaTi U/Mnmn Yncna BbiNMOMHAEMbIX
NPOLLECCOPHbIX/CETEBbIX OMEpaLuii OT KOIMYECTBA NPOLECCOB p PACTET MeANEHHEE NMHENHOM

(B KakoOM npouecce)

Mnoxo macwrabupyemas cneundukauma (APl) — npuBoanT K peanmsaumnumsam, Bpems n/mnm
notpebneHne NaMaTn KOTOpbIX TMHENHO (C2(p)) 3aBUCUT OT Yncna p NpoL,EeccoB

Mnhoxo macwrabupyemas peanusaumusa MPI — Bpems u/mnmn notpedbneHmne NnamaTn TIMHENHO (MU XyXKe)

3dBUCUT OT YMcna p npoueccos

Open MPI (BSD license)

https://www.open-mpi.org

= Mellanox HPCX: HCOLL, InfiniBand

= IBM Spectrum MPI: libcollectives,
POWER9 and CUDA IPC

» Fujitsu Post-K MPI: Fujitsu A64FX, TofuD
= Bull Open MPI: hierarchical collectives, BXI

MPICH (BSD-like license)
https://www.mpich.org

MVAPICH: InfiniBand

Intel MPI: Intel Omni-Path
Tianhe2 TH-MPI: GLEX
Cray MPI: torus, SMP-aware
IBM PE MPI


https://www.open-mpi.org/
https://www.mpich.org/

[Mpobnembl MacwTabupyemoctu uutepgeiica MPI
1. HeperynapHbie KkonnektuHble onepauum (irregular collectives)

* HeperyngapHble KonnektuHble onepauum (irregular collectives) TpebytoT nepenaum
MaCCMBOB AJINHbI p — pa3Mepbl COOBLLEHNM A9 KAXKA0ro npoLecca

U MPI_GATHERV(sendbuf, sendcount, sendtype, recvbuf, recvcounts[p], displs[p], recvtype, Zp
root, comm)

U MPI_SCATTERV(sendbuf, sendcounts[p], displs[p], sendtype, recvbuf, recvcount, recvtype,
root, comm)

O MPI_ALLGATHERV(sendbuf, sendcount, sendtype, recvbuf, recvcounts[p], displs[p],

recvtype, comm)

O MPI_ALLTOALLV(sendbuf, sendcounts[p], sdispls[p], sendtype, recvbuf, recvcounts[p], 4p
rdispls[p], recvtype, comm)
O MPI_ALLTOALLW(sendbuf, sendcounts[p], sdispls[p], sendtypes[p], recvbuf, recvcounts[p], 6p

rdispls[p], recvtypes[p], comm)

" [lpu p = 2720 kaxgbin npouecc noTpedbnsget nopaaka 4 MiB Tonbko ang nepenayvu

napameTpos; 0bpaboTka MaccMBoB TpebyeTt nopsaaka (2(p) onepauun
10



= Mcnonb3yroTcs (B TOM yncne) ong peanusaumm obMeHOB
no opukcupoBaHHoMy wabnony (stencil code, PETSc)

= B Alltoallv counts[i] = 0 ana npoueccos, He y4acTBYHOLWMX B 0OMeHax

HNEEREEE
MPI_ALLTOALLV( | PO _| PAl | P2 |
sendbuf, sendcounts[p], sdispls[p], sendtype, v
recvbuf, recvcounts[p], rdispls[p], recvtype, comm) | P3<pPs<pP5 |
= Anroputmsbl Alltoallv TpebytoT Q)(p) onepaumii g aHannM3a MacCMBOB —p6 T P7 | Ps
I N

30

25

ms)

v20_

Average Time

Bpems Alltoallv ana coobuweHnit HyneBon ANUHbI
(counts[] = 0), BlueGene/P [Balaji, 2010]

e -
o (61
T T

o (6]
T

Mpobnemsbl MacwTabupyemoctu uHtepgeiica MPI
1. HeperynapHblie KonnektuHble onepauum (irregular collectives)

Number of Processes

LLIabnoH “kpect”, npouecc 4.

10, 0, 10, 0)

AnbTepHaTuBbl

* [cnonb3oBatb Send/Recv gna peannsaumnm
obMeHOoB € cocegHmMmu npoueccamun (PETSC)

= MPI| 3.1 Neighborhood Collectives (2015)

MPI_NEIGHBOR_ALLGATHER(
sendbuf, sendcount, sendtype, recvbuf,
recvcount, recvtype, comm)

counts[] = {0, 10, 0, 10, O,

11



[Mpobnemsbl MacwTabupyemoctu uHtepodeiica MPI
2. BuptyanbHblie Tononorum (virtual topologies)

[lo3Bons0T 3a4aThb WabnoH MHDOPMaUMOHHbLIX 06MeHOB Mexay MPI-npoueccamu

bubnnorteka MOXeT BbINOIHUTL NepeynopsaouMBaHMe NPoOLECCOB AN COKPALLEHMUS BPEMEHMU
MHPOPMALIMOHHbIX B3aUMOLENCTBUM (process mapping)

J MPI_CART_CREATE(comm_old, ndims, dims, periods, reorder, comm_cart)

J MPI_GRAPH_CREATE(comm_old, nnodes, index[], edges[], reorder, comm_graph)
notpebneHune namMaTh KaxabiM npoueccom: Q(p + e), O(p?)

AnbTepHaTUBbI

MPI 2.2 (2009): MexaHn3M 3agaHua rpada B pacnpeneneHHoM Buae, Kaxabii npouecc 3aget
CBOI NIOKANbHYK OKPECTHOCTb

MPI_DIST_GRAPH_CREATE(comm_old, n, sources[], degrees[], destinations[],
weights[], info, reorder, comm_dist graph)

12



[Mpobnembl MacwTabupyemoctu uutepgeiica MPI
3. KonnektueHble onepauuu (collective operations)

= BpeMs BbINOSIHEHMS BNOKUPYIOLWMUX KOJUIEKTUBHbIX onepaumu
(MPI_Bcast, MPI_Allreduce, MPI_Allgather) B 3HauUnTEeNbHOW CTENEHM 3aBUCUT
oT c6aflaHCMPOBAHHOCTU MOMEHTOB MX BbI30BOB B npoueccax MPI-nporpaMmel

. anqMHbl PO NNNYY MPI_Recy AN MPI_Recv | MPI_Recyd
o HepaBHOMepHas 3arpy3ka npoueccos P1 DN\MPI Send |
3 . . P2 RN MPI_Recv___ -\ MPI_Send
o “llymM” onepauMoHHOM CUCTEMBI U CETU p3 NPT Sond_|
(system noise) AN VPl Reov N\ MPI Send |
P5 \—MPT_Send |

" AnbTepHaTuBbI

MPI 3.1 (2015): Hebnokupytowme KonnekTnueHole onepauumn (nonblocking collectives)

MPI_TIbcast(buf, .., req) ... Computations ... MPL Test(req) .. MPL Wait(req)

= AnnapatHasa peanusaunsgd NBC: NVIDIA (Mellanox) HPC-X

[*] P. M. Widener, S. Levy, K. B. Ferreira, T. Hoefler. On noise and the performance benefit of nonblocking collectives // The Int. ). of High Performance
Computing Applications. 2016. Vol 30, Nr. 1, pp. 121-133 13



[Mpo6nembl MacwTabupyemoctTu peanusaumii MPI
4. IBycTOopoHHUE 06MeHbI (point-to-point collectives)

Mpouecc O Mpouecc 1

Mpouecc 1 roToB K npuémy -
I[recv BbiI3BaHa A0 NOCTYMNEHUS
coobuweHuns

Po P1

MPI Progress Engine

Isend I b
SMQ  PRQ UM 0\: o

v v
(2]

CeTeBoM (KaHasbHbIN) YPOBEHb CeTeBoM (KaHasIbHbIN) YPOBEHb

Isend() + Wait() Irecv()

1. ToMelueHMe cooblieHMs B ouepeas SMQ 1. TlomelwweHune 3anpoca B ovepenb PRQ (agpec 6ydepa)
(Send Message Queue) Mpuem coobieHus us cetu

2. OtnpaBka coobLeHUst yepes CeTeBOMN UHTepdeENC 1. Noctynuno coobuweHune, nomck B ouepean PRQ

2. KonuposaHue coobuieHns B 6ydep nonbzosatens (4



[Mpo6nembl MacwTabupyemoctTu peanusaumii MPI
4. [IBycTopoHHUe 06MeHbI (point-to-point collectives)

[Mpouecc O Mpouecc 1

Mpouecc 1 HE roToB K npuémy -
I[recv BbI3BaHa Nocne NocTynaeHus
coobuieHus, agpec bydepa npmrema
Hen3BecTeH
MPI Progress Engine Py P, MPI Progress Encine
SMQ  PRQ  UMQ sendde— SMQ  PRQ
l Irecv(buf)
v
o o Bo3MOXKHbIe NPUYUHDI > ¢
CeTeBoM (KaHasbHbIN) YPOBEHb = Load imbalance CeTeBoM (KaHasIbHbIN) ypOBeHC
= OS noise
Isend() + Wait() MpueM coobuieHua us cetu:
1. TlMomeweHune coobuweHns B ouepeab SMQ 1. Tlowuck 3anpoca Ha npuém B PRQ
(Send Message Queue) 2. Ecnm B PRQ HeT 3anpoca, coobuweHne nomewaetca 8 UMQ -
2. OTnpaBka coobLieHns yepes ceTeBol nHTepdeic KonupyeTca BO BpeMeHHbIn bydep (eager protocol vs. rendezvous)

Irecv(): nonck coobeHns B ovepean UMQ, konupoeaHue coobueHuns
B Oydep nonb3osaTens 15




Mpobnemsbl Macwtabupyemoctu peanmusaunin MPI
4. [ilBycTopoHHUe 06MeHbI (point-to-point collectives)

MPI_Gather (linear algorithm)

P-1 P2 P-3 P-4 .. 1

o

Isend|()

Isend
Isend() send(

Isend|()

Isend()

J
Y
o|[o|v|o]|. :
LI T O O A R AT Y
[N ) N oY

J

® Irecv()

g e

Xyawwmn cnyyam -
kopeHb O BbI3BaN BCe Irecv nocne npuxoaa
coobuweHunn ot p - 1 npouecca

= lnvHa UMQ - O(p), Heobxogumo O(p)
BpeMeHHbIX bydepos

= Kaxabin lrecv B KOpHe TpebyeT nopsiaka
O(p) onepaumn ong NOMCKa CoodLEHNA U
KONMpoBaHWi B Bydep nonb3oBaTens

= M. Flajslik, J. Dinan, K. D. Underwood. Mitigating MPI Message Matching Misery //

International Conf. on High Performance Computing, 2016.

» K. Raffenetti et. al. Why is MPI so slow?: analyzing the fundamental limits in

implementing MPI-3.1 /7 SC-2017 16



Mpobnemsbl Macwtabupyemoctu peanmusaunin MPI
5. Hymepauusa npoueccos (process mappings)

= KomMyHukaTtop MPI cogepxuT Tabnunuy cooTBeTCTBMS HOMEpPOB npoueccos (ranks)
MAEHTUGDMKATOPaM NPOLLECCOPOB BbIYUCIUTENBHON CUCTEMBI: f: rank — id

*= OcHoBHoM noaxopg (Open MPI, MPICH, MVAPICH) - mMaccue anuHel p, obecneunsatoLimnm 3a
BpeMs O(1) nomnck npoueccopa no paHKy; CIOXKHOCTb Mo naMatn O(p)

O MPI GROUP_UNION(groupl, group2, newgroup)
O MPI GROUP_INTERSECTION(groupl, group2, newgroup)
O MPI GROUP _DIFFERENCE(groupl, group2, newgroup)

o 7 I T~ 7 v I, T 7 T L, T T L, 7, L L, 7, .
8000 74 N 2N N N N N 7 7, N N N N 7 N 7

default ——
2000 - opts disabled —>¢—
1000 F delayed alloc —%—

) Ibuffer POO.I _E_. )

1
¢ o % G St U % Y e G /‘3&4_

Number of Communicators

1 1 1 1 1 1

b

Number of Processes

Konnuectso KOMMYHMKATOPOB NOMELLAIOLWMXCS B NaMSTb Y3108
cuctembl BG/P (MPI_Comm_dup) [Balaji, 2010]

0 MPI COMM_CREATE(comm, group, newcomm)

0 MPI COMM _DUP(comm, newcomm)
O MPI COMM_RANK(comm, rank)

System Memory Used

25%

20%

—
32
2

10%

5%

0%

default ——

opts disabled —>%—
- delayed alloc —H— .
buffer pool —¥%—

Number of Processes

MNoTpebneHne namatn Ha BG/P npu 32 BbizoBax
MPI_Comm_dup [Balaji, 2010]

17



Mpobnemsbl Macwtabupyemoctu peanmusaunin MPI
5. Hymepauusa npoueccos (process mappings)

= KomMyHukaTtop MPI cogepxuT Tabnunuy cooTBeTCTBMS HOMEpPOB npoueccos (ranks)
MAEHTUGDMKATOPaM NPOLLECCOPOB BbIYUCIUTENBHON CUCTEMBI: f: rank — id

*= OcHoBHoM noaxopg (Open MPI, MPICH, MVAPICH) - mMaccue anuHel p, obecneunsatoLimnm 3a
BpeMs O(1) nomnck npoueccopa no paHKy; CIOXKHOCTb Mo naMatn O(p)

d MPI_GROUP_UNION(groupl, group2, newgroup) O MPI_COMM_CREATE(comm, group, newcomm)

O MPI_GROUP_INTERSECTION(groupl, group2, newgroup) O MPI_COMM_DUP(comm, newcomm)

O MPI _GROUP_DIFFERENCE(groupl, groupZ2, newgroup) O MPI_COMM_RANK(comm, rank)
AnbTepHaTuBbl

= AHanutnyeckoe 3apaHue 1-1 otobpaxeHus f: rank — id Ona cneumanbHbIX CNy4yaes:
flrank) = (rank " a + b) % p

o J. L. Traff. Compact and efficient implementation of the MPI group operations // 17th European MPI Users’ Group Meeting, 2010, Vol 6305 of
LNCS, pages 170-178.

o H.Kamal, S. M. Mirtaheri, and A. Wagner. Scalability of communicators and groups in MPI // In ACM International Symposium on High
Performance Distributed Computing (HPDC), 2010.
18



Mpobnemsbl MacwTabupyemoctu peanmsaumnin MPI
6. Macwtabupyemoctb MPI_Init

B cnyyae ucnonbsosaHmnsa MPI ¢ npoTokosaMm OpueHTUPOBAHHbLIMKU HA YCTAHOBJIEHUE
COeAMHEHUA Kaxablii npoLecc MoXeT yctaHasnmeatb B MPI_Init nopaaka ()(p) ceasen

XagHbin BapuaHT (eager) — npeasaputenbHo B MPI_Init yctaHaBinBarTca coeguHEHUs Co
BCEMM Mpoueccamu

I I I

30 1 I I I
OTnoxeHHaa uHuumnanusaums (lazy) - eager connections —+—
o5 |- lazy connections —>¢—
coeMHeHWe YCTaHaBINBAETCS, TONbKO
npu NepBoM B3aMMOAENCTBUU Napbl

npoueccos

(s)

MPI_Init time

OTnoXXeHHast MHMUKMann3aums YBEJIMYUBAET
BpeM4A BbINMOJIHEHUA NMEPBOIO BblI30OBA

KOMMYHUWKALMOHHOW onepaumu
0 32 64 96 128 160 192 224 256
size of MPI_COMM_WORLD

Bpems BbinonHeHunst MPI_Init
(knactep Ha 6a3e 8 aaepHbIx y3nos, ceTb TCP/IP) 19



Mpobnembl MacwTabupyemoctTu peanusaumini MPI
7. MacwtabupyeMocTb KOJIEKTUBHbIX onepauui

Flat point-to-point based (send/recv) Hardware-accelerated algorithms
Only number of processes and message size are known = NVIDIA/Mellanox SHARP
O One-to-all (Broadcast, Scatter) (Allreduce, Reduce, Barrier, Bcast)
= Mellanox multicast (Bcast)
= Binary tree, Binomial tree, k-nomial tree O(log(p)) = IBM BG tree network (Bcast)

= Flat tree O(p), k-chain O(p), pipeline
= Scatter binomial tree + allgather recursive doubling

Topology-aware algorithms
O All-to-one (Gather, Reduce, Scan)

Topology of network is known
(routes, distances, process placement)

= Binomial tree, k-nomial tree, binary tree,

= k-chain, pipeline, linear

= Rabesifner’s algorithm = Algorithms for Torus/Dragonfly networks

=  Algorithms for Fat-tree topology

= Hierarchical collectives (SMP-aware):
network + shared memory (intra-node)

 All-to-all (Allgather, Alltoall, Allreduce,
Reduce_scatter, Reduce_scatter_block)

= Bruck, recursive doubling, recursive halving algorithm,
neighbor exchange MPI 4.0 Standard defines 17 (51) collective ops

= Linear, ring, gather + scatter > 50 algorithms
= Rabenseifner’s algorithm, Butterfly (MPICH/MVAPICH, Open MPI, Intel MPI, HPC-X)




Bbibop anropurMa KonnekTusHoi onepauuu Allreduce

$ cat task.job
#SBATCH --nodes=4 --ntasks-per-node=8

mpiexec --mca coll_tuned priority 100 \
--mca coll_tuned verbose 0 \
--mca coll_tuned use _dynamic _rules true \
--mca coll_tuned_allreduce_algorithm rabenseifner \
./osu_allreduce

Allreduce (32 processes, 4x8) Allreduce (32 processes, 4x8)
110 T - T 30000 T T T
tuned/basic_linear —+— i tuned/basic_linear ——
100 -  tuned/rabenseifner —»<— tuned/rabenseifner —><— !
90 - ucc 25000 ucc
_ 80 . 20000
g o} 3
> >
&5 60 | E 15000
40 | 10000
30
5000
CC & K
20y e w—— Rabenseifner
10 : : L I 0 % - :
28 210 212 214 216 218 220
Message size Message size
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Applications

MPI, SHMEM
libraries

Transport
inter-node,
shared-memory,
GPU memory

HPC Communication Software Stack

HPC Applications

NVIDIA HPC-X IBM Spectrum MPI

Open MPI

OpenUCX

Applications

HPC (MPI, SHMEM, ...) Storage, RPC, Al

Al Applications

Fujitsu MPI

Web 2.0 (Spark, Hadoop)

s
UCP — High Level API (Protocols)
Transport selection, multi-rail, fragmentation

HPC API: 1/0 API:
tag matching, active messages Stream, RPC, remote memory access, atomics

UCT - Low Level API (Transports)

UCX

—
GPU / Accelerators

’ { ner

| OFA Verbs Driver

Connection establishment:
client/server, external

Others

-

~

MVAPICH

BigData Workloads

Intel MPI Cray MPI

MPICH

OFI libfabric

MPI SHMEM ... 1 HELS
Libfabric Enabled Applications
4
libfabric
Control Communication Completion Data Transfer
Discovery Connection Mgmt Event Queues Message Queues RMA

Address Vectors Counters Tag Matching Atomics

OFI Provider

v

[ Discovery I [ Connection Mgmt ] [ EventQueues] [ Message Queues H RMA I
Address Vectors Counters [ Tag Matching ] [ Atomics l
_+_
NIC I TX Command Queues | I RX Command Queues |




Open MPI

MPI byte MPI collective | |Process launching High
Frameworks | transfer layer operations and monitoring | resolution
(btl) (coll) (plm) timers {timer)
115 S =
ot Y = W
= - & = o
Base and oll o ] | _r% Q 8 af E Q v g G Q é § %
components | SlICHEN <t 8l csHETN 1<l | Bll US| = sl 2l S =
. i ol | B | B= c o0 Sl © a) all cll = 7] all 5 i c
(i.e., plugins) o Il &l 12 sl 2] 1S ol 1=
18] G -:‘.]:
s 1° B

= btl: MPI point-to-point Byte Transfer Layer (MPI point-to-point messages on some types of networks)
= coll: MPI collective algorithms
= pml: MPI point-to-point management layer: UCX (ob1, ucx)

https://www.open-mpi.org/faq/?category=tuning



Open MPI

$ ompi_info --param btl all --level 9

MCA btl: self (MCA v2.1.0, API v3.1.0, Component v4.1.4)
MCA btl: vader (MCA v2.1.0, API v3.1.0, Component v4.1.4)
MCA btl: tcp (MCA v2.1.0, API v3.1.0, Component v4.1.4)
MCA btl: ofi (MCA v2.1.0, API v3.1.0, Component v4.1.4)

MCA (-) btl vader: parameter "btl vader segment size"
(current value: "4194304", data source: default, level: 5 tuner/detail, type: int)
Maximum size of all shared memory buffers (default: 4M)

MCA (-) btl vader: parameter "btl vader single_ copy mechanism"
(current value: "cma'", data source: default, level: 3 user/all, type: int)
Single copy mechanism to use (defaults to best available)
Valid values: 1:"cma'", 4:"emulated", 3:'"none"

MCA (-) btl ofi: parameter "btl ofi eager limit"
(current value: "@", data source: default, level: 4 tuner/basic, type: size t)
Maximum size (in bytes, including header) of "short" messages (must be >= 1).



Open MPI

$ ompi_info --param pml all --level 9

MCA pml: v (MCA v2.1.0, API v2.0.0, Component v4.1.4)

MCA pml: monitoring (MCA v2.1.0, API v2.0.0, Component v4.1.4)
MCA pml: cm (MCA v2.1.0, API v2.0.0, Component v4.1.4)

MCA pml: ucx (MCA v2.1.0, API v2.0.0, Component v4.1.4)

MCA pml: obl (MCA v2.1.0, API v2.0.0, Component v4.1.4)

$ mpirun -np 4 -hostfile ./hostfile --mca rmaps_rank file path rankfile ./mpi_app

$ mpirun --mca pml ucx --mca btl Avader,tcp,openib,uct \
-x UCX_NET DEVICES=mlx5 0:1 ./mpi_app



OpenUCX

Applications
p

UCP — High Level API (Protocols)
Transport selection, multi-rail, fragmentation

Web 2.0 (Spark, Hadoop)

HPC API: /0 API: Connection establishment:
tag matching, active messages Stream, RPC, remote memory access, atomics client/server, external

UCT — Low Level API (Transports)

RDMA GPU / Accelerators Others

UCX

memory

3
Hardware




o I3t

A

9000
8000
7000
6000
5000
4000

Bandwidth (MB/s)

3000
2000
1000

InfiniBand

Open MPI1 4.1.4 + OpenUCX 1.13.1

InfiniBand QDR (Mellanox MT26428 + InfiniScale IV IS5030 QDR)

Inter-node via IB

1 T
UCX UD —+—
FUCX RC —x—

InfiniBand QDR

1

1
1
1
1
210 212

Message size

[lBa y3na, oAaMH Mpouecc Ha y3en

mpiexec -mca pml ucx --mca btl “vader,tcp,openib,uct \
-x UCX_NET_DEVICES=mlx4_0:1 \

-x UCX_TLS=rc ./osu_bw

Intra-node, QPI (shared memory)

OamnH y3en, oanH npouecc Ha npoueccop (socket)
mpiexec -mca pml ucx --mca btl ~vader,tcp,openib,uct \

214

216

218

-x UCX_NET_DEVICES=mlx4_0:1 -x UCX_TLS=sm \
--map-by socket --display-map ./osu_bw

Bandwidth (MB/s)

Bandwidth (MB/s)

9000
8000
7000
6000
5000
4000
3000
2000
1000

9000
8000
7000
6000
5000
4000
3000
2000
1000

Intra-node, one process per socket

T T T T T T T T T
UcCxXub —+—
FUCX RC —— Shared Memory (QPI) 7
UCX SM
L B N SOOI
7 M3 a__&.-—;ié‘ﬁ( ] | | ] I | |
20 2>2 24 26 28 210 212 214 216 218 220 222
Message size
Intra-node, two processes share L3
UCX LIJD T T T T T T T T T
LUCX RC ¢ Shared Memory 4
| UCX SM (L3 Cache) |
20 ) 22 ‘ é4 26 28 210 212 214 216 218 220 222

Message size



Open MPI Collective Framework

= KaXkabli KOMAOHEHT peannsyeT BCe Uian 4aCtb KOJIJTIEKTUBHDbIX onepaumﬁ
= KOMMOHEHTbl MMET MPUOPUTET, 33/[1aBaeMbIn Mob30BaTENEM

openmpi/ompi/mca/coll

adapt

base # Algorithms Llibrary (used by tuned)
basic

cuda

fca # Mellanox FCA

han # Hierarchical collectives (intra-npde + inter-node)

hcoll # Mellanox HCOLL

inter

Libnbc # Nonblocking collectives

monitoring

portals4 # Portals API (Sandia NL)

self

sm # Shared Memory collectives (depricated)

sync

tuned # OCHOBHOM KOMMOHEHT C JIOCMKOW BblIBOpa anropuTmMoB M3 base/
ucc # Open UCX collectives



Open MPI coll/tuned

$ ompi_info --param coll tuned --level 9

MCA coll tuned: parameter "coll_tuned_priority" (current value: "30", data source: default, level: 6 tuner/all, type: int)
Priority of the tuned coll component

MCA coll tuned: parameter "coll_tuned_use_dynamic_rules"
(current value: "false", data source: default, level: 6 tuner/all, type: bool)
Switch used to decide if we use static (compiled/if statements) or dynamic (built at runtime) decision function rules
Valid values: 0: f|false|disabled|no|n, 1: t|truelenabled]|yes|y

MCA coll tuned: parameter "coll_tuned_dynamic_rules_filename"
(current value: "", data source: default, level: 6 tuner/all, type: string)
Filename of configuration file that contains the dynamic (@runtime) decision function rules

MCA coll tuned: parameter "coll_tuned_allreduce_algorithm"
(current value: "ignore", data source: default, level: 5 tuner/detail, type: int)
Which allreduce algorithm is used. Can be locked down to any of: @ ignore, 1 basic linear, 2 nonoverlapping (tuned reduce
+ tuned bcast), 3 recursive doubling, 4 ring, 5 segmented ring. Only relevant if coll_tuned_use_dynamic_rules is true.
Valid values: 0:"ignore", 1l:"basic_linear", 2:'"nonoverlapping", 3:'"recursive_doubling", 4:"ring", 5:"segmented_ring",
6:"rabenseifner"”

MCA coll tuned: parameter "coll_tuned_allreduce_algorithm_segmentsize"
(current value: "@", data source: default, level: 5 tuner/detail, type: int)
Segment size in bytes used by default for allreduce algorithms.
Only has meaning if algorithm is forced and supports segmenting. @ bytes means no segmentation.

MCA coll tuned: parameter "coll_tuned_allreduce_algorithm_tree_fanout"
(current value: "4", data source: default, level: 5 tuner/detail, type: int)
Fanout for n-tree used for allreduce algorithms.
Only has meaning if algorithm is forced and supports n-tree topo based operation.
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$ cat task.job
#SBATCH --node

mpiexec --mca

Open MPI coll/tuned

s=4 --ntasks-per-node=8

coll _tuned priority 100 \

Allreduce (32 processes, 4x8)

T
tuned/basic_linear ——
tuned/rabenseifner —<—

ucc

--mca coll_tuned verbose 0 \
--mca coll_tuned use _dynamic _rules true \
--mca coll_tuned _allreduce _algorithm rabenseifner \
./osu_allreduce
Allreduce (32 processes, 4x8)
110 : , . 30000
tuned/basic_linear —+— i
100 -  tuned/rabenseifner —»<—
ucc 25000
90 1
_ 80 | ] — 20000
S of 1 3
g 60 : g 15000 |
Q Q
g 50Ff | :
45 | i 10000 |-
30 =
, : ﬁ!_{f—% 5000
20, e ¥ - Rabenseifner
10 | ! | | 0

28 210 212

Message size

T

514
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216
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