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MPI Communication Routines

= Type of collective communication operations

o One-to-all: Broadcast, Scatter

o All-to-one: Gather, Reduce, Scan

o All-to-all: Allgather, Alltoall, Allreduce, Reduce_scatter, Reduce_scatter block
o Barrier

= MPI Collective Operations (MPI 4.0)

o Blocking: MPI_Bcast(buf, count, dtype, root)
o Nonblocking: MPI_Ibcast(buf, count, dtype, root, req) + MPI_Wait()
o Persistent: MP| Bcast_init(buf, count, dtype, root, req) + MPI_Start()

o Neighborhood Collective Communication: Gather, Alltoall



MPI Collective Communication Algorithms

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

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

1 All-to-one (Gather, Reduce, Scan)

= Binomial tree, k-nomial tree, binary tree,
= k-chain, pipeline, linear
= Rabesifner’s algorithm .

Topology-aware algorithms

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

Algorithms for Torus/Dragonfly networks

QO All-to-all (Allgather, Alltoall, Allreduce, " Algorithms for Fat-tree topology

= Hijerarchical collectives (SMP-aware):
Reduce_scatter, Reduce_scatter_block) network + shared memo(ry (intra_noée)

= 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)




Per function statistic: total time (%)

MPI Applications

Per function statistic: total time (%)
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MPI Applications

Per function statistic: total time (%) Per function statistic: total time (%)
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MPI_Bcast: broadcasts a message to all processes

int MPI_Bcast(void *buf, int count, MPI Datatype datatype, int root, MPI_Comm comm)

= Linear broadcast (flat tree): kopHeBoM npouecc root nepenaet coobuweHne 0CTanbHbIM

Communication tree

buf: m

root:. (Q
1 2 p-1

tLinear = (p_l) (CK + mlB) = O(P)

= [lntocel: npocToTa
" MuHYyCbI: N10Xaga MacwTtabmpyemocts O(p)

* Heobxoaum 6onee 3¢ppeKTUBHbIA aNnropuTm

Time diagram

root: O -\‘\
1

>

;
N

; \

Cost model:
= p - number of processes

t = (p-1)(a + mp)
t=a+mp
t =2(a+mp)

t = (p-1)(a +mp)

= a - latency (or startup time) per message
= [ - transfer time per byte

" m - message size (bytes)



k-ary Tree Broadcast
(k - node degree)

Binary tree (k=2, p=7) Ternary tree (k=3, p=13) k-ary tree

sl

tBinary =2 llOgZPJ (a T mlB) tTernary =3 l10g3pJ (a T mlB) tKary =kh (CK * mIB) =k llongJ (a * mﬁ)

» KntoueBas naes — napannenbHas nepeaada cooblieHnin B NoanepeBbax
» Kakoe gepeBo ny4yuwe?

» Kak BblbpaTb onTMManbHOE 3HavyeHue k B Mmoagenu latency-bandwidth?



k-ary Tree Broadcast

(k - cTeneHb y3na B Aepese)

= Hailaem onTuManbHOe 3HaYeHHue K (CTerneHb y3na) k-ary tree

tKary(k) = klogip (a +mp) / 2l\
Atgary (K) _Inplnk-Inp _0 /\ /\ /\

ak In>k /j \ t —klogkp(a'+mﬁ) // \i’k

kopt = € ~2.7183

Ternary tree

= TepHapHoe pepeBo (k = 3) aBngeTcs ONTUMa/bHbIM
B Mmopenu latency-bandwidth

* OnTMManbHO B paMkax moaenu latency-bandwidth!
» CTeneHb Kk He 3aBUCUT OT p, latency, bandwidth?

A s GAY



k-ary Tree Broadcast

(k — cTeneHb y351a B gepese)
= MoXHO BbINonHUTL Beast bbicTpee yem TepHapHoe Ternary tree
AepeBo?

* OrpaHun4yeHune TepHAPHOro gepeBa — KOpeHb BbibbiBaeT
13 onepauum nocse nepenaymn k coobuieHmin (const)

= [lenecoobpa3Ho BbINOMHATL Nepeaayvy noka ectb h)/ég )/é};”
NnpocTamMBaoLLMe NOTOMKM — UCMOJIb30BaTb BCE t =3h(a+mp)

OOCTYMHblE KOMMYHMKAWULOHHbIE peCypChl




k-nomial Tree Broadcast

Binomial tree (k=2, p=13) 3-nomial tree (p=13) 4-nomial tree (p=13)

t =5(a+mp) t =6(a+mp)

t=4(a+mp)

tBinomial = [logZ P] (a + mﬁ) t3N0mial = [IOgZP] (a + mIB) tKNomial = (k_l) [logkp] (0( + mIB)
tKNomial = (k_l) [long] (0[ + Mﬁ) = O( lOgP)

= KnwoyeBas nges — crteneHb gepeBa 3aBUCUT OT YMCia MOTOMKOB B Nnoaaepese
= HanpgeMm ontumanbHoe 3HayeHue k B mogenu latency-bandwidth

10



k-nomial Tree Broadcast

0.0009 e
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FNomial = (k=1) [logkp| (a +mp) 0,0006
0,0005

= Hanpem onTuManbHoe 3HaueHue k> 1

0,0004 |-t g

= BpeMsi MOHOTOHHO YBE/IMYMBAETCS C POCTOM k 0,0003
0,0002

kopt =2 0,0001 S S S R
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k-nomial tree Bcast time
u BMHOMMaanbIe ﬂ.EpEBbﬂ I.I.IMpOKO anMEHSII'OTCSI (@ = 40 psec, B = 40 Gbps, m = 1024 byte)

Ha npakTuke: Bcast, Reduce, Gather, Scatter
(Open MPI, MPICH, MVAPICH, Intel MPI)

* MoXHO BbINONHUTbL Bcast 6bicpee yeM GBMHOMMANbHOE AepeBo?



Lower Bound on the Broadcasting Time

HuxHaga rpanuua (lower bound) BpeMenu BbinonHeHwua Beast [1, 2]:
tBeast = min { [log, p|a, mp]

tBinomial = [IOgZP] a + [1082 P] mlB

K-nomial tree acuMnToTMUECKM ONTUMANIBHO A1 COOOLEHNIA He6oNbLLMX paM3epoB
(m=1): O(logp)

Binomial tree B [log, p| pa3 6onblue HUXKHEN rPaHULLbI MO NPOMYCKHOM CMOCOBHOCTH

TpebyeTtca 6onee 3¢pdeKTUBHLIN aNropuT™m BN 60NbLIKMX COOOLLEHUH

. Sanders Peter, Speck Jochen, Traff Jesper Larsson. Two-tree algorithms for full bandwidth broadcast, reduction and scan // Parallel Computing. - 2009. -

Vol. 35 (12). - pp. 581-594.

. Hoefler T., Moor D. Energy, Memory, and Runtime Tradeoffs for Implementing Collective Communication Operations // Journal of Supercomputing Frontiers and
Innovations. - 2014. - Vol 1 (2). - pp. 58-75

. Thakur, R. Rabenseifner, W. Gropp. Optimization of collective communication operations in MPICH // Int. Journal of High Performance Computing Applications. - 2005. -
Vol. 19 (1). - P. 49-66. 12



Linear Pipeline with Message Segmentation
(p small, m large)

= CoobueHne m pa3buBaeTcs Ha CerMeHTbl Mo s BanT: m = (mq, My, ..., Mpyys)
» [lpouecc /i nepenaet oyepeHOM cerMeHT npoueccy /1 + 1

O DD Y\\ .
1 >
m 2 »

tripetine = (p-2+ ) (a-+38) = O) I&\
3 m; m, ms g

p =4, 3 segments, full duplex channels

= Onpeaenum onTMMasbHbIA pa3Mep s cerMeHTa B Mogenu latency-bandwidth?
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Linear Pipeline with Message Segmentation
(p small, m large)

= CoobueHne m pasbuBaeTcs Ha CerMeHTbl Mo s BanT: m = (mq, My, ..., Mpyys)
» [lpouecc /i nepenaet oyepeHOM cerMeHT npoueccy /1 + 1

MNpouecc 1 oAHOBpEMEHHO
NpUHUMAET M, U NnepenaeT m

@ ms @ my @ ms @ P m; m, my 1
1

AN

Epipeline = (p—Z + %) (a +53B) =O(p) 5 A%\ .

3

r

p =4, 3 segments, full duplex channels

= Onpepenum onTUManbHbIA pa3Mep s cerMeHTa B Mogenu latency-bandwidth?

J S
%S) = _sza +(p-2)p =0 opt _@
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Linear Pipeline with Message Segmentation

{. Sec.

0,10 |-*

0,05
0,00

mua

o= [o-8

s, bytes

500 2000 3500 35000 6500 8000 9500

Latency-bandwidth model
(latency a = 5:107° sec, bandwidth B = 4.7-1078 sec)

14 000

13 000

12 000

11 000

10 000

9 000

8 000

f, microsec.

512 2048 3584 5120 6656 8192 9728

Gigabit Ethernet

s, bytes

(Open MPI 4.0.0, Intel MPI Benchmarks)

Linear pipeline algorithm time for various segment size s (128 processes):
1)m=1MiB; 2)m=2MiB; 3)m =3 MiB

15



Binomial tree vs. Pipeline

e oorsn (5

00120 00120 f--to---} =

0,0100 0,0100

0,0080 0,0080

0,0060 0,0060

0,0040 0,0040

0,0020 . |l e e e

0,0000 N—— —i1m, MiB 00000 S SR RS O T U PR OO SO S P V-
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Segment size: s = 4096 bytes, Optimal segment size,
a =40 psec, f =40 Gbps, p = 64 a =40 usec, f =40 Gbps, p =64

= Open MPI, MPICH, MVAPICH Pipeline is a factor of p/log, p slower
3 Binomial tree - small sized messages in latency (related to tpegt)

 Pipeline - large messages and small number of processes

= What can we do for intermediate message sizes? iy



Pipelined Binary Tree

(combine pipeline and tree)

Segmented message: m = (my, m,, mMx)

p=7,root=0
‘ Time step
1 2 3 4 5 6 7
0-1| 0-2 0-1 0-2 0-1 0-2 1-4
Send-Becv 1-3 | 14 | 26 | 14 | 226 | 2-5
operations 2-5 | 1-3 | 2-5 | 1-3

= At step 3 process 1 recvs from O and sends to 4
simultaneously (full duplex model)

m
tPipelinedTree =2 (h + Vl—l) (CK + SIB) — 2( [Ingp] + ;_1) (0( + SIB)
"= WI/S - number of segments

= What is the optimal segment size s in latency-bandwidth
model?



Pipelined Binary Tree

(combine pipeline and tree)

Segmented message: m = (my, m,, mMx)

p=7,root=0
‘ Time step
1 2 3 4 5 6 7
0-1| 0-2 0-1 0-2 0-1 0-2 1-4
Send-Becv 1-3 | 14 | 26 | 14 | 226 | 2-5
operations 2-5 | 1-3 | 2-5 | 1-3

= At step 3 process 1 recvs from O and sends to 4
simultaneously (full duplex model)

m
tPipelinedTree =2 (h + Vl—l) (CK + SIB) — 2( [Ingp] + ;_1) (0( + SIB)
"= WI/S - number of segments

= What is the optimal segment size s in latency-bandwidth
?
model? as) | om ot = j ma

T —S—Za +2(logop-1)p =0 (logop-1)p



Pipelined Binary Tree
(combine pipeline and tree)

tBeast = Min { [log,p|a,mp)

m
tPipelinedTree = 2([logap] + ;_1) (a +sp)

= Small messages (m=1,s=1), large p: O(logp)
= Large messages, p, , 3 - constants: O(mf)

= For large p and m bandwidth is off by a factor of 2

19



MPI_Bcast

b e o:16p ESEC )
H : i o ) :
0,010 |----d=mmmmmdeemnebeabede g ' 3 LU I S T S S
i : k- | H T A St o o T o T Rl SRR S s e e e
DS [ EeTa i s bl prisiies -l a1 L. binary o ¥ o
: | ! E ' Pipelined ! 0,100
0,006 *F:r* binary L e 7 e e~ ey 1
Binomial L :
T s W L f tree | 0 0,060 3
b 1 0,040 f-----spf-mmamo i -
0,002 pemesans 0020 |- Hed L. L. I‘Jmcﬁar o
pipeline
0,000 m, bytes 0,000 F— - R R S E
512 2560 4608 6656 8704 10240 163840 317440 471040

Execution time of MPI_Bcast (model) :
(o = 0.00005 s,  =0.000000047 s, p = 128, root = 0):
1 - pipelined binary tree (opt. segment); 2 - binomial tree; 3 - linear pipeline (opt. segment)



Bandwidth-Optimal Broadcast

[*] Sanders Peter, Speck Jochen, Traff Jesper Larsson. Two-tree algorithms for full bandwidth
broadcast, reduction and scan // Parallel Computing. - 2009. - Vol. 35 (12). - pp. 581-59%4.

= Key ideas:
[ In binomial tree, all leaves only receive data and never send

 Send along two simultaneous binary trees where the leaves of one tree are inner nodes
of the other

21



Allreduce

Anroput™

Bpems BbinonHeHus

OrpaHnueHus

Recursive doubling

2loga(p)a + 2logy(p)mp + loga(p)my

ReduceScatter + Allgather (Rabenseifner)

alog,(p) + mp + my

KOMMYTaTUBHbIE
onepaumu

Ring

(p = D2a+ 2mp + my)

KOMMYTaTUBHbIE
onepaumu

ReduceScatter ring + Allgather ring

(p = 1)(4a + 4m/pp + my)

KOMMYTaTUBHbIE
onepaumu

22



Allreduce: ReduceScatter + Allgather

= AnroputMm P. PabeHceidHepa
* OrpaHuyeHus:

o count 2 21092l
O p — CTeneHb yncna 2
O TOJIbKO KOMMYTaTMBHblE OnepaLunm

dtan 1. Mepexop K YnMcny NpoLEeccos, PaBHOMY CTEMNEHWU ABOMKM — aKTUBHbIMK ocTatoTcs 2!1092()!
NpoLEeccoB

Jtan 2. ReduceScatter — Ha kaxgoMm u3 log,(p’) waros pasMep nepegaBaemMoro coobuieHus
yMeHbLIaeTcs B ABa pasa (vector halving), a pacctosHme mexay B3auMo4enCcTBYOLWMMIM NPpoLLeCccaMu
yBenmMumMBaeTcs B ABa pa3a (distance doubling)

Jtan 3. Allgather. Pe3ynbTaTbl YaCTUYHOM peayKuMKU nepenatoTca BCeM npoueccaM onepaumnen Allgather
(recursive doubling)

Jtan 4. [lepegaya pe3ynbTata HEAKTUBHbLIM MpoLeccam

23
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Shared Memory Bcast

I) CemeiictBo CICO-anroputmoB (Copy-In/Copy-Out): Open MPI, MVAPICH, Intel MPI

1. lpn dopMUpOBaAHMM KOMMYHMKATOPA CO343ETCA CErMEHT pasgensaeMon NaMaTn U CUCTEMA oYepesen B HEM
2. Tlpu Bbi30oBe MPI_Bcast KOpHEBOW NPOLECC BbINOJHAET KOHBENMEPHYIO Nepenady coobleHuns yepes oyepeb

MPI Bcast(buf, count, datatype, root, comm)

Root Process (0) Shared Memory Segment (IPC) Non-Root Process (1)

buf. count * sizeof(datatype) buf: count * sizeof(datatype)

Queue (FIFO)

AL

Copy-In Copy-Out

= f— pa3mep bydepa (6anT)

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
1 1
1 1
1 1
1 1
1 1
1 u —_ 1
, S — KONn4ecTBo bydepos B ovepean |
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
1 1
1 1
1 1
1 1

while received < m do while received < m do

Copy fragment to queue Wait for notification
Notify processes 'EEEELQ Copy fragment to buf
if isQueueFull then if isQueueFull then
Wait for notification Notify root process
end while Flags 1 end while

Il) CemeirctBo ZeroCopy-anroputmoB (oaHO KonuposaHue): KNEM (Linux), XPMEM (Cray, Linux), CMA (Linux) 25



MVAPICH

Luknuueckas ouepeab us w (128) cnoros Shared Memory Region

1 KQXA0ro npouecca
AN XA, poL 0 1 ... | window size - 1

O bydep anuubl f 6anT (8192) psn: uint32
O Homep psn onepaumn, Ha KOTOPOW CNOT 0 tail.psn: uint32
3anosIHeH buf[8192]: uint8

HEKOpHEBbIe npoueccbl XAYT MNOKa KOPEeHb

He YCTAHOBMT NONe psn B 3Ha4YeHue read

Ecnu BCe cNOTbl 3aN0JIHEHDI, ocylwecrBnaeTcA

6apbepHas CMHXpOHM3aLMA Per process: queue[p][wsize]

t3il=0 write=1
Pasmep cermeHnTa: O(pwf) read=1

XpaHeHue ykasaTenen Ha cnoTbl: O(pw) 0 1 window _size - 1
0 ptr to shm

YBegomneHnue npoueccos: flat tree O(p) 1

Tononorna NUMA-cuctembl npu pasmeLLeHunu
oyepenen B NaMsTH He YUUTbIBAETCS p-1

http://mvapich.cse.ohio-state.edu/ (OFA-IB-CH3)



http://mvapich.cse.ohio-state.edu/

0630p pabot: Open MPI coll/sm

= [lna Kaxxaoro npouecca:

O Ouepepb n3 w (8) bydepos no f 6ant (8KB)
O w 6nokoBs ¢ ynpasnswouwen nHbopmaumnen

» bapbepHas CMHXPOHM3ALUMS peanmM3oBaHa Ha
rnobanbHbIX CYETYMKA M aTOMAapHOW onepaumu
» Quepepnpb pazbuta Ha aBa MHoxecTBa (banks)

* YBeOoMneHue npoueccoB U KONMpPOBAHMKE
(OparMeHTOB:
k-apHoe poepeBo (complete k-ary tree)

= PasmMep cermeHTa: O(pwf + pc)
» XpaHeHue yKasaTtenen Ha bydepbl 1 aepeso:
O(w + pk).

Queues (buffers, controls)

Set 1 Set 2
Proc T
= nprocs_using: uint32 | = nprocs_using: uint32
" op: uint32 " op: uint32
Q: | FO | F1 F2
0 C
Q:
1 ¢ | so | s1 S2
Q:
2 ¢ | so | s1 S2
Q:
P-1c T | s1 | =

o [SMO08] Graham R.L., Shipman G. MPI Support for Multi-core Architectures: Optimized Shared Memory Collectives // Proc. of the 15th European

PVM/MPI Users’ Group Meeting, 2008

o [INTEL18] Jain S., Kaleem R., Balmana M., Langer A., Durnov D., Sannikov A. and Garzaran M. Framework for Scalable Intra-Node Collective Operations

using Shared Memory // Proc. of the International Conference for High Performance Computing, Networking, Storage, and Analysis (SC-2018)
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Pexxumbl paboTtbl ouepenm us s 6ycdepos

m<f f<m<fs m > fs

shm_buffers[s]
* [lpn m < f KOHBelepusauua nepenayn COobLLLEHNS HE UCMONb3YeTCa (HU3Kasa 3PHEKTUBHOCTD)
t(m,s) =two +ta+tyw+2mt

= [lpu f <m < b BKNOYAETCA KOHBENEPU3aLMA Nepeaayun pparMeHToB cooblieHuns, s bycdepos
oyepean BMeELLAT BCE coobueHme (MoTepU Ha OXUAAHMS MUHUMANbHbI, BbICOKAs 3G PEKTUBHOCTL)

t(m,s) :two+tA+ft+[m/f] tw + mt

= [lpu m > b 6ydepbl ovepeamn UCMONb3YHTCS MHOFOKPATHO, CYMMApHOE BPEMS OXXKMAAHUS BO3pPACTAET C
yBENIMYEHNEM M 1 YObIBAET C pOCTOM b

t(m, S) = [m/b] (tWO + tA + ft) + [m/f] tW + mt
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OnTuManbHble napaMeTpbl ouepeau

= Haipaem ontuManbHble pa3mepsbl f bBydpepos 1 ANnHbI S ovepeaun, KoTopas nomewaercs B b 6aunt
namsatn u obecneynmBaet MUHUMYM BPEMEHM BbIMONHEHNS anropmTmMa

= Hanpumep, onpenenvtb ONTUManbHY KOHPUIypaumo ovepeau, kotopas nomMeuwaetcs B 1% ot
pa3Mepa NamsT1, NPUXoAsLMIACS Ha OAHO NPOLECCOPHOE 94p0

t(m,s) =[m /b] (two + ta) + [m /b] ft +m [f -ty +mt,

t(m,s), mxe t, MKC
17 300 = 500
17200 | .
17100 + | o B
’ : 1 300
17 000 | [m/blft
16900 f\™s! {200
16 800 | X, Im/ fltw] 100
16700 & T 00v0 00000000 0
O 0O NSO OAN T OO
DXV Tt ool — OO
SANFTOVOOATFTORXOATFT N
T NS 0OV N =M~ O SO
— A ANAT N0 OS0RNO —

m=16MB,b=4MB,s=b/f,q=1,t=107 c, tyo = 100t,

Pasmep f 6ychepa, 6a

o

i §

ty = 10¢, tyy = 50t

d
&—;:—mtw/f2+[m /bt =0,

fr=m/[m [b]-ty/t = [b-ty/t
" =bf* =BT

= CyMmMmapHoe BpeMs [m/b] ft oXnaaHus — NIMHENHO
BO3paCTaeT C pOCTOM f

= CyMMapHoOe BpeM$ OXnaaHus yeenomMneHnn
|m/f] tw — ybbiBaeT 06paTHO NPONOPLMOHANLHO f
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bapbepHaa cMHXpOHMU3aLMUS

= bapbep - onepaums CUHXPOHM3aLMM NOTOKOB/NPOLLECCOB, ONOKMPYIOLLAS UX BbINOMHEHME
[0 Tex nop, noka BCce NOTOKU/NPOLLECCbl He AOCTUTHYT bapbepa

= [Mpumepbl: MPI MPI_Barrier(), OpenMP #pragma omp barrier,
POSIX pthread_barrier_wait(), C++20 std::barrier<>

* [lpuMeHeHme: oXXngaHme roTOBHOCTU AAHHbIX HA pa3aenaeMoM pecypce (B NamMsTn, Ha
BHELLHEM HoCuTene)

Bce npoueccol gocturnm

bapbepa

Y
PO — MPI_Barrier() : >

MPI !
npouecchl P1 MPI_Barrier() | >

(KOMMYHMKATOP) i
P2 MPI_Barrier() - >

I
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Anroputmbl 6apbepHoi cuHXpoHusauun Open MPI

Anroputmbl Ha ocHoBe onepaumii Send/Recv
Open MPI coll/tuned (base)

Anroputmbl Ha 6ase cerMeHTa
paspensemMon namaTu [*]

Anroput™m

CNnoXXHOCTb

1. Central Counter (CC)

O(p) atomic ops

2. Flat tree (FT)

O(p) memory ops

3. Flat tree Gather/Release (GR)

O(p) memory ops

Anroput™m CNnoXHOCTb
1. Linear O(p)
2. Double ring O(p)
3. Bruck O(log(p))
4. Recursive doubling O(log(p))
5. Tree (top/down recursive O(log(p))

doubling)

4. Combining Tree (CT)

O(klogy(p)) memory ops

5. MCS Barrier

O(klog(p) + glog,(p))

6. Tournament (TR)

O(log(p))

/. Dissemination (DS)

O(log(p))

[*] Kurnosov M., Tokmasheva E. Optimizing Barrier Algorithms on Asymmetric Subsystems

of NUMA Machines // Proc. of the IEEE Ural Symposium on Biomedical Engineering,
Radioelectronics and Information Technology (USBEREIT-2021), 2021
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ANroputM C LeHTpanbHbIM cueT4nKoM (linear, central counter)

Aaroputm 3.1. BARRIERCENTRALCOUNTER

1 if rank = 0 then
2 fori=1top—1do > Gather: npyem yBeqOMJIEHUH OT BCEX MPOLIECCOB
3 REcv(3)
4 end for
5 fori=1top—1do > Bcast: nepenaua paspemieHust Ha BbIXOA U3 Gapbepa
6 SEND(7)
7 end for
8 else
9 SEND(0) > [lepenaya «mycroro» coobuienus mpoueccy 0
10 REcv(0)
11  end if
0
* BpeMq BbINOMHEHUS aNrOpUTMA 1
T'=2a(p-1)=0(p) 2
3

a 2o 3o 4o Ddao

https://github.com/open-mpi/ompi/blob/01d5a86c6021a9610b512e06679c11ba8974a833/ompi/mca/coll/base/coll base barrier.c#lL346
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https://github.com/open-mpi/ompi/blob/01d5a86c6021a9610b512e06679c11ba8974a833/ompi/mca/coll/base/coll_base_barrier.c#L346

Anroput™m pekypcuBHoro yasausaHusa (recursive doubling)

11 dist=1

12 while dist < p’ do > O6MeHbl peKyPCUBHBIM Y BaUBaHHEM

13 peer = rank Xor dist

14 if peer < p' then

15 SENDRECV (peer, peer)

16 end if Recursive doubling
17 dist = 2 - dist

18 end while

= BpeMs BbINONHEHMS aNrOpUTMa
T'=2a+ 2a|log;p| = O(log(p))




Anroputmbl Ha 6a3e paspenseMom NamMaATu

LleHTpann3oBaHHble CNOXHOCTb [eueHTpannM3oBaHHbIE CNOXHOCTb
a/ITOPUTMBI ANrOPUTMblI
1. Central Counter (CQ) O(p) atomic ops Dissemination (DS) O(log(p))

2. Flat tree (FT)

O(p) memory ops

3. Flat tree Gather/Release (GR)

O(p) memory ops

4. Combining Tree (CT)

O(klogk(p)) memory ops

5. MCS Barrier

O(klogk(p) + glog,(p))

6. Tournament (TR)

O(log(p))

Arrival/Gather phase

PO —— MPI_Barrier()

MPI

npouecchl P1
(KOMMYHUKaTOP)
P2

MPI_Barrier()

MPI_Barrier()

Departure/Release phase

v

v

n N N N N B B B N N _§ |
v
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Central Counter Barrier (CC)

algorithm BarrierCentralCounter()

if b < 2 then Central Counter Barrier (CC)

end ’i“:t“r“; = Arrival: Kaxxablii npouecc aToMapHO YMEHbLLAET
/% CYETYMK counter

* Initial state: = Departure: nocnegHuii NpoLLecc BbiICTaBNSET

* shm_counter = p

¥  sense = 1 sense = sense_local[rank]

* sense_local = 1 (per process)

*/ Bpems: O(p) aToMapHbIX onepauuni
sense_Llocal = sense_local A 1

if atomic_fetch_dec(shm_counter) = 1 then
// Last process releases all
shm_counter = p

shm sense = sense_local Arrival phase
else NUMA Node 0 NUMA Node 1
while shm sense != sense_local do
// Wait all (:)I£;2J<:) <:) (:> (:> (:> (:>
end zzd while _Itounter Hﬂtﬂ%ﬁ

end algorithm Local access

Remote access



AnroputMbl Ha 6ase paspensseMon namMaTu

Arrival phase

Central Counter Barrier (CC) NUMA Node 0 NUMA Node 1
= Arrival: KaXabii NPoLEeCcC aTOMapHO YMeHbLUAeT CYeTumK counter @013 |@|®)]|@|™
= Departure: nocnegHun npouecc BbiCTaBngeT sense = sense_local[rank] [counter emory

Bpems: O(p) aToMapHbIX onepauum

Local access

Remote access

Flat Tree Barrier (FT)

Arrival phase

= Arrival: KopeHb oXXngaeT govyepHue npoueccol child=0,1, ..., p - 1: NUMA Node 0 NUMA Node 1
state[child] = state[root] e,
= Departure: KopeHb BbICTaBngeT sense = sense_local[root] [state[1]] [sense]|| ||[statel2]][state[3]]

Bpemsa: O(p) onepaunn 4yteHns/3anmco

Flat Tree Gather/Release (GR)

= Arrival: kopeHb oxxunpgaet poyepHue: gather state[child] = gather state[root]

= Departure: KopeHb yBepomnseT gouepHue: release state[child] = release_state local[root]
Bpema: O(p) onepauni 4TeHuns/3anmco

Q R. Graham, G. Shipman. MPI Support for Multi-core Architectures: Optimized Shared Memory Collectives // 2008, DOI: 10.1007/978-3-540-87475-1 21
Q S.Jain et al. Framework for Scalable Intra-Node Collective Operations using Shared Memory” // 2018, DOI: 10.1109/5C.2018.00032 26



AnroputMbl Ha 6ase paspensseMon namMaTu

Anroputm obbveauHsiowero aepesa (Combining Tree Barrier, CT) - STDJ
MpoLecChbl OpraHM30BaHbI B 3aBEpPLIEHHOE k-apHOe AepeBo Sm[ql/ \ME[E]

= Arrival: BHyTpeHHMe y3/bl OXXMOAT JodepHue: state[rank] = state[child] s @.\ _{221

= Departure: kopeHb ycTaHaBnuBaert sense = sense_local[root] statel3] statel4] storels 5}:-;;{[61

® ® ® @

Bpems: O(klog(p)) onepaunn yteHma/3anmnco L
state{7

@
MCS-6apbep - Kaxkabi Npouecc BXoamT B ABa AepeBa: il e (422) Wakeup tree (g=4)
3aBepLlueHHoe k-apHoe depeso npubsimus (arrival tree), ooz o
3aBepleHHoe g-apHoe depeso «npobyxdeHus» (wakeup tree) " sensda] sensel)
= Arrival: BHyTpeHHMe nNpouecchl XOyT A0YEepHHUE: aiRatEaniAl] - et /;'3,'\{2“2] e ;[6]}‘f ;ﬂ
childnotready[rank][child] = 1 o 13”2\]“'- & ® ® O
= Departure: npouecc et ysefoMIeHNS OT poaUTENS: ;

sense[parent][rank] = sense_local[rank]
Bpems: O((k + g)log(p)) onepauum yteHmns/3anucm operations

Q P.-C. Yew, N.-F. Tzeng and Lawri. Distributing Hot-Spot Addressing in Large-Scale Multiprocessors // 1987, DOI: 10.1109/TC.1987.1676921
Q J. Mellor-Crummey, M. Scott. Algorithms for Scalable Synchronization on Shared-memory Multiprocessors // 1991, DOI: 10.1145/103727.103729
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AnroputMbl Ha 6a3e pasaenseMon NaMAaTU

TypHupHbIN anroput™m (Tournament Tree Barrier, TR) - ~

MPOLLECChl OPraHM30BaHbl B BUHOMMANIbHOE AepeBo ”"fﬁﬁ”’

= Arrival: Haware k=0, 1, ..., [log,p] - 1 npouecc B3auMoaeNCTBYET C NPOLLECCOM sense@ﬂag[?zual ﬁaa[?msl
peer = rank XOR 2%, npourpaswuti (rank > peer) yctanasnusaert flag[peer][k] ® @ﬁm&m

= Departure: KopeHb 0 ycTaHaBAMBaET sense = sense_local[root] é)

Bpems: O(log(p))

Pacceusatowmin anroputm (Dissemination Barrier, DS) -
AeueHTpaan3oBaHHbIN a/ITOPUTM

= Ha ware k npouecc oXXuaaeT onnoHeHTa peer: state[peer] = state[rank],
peer = (rank + 2) % p
= Bpems: O(log(p))

O D. Hengsen, R. Finkel and U. Manber. Two Algorithms for Barrier Synchronization // 1988, DOI: 10.1007/BF01379320
O E. Brooks. The Butterfly Barrier // 1986, DOI: 10.1007/BF01407877 38



Nepapxuueckue anroputmMbl 6apbepHOii CUHXPOHMU3ALUMU

algorithm MPI_Barrier()
sense_local[rank] = sense_local[rank] xor 1
BarrierGroupLevel (0)

end algorithm

algorithm BarrierGroupLevel(level)
grank = group[level].group_rank // WHaekc npouyecca B rpynne
gleader = group[level].group_rank_leader // UWHaekc nupgepa B rpynne
group[ level].state[grank]++ // YBegomnenne nupepa o Bxoae

if grank = gleader then

while true do // Jlungep owxuvpgaer yBEAOMIEHMSA OT MPOLECCOB LPYIrbl
narrived = 0
for child = 0@ to group[level].size - 1 do

if group[level].state[child] >= group[level].state[gleader] then
narrived++

end for
if narrived = group[level].size then break

end while

if level + 1 < ngroups then
BarrierGroupLevel(level + 1)
else if rank = 0 then
sense = sense_Llocal[rank]
end if
else

// Jlnaep nepexoguT Ha CAeayounii YpOBEHb

// Jlugep ysBeaomnseT o Bbixoge u3 bapbepa

while sense != sense_local[rank] do // OxugaHue yBenomsieHuss oT augepa o

end if
end algorithm

L4 (PACKAGE) Package 0O Package 1
L3 (NUMA-ysen) NUMA 0 NUMA 1 NUMA 2 NUMA 3

L2 (kew L3) L L3 ] L3 | L3 { L3 ]
L1(kewt2) ||| CRIC2ITR2 TR | | CE2IC2 T2 112 ] CROCRTCTRT1CT2T] | | CROCE2 T T2

O | v o o O 5 | | B W
Core0 || Corel x Fore:?ll lCore32 Fore33] [C(yreéal Coreb4, CureéSJ Corc?.‘.{ B
Gi(NuMmA) {77701, 31 T T 132,33, 63 T (6465, 95 T (T TT06,97, w127 ]
SRR Rt o e e et R e
(Y0 7 D D S S R PP Oiaar e e e o e Y

KypHocoB M.I. Uepapxuyeckuii anzopumm 6apeepHoli CUHXpOHU3auUU 015 MHO20NPOUECCOPHbIX cucmem ¢ obuieli namameto // BectHuk CnbI TYW. — N22. - 2022.



Uepapxuueckui anroput™ Allreduce

function Allreduce(sbuf, rbuf, count, dtype, op, comm)

Allreduce (two level)
if MPI_COMM_NULL != node_comm then

// Intra-node reduce to local leader 1. Intra-node Reduce to local leader
if MPI_IN PLACE == sbuf && rank(node_comm) != @) then
Reduce(rbuf, NULL, count, dtype, op, @, node_comm) 2. Allreduce on the partial results among all leaders
else
Reduce(sbuf, rbuf, count, dtype, op, @, node_comm) 3. Broadcast the final result within the local node
end if
else

// One process on a node
if MPI_IN_PLACE != sbuf then
// Copy sbuf to rbuf
Copy(dtype, count, rbuf, sbuf)
end if
end if
// Inter-node Allreduce
if MPI_COMM_NULL != masters_comm then
Allreduce(MPI_IN PLACE, rbuf, count, dtype, op, masters_comm)
end if
// Intra-node broadcast among local processes
if MPI _COMM_NULL != node_comm then
Bcast(rbuf, count, dtype, @, node_comm)

end 1f L4 (PACKAGE) Package 0 Package 1 Package 0 Package 1
1 L3 (NUMA node) NUMA 0 NUMA 1 NUMA 2 NUMA 3 NUMA 0 NUMA1 NUMA 2 NUMA 3
end fU.nCtlon L2 (cache L3) | L3 13 ] 3 [ L3 ] 13

L1 (cache L2} u u L2 D[ ]|[Z][] ||| TT e 2 - S 2 =] Mzilel[z] | |l | (O rejre]

L0 (cache L1) [1_1 TP HiE L’[| Alualme ) T )[CL ][I e I L [ 5 gl e u 1_1 H_‘l [T L] O] (O] [T (0] | | () (e

- cu 31 re33| |:|- E Emss tmeqs cae&éE E@7|:|Ere17 HEE 1 E nh:/a 33'D\:aeﬁ; EIMEWG% v | COres| EmeescmewDEmv

orwowa) [T (TENIETY RSN CSELIHT CEELEET [URETRET [THe A (e e

G2 (PACKAGE) | | ET R L R T L AR | R R Y M e T
L SRR T SRR VBRSO RO | - SASES OO
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Uepapxuueckui anroput™m Allreduce

// Co3gaHne KOMMYHMKATOpOB intra-node u inter-node

MPI Comm node comm = MPI_ COMM_NULL;
MPI Comm leaders comm = MPI COMM_NULL;

MPL Comm split type(MPI_COMM_WORLD, MPI COMM_TYPE SHARED, ©, MPI INFO_NULL, &node_comm);
MPL Comm_ rank(node_comm, &node_comm_rank);

int is node leader = (node_comm rank == 0) ? 1 : 0;

MPL Comm split(MPI_COMM_WORLD, is node_ leader, 0, &leaders comm);

L4 (PACKAGE) Package O Package 1 Package O Package 1

L3 (NUMA node) NUMA 0 NUMA 1 NUMA 2 NUMA 3 NUMA O NUMA 1 NUMA 2 NUMA 3

L2 (cache L3) [ 3 | [E} ] [ L3 1 L3 ] [ &5 111 L3 | [ L3 ]| i} L3 |

L1 (cache 12} || | (]2 ][0 (2] [E ]3] (222 ]z ]| (212 2 ][ 12 . I | {0 O | O | 2 | (][22 ](12] | |[Z ]2 2 ][ LI7 ]

LO (cache 11} || | CEJCEJCECCET] | |CEJCEICEE O] | | || CCOCEEICETCE ] | CEJCET JCET]ET ] | O FU_I_H“TI_\'—U—I 5 e | O 5 O 6 0 | B

oo Jpr] oo~ e oo Joo] o] Jour] o] - Jor] e Jre] o] - e o] - [

c1voma) [TETET (TEELE T (WSS CRYLE  CSELEET [TRSIEET [T [T
) R R | W e | s O e M R
Sl SRR AP T TR RN | RN T TR R e
I 0,128, 256,384,512 TTTTTTTTmmmmmmmmmmmmmTTT
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Nepapxuueckui anroput™ Allreduce

int MPI Allreduce hier(const void *sbuf, void *rbuf, int count, MPI Datatype dtype, MPI Op op,
MPI_Comm comm, MPI _Comm node_comm, MPI Comm leaders_comm)
{

int err = MPI_SUCCESS;

int node_comm_size, node_comm_rank;

MPI Comm_rank(node_comm, &node_comm_rank);
MPI Comm_size(node_comm, &node_comm_size);

/* Intra-node reduce to a local leader */
if ((MPI_IN_PLACE == sbuf) && (0 != node_comm_rank)) {

err MPI Reduce(rbuf, NULL, count, dtype, op, @, node_comm);
} else {

err = MPI Reduce(sbuf, rbuf, count, dtype, op, 0@, node_comm);

3
if (MPI_SUCCESS != err) { goto cleanup_and_return; }

/* Inter-node allreduce */

if (MPI_COMM_NULL != leaders_comm) {
err = MPI Allreduce(MPI_IN PLACE, rbuf, count, dtype, op, leaders_comm);
if (MPI_SUCCESS != err) { goto cleanup_and_return; }

3

/* Intra-node broadcast among local processes */

if (node_comm_size > 1) {
err = MPI Bcast(rbuf, count, dtype, @, node_comm);

3

cleanup_and_return:
return err,

by



