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CopepxaHue

MPI + OpenMP
MPI + MPI 3.0 RMA Shared Memory
MPI 3.0 RMA Put/Get

MPI Neighborhood Collective



Nepapxunyeckan opraHMsaums BbIMMCAUTE/NIbHbIX CUCTEM
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» BbluncnutenoHsble y3nbl ¢ NUMA-apxutekTypou

= MHoroypoBHeBass KOMMYHUKaAUMOHHasA ceTb (fat tree, spine leaf)



'MbpuaHbie nporpammbl MPI

= MP| onga obmMeHoOB Mexay y3namu yepes KOMMYHUMKauUMoHHY ceTb (InfiniBand, 10X Gigabit Ethernet)

= Paspgendgemas namatb (shared memory) onsg BzanMonemncTenm B npegenax ysna (intra-node)
o OpenMP, TBB, C11/C++11 Threads
o MPI 3.0 Shared Memory API

Interconnect (InfiniBand, 10X Gigabit Ethernet)
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'M6bpuaHbie nporpammbl MPI + OpenMP

MPI-npouecc Ha kaxxaom aape (Pure MPI)

'MépuaHaa nporpamma MPI + OpenMP

o OguH MPI-npouecc Ha y3en + OpenMP-noToK Ha Kaxgoe a4po

o OpanH MPI-npouecc Ha npoueccop + OpenMP-noToK Ha Kaxkaoe 94po npoueccopa

o OaunH MPI-npouecc Ha NUMA-y3en + OpenMP-noTok Ha kaxpgoe aapo NUMA-y3na

'm6puaHaa nporpamma MPI + MPI 3.0 RMA pna o6mMeHOB B npepenax ysna

AnbtepHatuBbl: UPC, Coarray Fortran, Global Arrays

Interconnect (InfiniBand, 10X Gigabit Ethernet)
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TpaauumnoHHbie MPIl-nporpammsl (pure MPI)

= [lpuemyliecTea Ucnonb3oBaHus Toabko MPI (pure MPI)

o YcToaBlIMecs NoAxXoabl K apXUTEKType NPUIOXKEHMUIW, OOUH CTaHAAPT

o bubnunoteke MPI He TpebyeTcs obecneunBatb NOAOEPXKKY MHOFONTOYHOCTM (MOTOKO6E30NaCHOCTH)
* OTKpbITble BONPOCHI

" JPpPeKkTMBHOCTb peanm3aumm MPl-06MeHOB Yepes pa3aensieMyto NamMaTb: NPOTOKO/bI
ABYCTPOHHMX OOMEHOB U KONNEKTUBHbLIX Onepaumm
(Copyln-CopyOQOut, Linux Cross Memory Attach, KNEM, XPMEM), NUMA-apxutekyTpa

Interconnect (InfiniBand, 10X Gigabit Ethernet)
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'mepuaHbie MPI + OpenMP nporpammbi

* [Mpuemywecrsa MPI + OpenMP
o OTcyTcBYOT 0OMeEHbI B Npeaenax ysna
o [lpoueccy goctyna BCS NaMsATb BbIYMCIUTENBHOMO Yy31a
o CoBeMelleHMe 0OMEHOB U BbIYNMCNEHNI

* OTKpbITbIE BONPOCHI

» [logaepxka MHoronotodHocTn MPI-6ubnnoTtekomn (cneumanbHble CTPYKTYPbl AHHbIX, 61OKMPOBKM)

Interconnect (InfiniBand, 10X Gigabit Ethernet)

Node Node
Package (socket) 1 Package (socket) 2 Package (socket) 1 Package (socket) 2
NUMA Node0 NUMA Node1 NUMA Node2 NUMA Node3 NUMA Node0 NUMA Node1 NUMA Node2 NUMA Node3
[ L3 [l L3 ] [ L3 [l L3 | [ L3 ]| | L3 ] [ L3 Il L3 ]
[ | | 2 e e | i) | s | e | (2 | e | e | e O ) | )| I ) | 2 L2 e w2 e ||| ] 2 J] 13 ] [EE2i]{ 2 o] 2] (o] | [ [S1E2e) (Sl ] (1] (1)
100 | e | o s | s | R | o | v | v { s o | o | T ] | | e e N | o | o { o | O
|Core1 Cure2| ||Core32| |Cure33||Ccre34|| ||Ccre64| |Ccre65||Core66|| ||Core~76| Core97 ||Core98 I:orelzal |Core1 corezl ||Core32| Core33||Core34|| ||Core64| |Core65||Core66|| ||c0re?6| Core%7 ||Core%8 I:orelzﬂl




Mopnepxka MHoronotouHoctu B MPI

int MPI_Init_thread(int *argc, char ** argv[], int required, int *provided);

int MPI_Query_thread(int *provided);
// provided — Tekywumn ypoBeHb nopnepkku MHoronorodHocTtm (MPI_THREAD FUNNELED, ...)

int MPI_Is main_thread(int *flag);
// flag = 1 ecnn noTok sABNAeTCH TC/1ABHbIM
// rnaBHbiM cuyuTaeTcs noTrok, BbisBaBwmi MPI INIT wmnm MPI _INIT THREAD

= MPI_THREAD_ SINGLE
Only one thread will execute

= MPI_THREAD_FUNNELED
The process may be multithreaded, but the application must ensure that only the main thread makes MPI
calls

= MPI_THREAD_SERIALIZED
The process may be multithreaded, and multiple threads may make MPI calls, but only one at a time: MPI
calls are not made concurrently from two distinct threads (all MPI calls are “serialized”)

= MPI_THREAD _MULTIPLE
Multiple threads may call MPI, with no restrictions



MPI_THREAD_FUNNELED (master-only)

TONbKO rNaBHbIM NOTOK MOXET Bbi3blBaTb QYHKLMM MP]

MPL Init thread(argc, argv, MPI THREAD FUNNELED, &provided);
if (provided < MPI_THREAD_FUNNELED) {
MPI Abort(comm, EXIT FAILURE);

b

#pragma omp parallel

{
by

// BbldamcneHus

// OBMeHbl B rjiaBHOM MOTOKE = [lonb3oBaTenb obecneymBaeT BbI30OB

MPI_Send(sbuf, ...) dyHKUMIA MP| TONbKO M3 rnaBHOro NOTOKa
MPL Recv(rbuf, ...)

#pragma omp parallel

{
by

MPI_Finalize();

// BbldmcneHus



MPI_THREAD_FUNNELED (master-only)

TONbKO rNaBHbIM NOTOK MOXET Bbi3blBaTb QYHKLMM MP]

MPL Init thread(argc, argv, MPI THREAD FUNNELED, &provided);
if (provided < MPI_THREAD_FUNNELED) {
MPI Abort(comm, EXIT FAILURE);

b

for (iterations) {
#pragma omp parallel

{
by

// BbldaucnenHuna: yrenHme m 3anucb rbuf, sbuf

// QbmeHbl B CnaBHOM noToke = [lonb3oBaTenb obecrneynBaeT BbI3OB
if (is_master_thread) {

MPI Send(sbuf, ...) byHKUMK MPI TONbKO U3 rNaBHOro
MPL Recv(rbuf, ...) MOTOKaA

b

MPI_Finalize();



MPI_THREAD_ FUNNELED (master-only)

MPLI Init thread(argc, argv, MPI_THREAD FUNNELED, &provided);
if (provided < MPI_THREAD_FUNNELED) {
MPT Abort(comm, EXIT FAILURE);

by

for (iterations) {
#pragma omp parallel

{
// BbluucneHums (nyn noTokoB): 4yTeHWe un 3anucb rbuf, sbuf
// ObMeHbl B r/1aBHOM MOTOKE - B
#pragma omp barrier apbepHaa CMHXPOHU3aLMUSA
#pragma omp master yTeHue u 3anmcb sbuf, rbuf 3aKoHYEHbI,
{ MOXHO nepenasaTb, NPUHMMATb B HUX
MPI Send(sbuf) AHHbIE
MPT_Recv(rbuf) A
3
#pragma omp barrier = bapbepHas CMHXpOHMU3ALMSA
¥ 0OMeHbl 3aKOHYEHbI, MOXHO

} ncnonb3osaTtb sbuf, rbuf
MPI_Finalize(); Ha cneayrowen utepauum



MPI_THREAD_ FUNNELED (master-only)

MPL Init thread(argc, argv, MPI_THREAD FUNNELED, &provided);
if (provided < MPI_THREAD_FUNNELED) {
MPT Abort(comm, EXIT FAILURE);

by

for (iterations) {
#pragma omp parallel

{
// BbluucneHms (nyn nNoTOKOB): 4yTeHue un 3anucb rbuf, sbuf
// OObMeHbl B OOHOM MNOTOKE
" :
{pragma omp single = HecooTBeTcTBUE CTaHAAPTY!
MPT_Send(sbuf) Cekumto single MOXeT BbINOHATb
MPI Recv(rbuf) Nto60OM NOTOK, HE TONbKO rTaBHbIN
3
3

by

MPI_Finalize();



MPI_THREAD_SERIALIZED

JTtoboM NOTOK MOXET BbI3blBaTb HYHKUMK MPI, HO B Nt1060I MOMEHT BpeMEHU TOSIbKO OAMH

MPI Init thread(argc, argv, MPI_THREAD_ SERIALIZED, &provided);
if (provided < MPI_THREAD_SERIALIZED) {
MPL Abort(comm, EXIT FAILURE);

by

for (iterations) {
#pragma omp parallel

{

by

= [lonb3oBartenb obecneynsaet
NOTOKOOE30MacHbIN BbI30B PYHKLMK MPI

(M3 O4HOIo NOTOKa, U3 KpMTMLIeCKOﬁ CEKLI,MM)
// BblumcneHumsa: 4yreHme m 3anmcb rbuf, sbuf

// 06meHbl B ogHOM noToke (1boM)
#pragma omp barrier
#pragma omp single

{
MPT Send(sbuf) = TonbKo oAMH NOTOK Bbi3biBaeT Send, Recv

MPI Recv(rbuf) (nepBbIM OOCTUrLWKIA Single)
3

#pragma omp barrier

MPI_Finalize();



MPI_THREAD_SERIALIZED

JTtoboM NOTOK MOXET BbI3blBaTb HYHKUMK MPI, HO B Nt1060I MOMEHT BpeMEHU TOSIbKO OAMH

MPI Init thread(argc, argv, MPI_THREAD_ SERIALIZED, &provided);
if (provided < MPI_THREAD_SERIALIZED) {
MPL Abort(comm, EXIT_ FAILURE);

by

for (iterations) {
#pragma omp parallel

{

by

= [lonb3oBartenb obecneynsaer
NOTOKOOE30MacHbIN BbI30B QYHKLUMK MPI

(M3 O4HOIo NOTOKa, U3 KpMTMLIeCKOﬁ CEKLI,MM)
// BblumcneHumsa: 4ytreHme un 3anmcb rbuf, sbuf

// 06meHbl B ogHOM noToke (1boM)
#pragma omp barrier
#pragma omp critical

{
MPI Send(sbuf) = Bce notoku BbI3oBYT Send, Recv,

MPI_Recv(rbuf) HO TOJIbKO OJIMH MOTOK B /000 MOMEHT BpEMEHMU
b

#pragma omp barrier

MPI_Finalize();



MPI_THREAD MULTIPLE

JTtoboM NOTOK MOXET BbI3blBaTb HYHKUMK MPI, B Nt060OM MOMEHT BpEMEHMU

MPI Init thread(argc, argv, MPI_THREAD MULTIPLE, &provided);
if (provided < MPI_THREAD_MULTIPLE) {
MPL Abort(comm, EXIT_ FAILURE);

by

for (iterations) {
#pragma omp parallel

= bubnmorteka MPI obecneumBaer
notokobesonacHoe GyHKLUMOHMPOBAHME

{
// BblumcneHumsa: 4ytreHme un 3anmcb rbuf, sbuf
#pragma omp barrier
EE%—EZESEEEEE’ T % = Bce noTokM Bbi3biBalOT Send, Recv
#prggma omp barrier
3

by

MPI_Finalize();



MPI_THREAD MULTIPLE

JTtoboM NOTOK MOXET BbI3blBaTb HYHKUMK MPI, B Nt060OM MOMEHT BpEMEHMU
MPI Init thread(argc, argv, MPI_THREAD MULTIPLE, &provided);

#pragma omp parallel

{

#pragma omp single

{

#pragma omp task depend (out:sbuf)
{ // Bbluucnennsa, sanucb B sbuf 3}
#pragma omp task

...}

#pragma omp task

...}

#pragma omp task depend (in:sbuf) depend (out:rbuf)
{ MPI_Sendrecv(sbuf, ..., rbuf, ...); }

#pragma omp task

...}

#pragma omp task

...}

#pragma omp task depend (in:rbuf)
{ // Bbluncunenusa, urenve rbuf 3}



YucneHHoe nHnrerpmposaHue: MPI

double func(double x) { return exp(-x * x); }

int main(int argc, char **argv)

{
const double a = -4.0; const double b = 4.0;
const int n = 1000000000 ;
int commsize, rank;

MPI Init(&argc, &argv);
MPL Comm size(MPI_COMM_WORLD, &commsize);
MPI Comm rank(MPI_COMM_WORLD, &rank);

double h = (b - a) / n, s = 0.0; = Pure MPI
for (int i = rank; i < n; i += commsize) = Lnknuueckoe pacnpenenexme
s += func(a + h * (i + 0.5)); pacnpen

nTepaumn Mexagy npoLeccamu
double gsum = 0;
MPI Reduce(&s, &gsum, 1, MPI_DOUBLE, MPI_SUM, ©, MPI_COMM_WORLD);

if (rank == 0) {
gsum *= h;
printf("# Result Pi: %.12ff\n", gsum * gsum);
3
MPI Finalize();
return 0;



double func(double x) { return exp(-x * x); }

int main(int argc, char **argv)

{

const double a = -4.0; const double b = 4.0;
const int n = 10000VOOOO; int commsize, rank;
MPI Init(&argc, &argv);

MPI Comm_size(MPI_COMM_WORLD, &commsize);

MPI Comm_rank(MPI_COMM_WORLD, &rank);

double h = (b - a) / n, s = 0.0;
#pragma omp parallel
{
#pragma omp for reduction(+:s)
for (int 1 = rank; i < n; i += commsize) {
s += func(a + h * (i + 0.5));
b
by

double gsum = 0;

UncneHnHoe uuterpuposanue: MPIl + OpenMP (master-only)

1) Uwuknunyeckoe pacnpepenexHue ntepaunin mexay MPIl-npoueccamm

PO

P1

P2

P3| PO|PL|P2|P3[PO|PL|P2|P3|PO|PL|P2]|P3

2) MHoronoTto4yHas obpaboTka uTepaumi npouecca

MPI Reduce(&s, &gsum, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);

if (rank == 0) {
gsum *= h;

printf("# Result Pi: %.12ff\n", gsum * gsum);

by
MPI Finalize();

return 0;

$ mpicec -fopenmp -o int ./int.c -1lm

$ cat task.job

#! /bin/sh

#SBATCH --nodes=4 --ntasks-per-node=8
mpiexec -N 1 -x OMP_NUM_THREADS=8 ./int



PeweHune oByMepHOro ypaBHeHuUA
NNannaca Pure MPI



PeweHue cTauMoHapHOro asymepHoro ypasHeHua Jlannaca

Hantu pelweHune ctaumoHapHoOro osymMepHoro ypasHeHus Jlannaca

2 2
dU+d U:0
dx? dyz

PacuétHas obnactb (domain) - keagpart [0, 1] x [0, 1]

[paHnyHble ycnosusa (boundary conditions):
d U(x,0) =sin (1tx)

d U(x,1) =sin(nix)e™

Q U, y)=U(l,y)=0

Ing 3ap0aHHOM 330341 M3BECTHO aHANUTUYECKOe peweHune

U(x,y) =sin(mx) e ™

y
A
sin(mtx)e™™ (1, 1)
0 U(xy)? 0
(0, 0) sin (7tx) > X



Pa3sHocTHasa annpokcumauumsa oneparopa Jlannaca

= BTopble Npou3BOAHbIE aNNPOKCMMUPYIOTCS HA PaCYETHOM CETKE Pa3HOCTHLIM YPABHEHUEM C
NPMMEHEHUEM YETbIPEXTOUYEYHOIO LAbNOoHa

d*u d*u

AU + =0
dx*  dy?

* HoBoOe 3HaYeHMe B KaKA0M TOUKE CETKM PaBHO CpefHEMY U3 NpeablayLuX 3HAYEeHUM YeTbipex
ee coceHuX Toyek (CXeMa «KpecT»)

0 cols -1
grid new[i, j] = (grid[i - 1, j] + grid[i, j + 1] + 0 sin (7x)

grid[i + 1, j] + grid[i, j - 1]) / 4 0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

rows - 1 sin(mx) e "

[*] Haproc . OCHOBBI MHOFOMOTOYHOIO, NAPANNIENIbHOMO U pacnpeaeneHHoro NporpaMMnpoBaHus. - M.: Bunbamc, 2003.



PeweHune asymepHoro ypasHeHus Jlannaca (Pure MPI)
2D pekoMno3unums pacyetHom obnactu

int main(int argc, char *argv[])

{

int commsize, rank;

MPI Init(&argc, &argv);

MPI Comm_size(MPI_COMM_WORLD, &commsize);
MPI Comm_rank(MPI_COMM_WORLD, &rank);

// Create 2D grid of processes: commsize = px * py
MPI_Comm cartcomm;

int dims[2] = {0, 0}, periodic[2] = {0, 0},

MPL Dims create(commsize, 2, dims);

int px = dims[0@];

int py = dims[1];

MPLI Cart create(MPI_COMM_WORLD, 2, dims, periodic, O,
&cartcomm);

int coords[Z];

MPI Cart coords(cartcomm, rank, 2, coords);

int rankx coords[@];

int ranky = coords[1];

// Neighbours

int left, right, top, bottom;

MPI Cart shift(cartcomm, 0, 1, &left, &right);
MPI Cart shift(cartcomm, 1, 1, &top, &bottom);

Mpoueccet MPI_COMM_WORLD
0|1 2 531415

Mpouecchl BbiCTpoeHbl B 2D peweTtky
commsize = px * py =6

pXx =3
0] 2| 4

py =2
1 3 5

# 2D-HymMepauusa npoueccos
rank = @, rankx = @, ranky =
rank = 1, rankx = @, ranky =
rank 2, rankx 1, ranky

Oro

# CocepHue npoueccsl
rank = 2:
left = 0, right = 4
top = MPI_PROC_NULL,
bottom = 3



PeweHune apymepHoro ypasHeHuua Jlannaca (Pure MPI)
2D pekoMno3unums pacyetHom obnactu

/* Broadcast command line arguments */

int rows, cols;

if (rank == 0) {
rows = (argc > 1) ? atoi(argv[1l]) : py * 100;
cols (argc > 2) ? atoi(argv[2]) : px * 100;

if (rows < py) {
fprintf(stderr, "Number of rows %d less then number of py processes %d\n'", rows, py);
MPI Abort(MPI_COMM_WORLD, EXIT FAILURE);

3

if (cols < px) {
fprintf(stderr, "Number of cols %d less then number of px processes %d\n'", cols, px);
MPI Abort(MPI_COMM_WORLD, EXIT FAILURE);

by

int args[2] = {rows, cols};

MPI Bcast(&args, NELEMS(args), MPI_INT, ©, MPI_COMM_WORLD);
} else {

int args[2];

MPI Bcast(&args, NELEMS(args), MPI_INT, ©, MPI_COMM_WORLD);

rows = args[@];

cols = args[1];



PeweHune apymepHoro ypasHeHuua Jlannaca (Pure MPI)
2D pekoMno3unums pacyetHom obnactu

= CeTKa XpaHUTCA B NaMATU B pacnpeeneHHOM Bue

= KaxgoMy npoLeccy HasHayaeTcs nogMaccus [rows / py][cols / px] CTpOK pacyeTHOM CeTKM

= [N pacyeTa 3HAYEHMIN HEKOTOPbIX TOYEK TPEDOYHTCA AaHHbIE COCEAHUX MOJIOC,
KOTOpble HaX04aTCs B NaMATH ApPYrux npoLeccos

cols / px__

I 0 nx+1

h rows / py
ny+1

TeHesble a4enku (halo, ghost cells)
[lpouecc nony4vaet OT coceen 3Ha4YEHUS TPAHUYHbBIX
3/1EMEHTOB U COXPHSET UX B TEHEBbIX A4eMnKax




PeweHue peymepHoro ypasHeHua Jlannaca (Pure MPI)
2D pekoMno3unums pacyeTHom obnactu

/* Allocate memory for local 2D subgrids with halo cells [@..ny + 17][0..nx + 1] */

int ny = get_block_size(rows, ranky, py);
int nx = get_block_size(cols, rankx, px);

double *local_grid = xcalloc((ny + 2) * (nx + 2), sizeof(*local_grid));

double *local_newgrid = xcalloc((ny + 2) * (nx + 2), sizeof(*local_newgrid));

/* Fill boundary points: left and right borders are zero filled */
double dx = 1.0 / (cols - 1.0);
int sj = get_sum_of prev_blocks(cols, rankx, px);
if (ranky == 0) {
// Initialize top border: u(x, 0) = sin(pi * x)
for (int j = 1; j <= nx; j++) {
// Translate col index to x coord in [0, 1]
double x = dx * (sj + j - 1);
int ind = IND(9, j);
local_newgrid[ind] = local_grid[ind] = sin(PI * x);
3
3
if (ranky == py - 1) {
// Initialize bottom border: u(x, 1) = sin(pi * x) * exp(-pi)
for (int j = 1; j <= nx; j++) {
// Translate col index to x coord in [0, 1]
double x = dx * (sj + j - 1);
int ind = IND(ny + 1, j);

local_newgrid[ind] = local_grid[ind] = sin(PI * x) * exp(-PI);

rows - 1

cols -1
sin (71x)
0
PO —— P2 —— P4 —
0
0
0
P1 P3 | P5 o
11 |0
sin(7tx) e




PeweHune asymepHoro ypasHeHus Jlannaca (Pure MPI)

2D pekoMno3unums pacyetHom obnactu

// Left and right borders type (row-major format)

MPI Datatype col; 0

MPI Type vector(ny, 1, nx + 2, MPI DOUBLE, &col);
MPL Type commit(&col);

// Top and bottom borders type

MPI Datatype row; ny+1
MPL Type contiguous(nx, MPI DOUBLE, &row);

MPL Type commit(&row);

nx+1




PeweHune asymepHoro ypasHeHus Jlannaca (Pure MPI)
2D pekoMno3unums pacyetHom obnactu

MPI_Request reqs[8];
int niters = 0;

for (;;) {
niters++;
// Update interior points
for (int 1 = 1; 1 <= ny; i++) {
for (int j = 1; j <= nx; j++) {
local_newgrid[IND(i, j)] =
(local_grid[IND(i - 1, j)] + local_grid[IND(i + 1, j)] +
local_grid[IND(i, j - 1)] + Llocal_grid[IND(i, j + 1)]) * 0.25;

by

// Check termination condition
double maxdiff = 0;
for (int 1 = 1; 1 <= ny; i++) {

for (int j = 1; j <= nx; j++) {

int ind = IND(i, j);
maxdiff = fmax(maxdiff, fabs(local_grid[ind] - local_newgrid[ind]));
3
3
// Swap grids (after termination local grid will contain result)
double *p = local grid; Llocal grid = local newgrid; Llocal _newgrid = p;

MPI Allreduce(MPI_IN PLACE, &maxdiff, 1, MPI DOUBLE, MPI MAX, MPI_COMM_WORLD);
if (maxdiff < EPS)
break;



PeweHune apymepHoro ypasHeHuua Jlannaca (Pure MPI)
2D pekoMno3unums pacyetHom obnactu

// TpomonxeHne umkna

// Halo exchange
int nregs = 0;

MPI Irecv(&local_grid[IND(©, 1)], 1, row, top, @, cartcomm, &reqgs[nreqs++]); // top
MPI Irecv(&local_grid[IND(ny + 1, 1)], 1, row, bottom, @, cartcomm, &reqs[nreqs++]); // bottom
MPI Irecv(&local_grid[IND(1, ©)], 1, col, left, O, cartcomm, &reqs[nreqs++]); // left
MPI Irecv(&local_grid[IND(1, nx + 1)], 1, col, right, ©, cartcomm, &reqs[nreqs++]); // right
MPI Isend(&local_grid[IND(1, 1)], 1, row, top, @, cartcomm, &reqgs[nreqs++]); // top
MPI_ Isend(&local_grid[IND(ny, 1)], 1, row, bottom, O, cartcomm, &reqs[nreqs++]); // bottom
MPI Isend(&local_grid[IND(1, 1)], 1, col, left, 0O, cartcomm, &reqs[nreqs++]); // left
MPI_ Isend(&local_grid[IND(1, nx)], 1, col, right, @, cartcomm, &reqgs[nreqgs++]); // right

MPI Waitall(nregs, reqs, MPI STATUSES IGNORE);
by
MPI Type free(&row);
MPI Type free(&col);

free(local_newgrid);
free(local_grid);
MPI Finalize();



PeweHue asymepHoro ypasHeHus Jlannaca (Pure MPI)
2D pekoMno3unums pacyeTHom obnactu

int get block size(int n, int rank, int nprocs)

{
int s = n / nprocs,;
if (n % nprocs > rank)
S++;
return s;
b

int get _sum of prev blocks(int n, int rank, int nprocs)

int rem = n % nprocs;
return n / nprocs * rank + ((rank >= rem) ? rem : rank);



PeweHune aosymMepHoro ypasHeHus Jlannaca
MPI + OpenMP



PeweHue peymepHoro ypasHeHus Jlannaca: MPI + OpenMP (v1)

= MPI
O XpaHeHue noamaTpul
O PaCCbl/IKa Ha4yasbHbIX 3HAaYEHUI
o 0OMEH rpaHMYHbIMU 3HAYEHMSIMU HA KaXKA0M uTepaumm

= OpenMP
© MHOronoTOYHOE BblYMCNEHME 3HAYEHNIN BO BHYTPEHHMX Yy31axX NOLCETKM npouecca
O MHOronToyHoe BbluncneHne maxdiff onga nogcetok npouecca (grid, newgrid)



PeweHue psymepHoro ypasHeHusa Jlannaca: MPI + OpenMP (v1)

int main(int argc, char *argv[])

{

int commsize, rank, provided;

MPI_Init_thread(&argc, &argv, MPI_THREAD_FUNNELED, &provided);
if (provided < MPI_THREAD_FUNNELED) {
fprintf(stderr, "MPI: MPI_THREAD_FUNNELED not supported\n");
MPI_Abort(MPI_COMM_WORLD, EXIT_FAILURE);



PeweHue psymepHoro ypasHeHusa Jlannaca: MPI + OpenMP (v1)

int niters = 0;

for (;;) {
niters++;
// Update interior points 5 I
#pragma omp parallel for
for (int i = 1; i <= ny; i++) { #pragma omp parallel for
for (int j = 1; j <= nx; j++) { """"
local_newgrid[ IND(i, j)] = #pragma omp barrier
(local_grid[IND(i - 1, j)] + local_grid[IND(i + 1, j)] +
local _grid[IND(i, j - 1)] + local_grid[IND(i, j + 1)]) * 0.25; I
} #pragma omp parallel for reduction
) HIHI
#pragma omp barrier
// Check termination condition I
double maxdiff = 0; —

#pragma omp parallel for reduction(max:maxdiff)
for (int 1 = 1; i <= ny; i++) {
for (int j = 1; j <= nx; j++) {
int ind = IND(i, j);
maxdiff fmax(maxdiff, fabs(local_grid[ind] - local_newgrid[ind]));

» Ha kaaon ntepaummn napansienbHbii PErMoH aKTUBUPYETCS ABaXAbl (HAaKNaaHble pacxoAbl)



PeweHue psymepHoro ypasHeHus Jlannaca: MPI + OpenMP (v2)

= MPI
O XpaHeHune nogmatTpuL
O pPacCCblyiIKa Ha4dJIbHbIX 3HAYEHMM
o obMeH rPaHN4YHbIMN 3HAYEHUAMU HaA KaXKa0M nTepauunm

= OpenMP
O napannenbHbli perMoH aKTUBMPYETCA OAMUH pa3, A0 OCHOBHOIO LMKAA
O MHOrOMOTOYHOE BblYMC/IEHNE 3HAYEHMIN BO BHYTPEHHMX y3/1aX NOACETKM NpoLecca
o MHoronTo4Hoe BblumcneHne maxdiff onga nogcetok npouecca (grid, newgrid)



PeweHue psymepHoro ypasHeHus Jlannaca: MPI + OpenMP (v2)

int niters_global,;
double maxdiff global = 0, double maxdiff;

?pragma omp parallel » OauH napannenbHbIM PErnoH
double *grid = local grid: = JloKanbHblE KOI'II/II/T I'IepeMEI-'IHbIX. Ona npeaorspaweHnd
double *newgrid = local newgrid: FOHKWM JaHHbIX (grid, newgrid, niters)
int niters = 0;
for (;3) {
niters++;
naxdiff = o » bapbepHas CMHXpOHU3ALMUS rapaHTMpyer, 4To Bce
#pragma omp barrier MOTOKM nepeycrtaHosunm maxdiff
#pragma omp parallel
// Update interior points > IIIIIIII
#pragma omp for reduction(max:maxdiff) .
for (int i = 1; i <= ny; i++) { e o o
for (int j = 1; j <= nx; j++) { """"
newgrid[ IND(i, j)] = ,
(grid[IND(i - 1, j)] + grid[IND(i + 1, j)] + ’Ziﬂ;ﬂi:itf
grid[IND(i, j - 1)] + grid[IND(i, j + 1)]) * 0.25; MPI_Allreduce(maxdiff)
// CheCk termination Condition #pragma omp barrier // maxdiff_global
int 1nd = IND(:L ’ J)s #eraangoa eoxmcrilaﬂagseter
maxdiff = fmax(maxdiff, fabs(grid[ind] - newgrid[ind])); #pragma omp barrier // grid
b
) — [



PeweHue psymepHoro ypasHeHus Jlannaca: MPI + OpenMP (v2)

// Swap grids
double *p = grid;
grid = newgrid;
newgrid = p;

#pragma omp master

{
MPI_Allreduce(&maxdiff, &maxdiff_global, 1, MPI_DOUBLE, MPI_MAX, MPI_COMM_WORLD);

3

#pragma omp barrier
// Wait for maxdiff global

if (maxdiff _global < EPS) {
#pragma omp single
niters_global = niters;
break;



PeweHue psymepHoro ypasHeHus Jlannaca: MPI + OpenMP (v2)

// Halo exchange
#pragma omp master

{

MPI Irecv(&grid[IND(O, 1)], 1, row, top, @, cartcomm, &reqs[@]); // top
MPI Irecv(&grid[IND(ny + 1, 1)], 1, row, bottom, O, cartcomm, &reqs[1l]); // bottom
MPI Irecv(&grid[IND(1, ©)], 1, col, left, O, cartcomm, &reqs[2]); // left
MPI Irecv(&grid[IND(1, nx + 1)], 1, col, right, @, cartcomm, &reqs[3]); // right
MPI Isend(&grid[IND(1, 1)], 1, row, top, @, cartcomm, &reqs[4]); // top
MPI Isend(&grid[IND(ny, 1)], 1, row, bottom, O, cartcomm, &reqs[5]); // bottom
MPI Isend(&grid[IND(1, 1)], 1, col, left, O, cartcomm, &reqs[6]); // left
MPI Isend(&grid[IND(1, nx)], 1, col, right, @, cartcomm, &reqs[/]); // right
MPT Waitall(8, reqs, MPI STATUSES IGNORE);

3

#pragma omp barrier
// Wait for halo cells (grid[][])



PeweHune aosymMepHoro ypasHeHus Jlannaca
MPI + MPI 3.0 Shared Memory



MPI 3 Remote Memory Access (RMA) API

= MPI 3 RMA — Habop ¢yHKUMI M TUNOB AAHHbLIX ANs co3aaHms u npsmoro goctyna (load, store) k obnactam
NaMsITM yaaneHHbIX NPOLLeCcCcoB

= KonnekTueBHble onepaumm CO3AaHUSA OKOH (obnacteit namaTH)

o int MPI Win create(void *base, MPI_Aint size, int disp_unit, MPI Info info, MPI_Comm comm,
MPI _Win *win)

o int MPI Win allocate(MPI_Aint size, int disp_unit, MPI Info info, MPI _Comm comm, void *baseptr,
MPI Win *win)

o int MPI Win allocate shared(MPI _Aint size, int disp _unit, MPI Info info, MPI_Comm comm,
void *baseptr, MPI Win *win)

o int MPI Win_create_dynamic(MPI_Info info, MPI_Comm comm, MPI_Win *win)

*  (MyHKuMu poctyna K obnacram namsati ()
o int MPI Win shared query(MPI _Win win, int rank, MPI _Aint *size, int *disp_unit, void *baseptr)
o int MPI Win_ attach(MPI_Win win, void *base, MPI_Aint size)

o MPI_Put(), MPI_Get(), MPI_Accumulate(), MPI_Get_accumulate(), MPI_Fetch_and_op(),
MPI_ Compare_and_swap(), MPI Rput(), MPI_Rget(), MPI Raccumulate(), MPI_Rget_ accumulate()

o MPI Win fence(win), MPI Win lock _all(),

o Hoefler T. et al. Remote Memory Access Programming in MPI-3 // ACM TOPC, 2015, http://htor.inf.ethz.ch/publications/img/mpi3-rma-overview-and-model.pdf



http://htor.inf.ethz.ch/publications/img/mpi3-rma-overview-and-model.pdf

Co3zpaHue cermeHTOB paspensemoun namatu MPI 3
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=== = =T
1 (50| S [¥] (K] L1 1 1 &} L1 L1 L1 L1 K] 1] 1 L1 L1 1 L1 &} L1 [§] L1 [§] [§1 T[] [§] (b s | e L1 L1 L1 11 L1 L1 L1 L1
e e | refemes] [ Jfernr]  [comsfee]| . Jfors]  ferfem][__Jford e [cot [ . [ | [fct e[ - o] | [ Jfoen] [ ]fomem][ - [Fod wrt [cwet | . o] | [olfome][ - Jfoes] | [reeena]] - Jfren] | [ ] -
O O OE O 0= O B8 OH OE O0O8 0B ©E
Ranks
Y
MPI_COMM_WORLD
MPL Comm split type(MPI_COMM_TYPE_SHARED)
\ y ) \ y )\ y
Shared memory communicator Shared memory communicator Shared memory communicator
MPL Win_allocate_shared(shmcomm) MPL Win_allocate_shared(shmcomm) MPL Win_allocate_shared(shmcomm)
o OO OO Od oo OO OO Od I | I | I By I

= CO34aH CerMeHT pasaensaMomn namaTn (OKHO) 419 Kaxaoro npouecca

= [Ipouecchl ogHoro ysna (shmcomm) MoryT nonyumtb agpec nwboro okHa — MPI Win shared _query()



Co3zpaHue cermeHTOB paspensemoun namatu MPI 3

int main(int argc, char *¥*argv)

{
MPI Init(&argc, &argv);
MPL Comm_ split type(MPI_COMM_WORLD, ..., MPI COMM _TYPE SHARED, .., &shmcomm);
MPL Win allocate shared(shmcomm, ..., &win);

// Starts an RMA access epoch to all processes in win
MPL Win lock all(win);

// Copy data to local part of shared memory

// Synchronize the private and public window copies of win
MPL Win sync(win);

// Use shared memory

// Complete a shared RMA access epoch started
MPL Win unlock all(win);

MPI Win_ free(&win);
MPI_Finalize();
return 0;



PeweHue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

int main(int argc, char *argv[])

{

int rank, commsize, namelen;
MPI Init(&argc, &argv);

MPL Comm size(MPI_COMM_WORLD, &commsize);
MPI Comm_ rank(MPI_COMM_WORLD, &rank);

/* Create 2D grid of processes: commsize = px * py */
MPI_Comm cartcomm;

int dims[2] = {0, 0}, periodic[2] = {0, 0};

MPL Dims create(commsize, 2, dims);

int px = dims[0];

int py dims[1];

MPI Cart create(MPI_COMM_WORLD, 2, dims, periodic, 0, &cartcomm);
int coords[Z];

MPI Cart coords(cartcomm, rank, 2, coords);

int rankx = coords[0];

int ranky coords[1];

/* Compute ranks of neighbours in 2D grid */

int neigh left, neigh _right, neigh_top, neigh bottom;

MPI Cart shift(cartcomm, @, 1, &neigh left, &neigh right);
MPLI Cart shift(cartcomm, 1, 1, &neigh top, &neigh bottom);

MPI_COMM_WORLD

Node 1 Node 2
O/l 1123 4 1|5
cartcomm
px=3, py=2
Node 1 Node 2
0 — 2 4
I I I
1 — 3 5




PeweHnue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

// Create communicator for intra-node communication via shared memory (MPI 3 API)
MPI_Comm shmcomm;

MPI Comm_split_ type(MPI_COMM_WORLD, MPI_COMM_TYPE_SHARED, ©, MPI_INFO_NULL, &shmcomm);
int shmcommsize;

MPI Comm_size(shmcomm, &shmcommsize);

Node 1 Node 2
// Compute ranks of neighbours in the shared memory communicator
const int nneigh = 4; O/l1112]|l3 4 1|5
int neigh[nneigh];
neigh[0] = neigh_left; {}
neigh[1] = neigh_right;
neigh[2] = neigh_top;
neigh[3] = neigh_bottom; Node 1 Node 2
int neigh_shmcomm[nneigh]; ol 11213 oll1
// Translate ranks from MPI COMM_WORLD to shmcomm H H
translate_ranks(shmcomm, neigh, neigh_shmcomm, nneigh); shmcomm shmcomm
rank 2
int neigh_left shmcomm = neigh_shmcomm[0]; neigh_left = 0

int neigh_right shmcomm = neigh_shmcomm[1]; Ezig}iigﬁi;P;FROCthL

int neigh_top_shmcomm = neigh_shmcomm[2]; neight_bottom = 3
int neigh_bottom_shmcomm = neigh_shmcomm[3]; neigh_left shmcomm = @

neigh_right_shmcomm = MPI_UNDEFINED
neigh_top_shmcomm = MPI_PROC_NULL
neigh_top_bottom = 3



PeweHue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

// Local process has two 2D subgrids with halo cells [@..ny + 1][0..nx + 1]
int ny = get block size(rows, ranky, py);
int nx = get block size(cols, rankx, px);

// Create a shared memory window for grid and newgrid

size t grid_size = (ny + 2) * (nx + 2);

MPI Win win;

void *shmptr;

MPI Win_ allocate_shared(2 * grid_size * sizeof(double), 1,
MPI_INFO_NULL, shmcomm, &shmptr, &win);

double *local_grid = shmptr;
double *local_newgrid = local _grid + grid_size;

Window (shmptr):

local _grid: 2 * grid_size * sizeof(double) local_newgrid: 2 * grid_size * sizeof(double)

Kaxabli npouecc co3aaeT CerMeHT pasaenaeMon namsaTu ¢ oByms cetkamu: grid, newgrid
[lpouecc-Bnagenel, 3an0NHAET BHYTPEHHUE INIEMEHTbI

B TeHeBble fiUelKM1 NpoLuecc-Bnagenel, CYMTbiBAaeT AaHHbIE M3 NAMATU COCEAHMX MPOLLECCOB
MU NONyYaeT UX Yepe3 ABYCTPOHHME 0OMEHDI

local_grid
0 nx+1

ny+1

0 nx+1

ny+1

local_newgrid



PeweHnue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

// Each process query pointers to shared memory segments of neighbours (located on the same node)

int neigh_left gridsize = 0, neigh_right gridsize = 0, neigh_top_gridsize = 0, neigh bottom gridsize = 0;
int neigh_left nx = 0, neigh_right nx = 0, neigh _top ny = 0;

double *neigh left shmptr = NULL; double *neigh_right shmptr = NULL;

double *neigh top_ shmptr = NULL; double *neigh bottom_shmptr = NULL;

if (neigh_left != MPI_PROC_NULL && neigh_Lleft_shmcomm != MPI_UNDEFINED) {
MPI Win shared query(win, neigh_ left shmcomm, &segsize, &disp_unit, &neigh left shmptr);
neigh left gridsize = segsize / sizeof(double) / 2;
neigh_left nx = get block size(cols, rankx - 1, px);

3

if (neigh_right != MPI_PROC_NULL && neigh_right_shmcomm != MPI_UNDEFINED) {
MPI Win shared query(win, neigh_right shmcomm, &segsize, &disp_unit, &neigh_right shmptr);
neigh right gridsize = segsize / sizeof(double) / 2;
neigh _right nx = get block size(cols, rankx + 1, px);

3

if (neigh_top != MPI_PROC_NULL && neigh_top_shmcomm != MPI_UNDEFINED) {
MPI Win shared query(win, neigh_top_shmcomm, &segsize, &disp_unit, &neigh top_ shmptr);
neigh _top gridsize = segsize / sizeof(double) / 2;
neigh _top ny = get block size(rows, ranky - 1, py);

3

if (neigh_bottom != MPI_PROC_NULL && neigh_bottom_shmcomm != MPI_UNDEFINED) {
MPI Win shared query(win, neigh_ bottom_shmcomm, &segsize, &disp _unit, &neigh_bottom_shmptr);
neigh _bottom gridsize = segsize / sizeof(double) / 2;

by

[pouecc onpenenseT agpeca CErMeHTOB COCEeMEN U pa3Mepbl UX CETOK A1 KOPPEKTHOIO BblYUCIEHUS
MHIEKCOB ANS 3arpy3KM 3/1IEMEHTOB FPaHMUYHbIX 0bnacTen



PeweHnue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

/*

* Fill boundary points:

* - left and right borders are zero filled

* - top border: u(x, ©@) = sin(pi * x)

* - bottom border: u(x, 1) = sin(pi * x) * exp(-pi)
*/

memset(shmptr, 0, 2 * grid size * sizeof(double));

double dx = 1.0 / (cols - 1.0);
int sj = get sum of prev blocks(cols, rankx, px);
if (ranky == 0) {

// Initialize top border: u(x, @) = sin(pi * x)

by

if (ranky == py - 1) {
// Initialize bottom border: u(x, 1) = sin(pi * x) * exp(-pi)



PeweHue asymepHoro ypasHeHusa Jlannaca: MPl + MPl RMA

// Ha kaxpgonm uTepaumm paboyas ceTka MeHseTcs
int shm_grid_idx = 0;

int niters = 0;

MPI Win_lock _all(MPI_MODE_NOCHECK, win);

for (;;) ¢

niters++;

/* Update interior points */
for (int 1 = 1; 1 <= ny; i++) {
for (int j = 1; j <= nx; j++) {
local_newgrid[IND(i, j)] =
(local_grid[IND(i - 1, j)] + local_grid[IND(i + 1, j)] +
local _grid[IND(i, j - 1)] + local_grid[IND(i, j + 1)]) * 0.25;

b

/* Check termination condition */
double maxdiff = 0;
for (int 1 = 1; i <= ny; i++) {
for (int j = 1; j <= nx; j++) {
int ind = IND(i, j);
maxdiff fmax(maxdiff, fabs(local_grid[ind] - local_newgrid[ind]));



PeweHue asyMmepHoro ypasHeHus Jlannaca: MPl + MPl RMA

// Swap grids (after termination local _grid will contain result)
double *p = local_grid;

local_grid = local_newgrid;

local_newgrid = p;

shm_grid_idx A= 1;

MPI Allreduce(MPI_IN PLACE, &maxdiff, 1, MPI DOUBLE, MPI MAX, MPI _ COMM_WORLD);
if (maxdiff < EPS) {
break;

by

MPL Win_ sync(win);
MPL Barrier(shmcomm);
// OxupoaHmne 3aBepuweHuss paboTbl ¢ 061aCTbl0 BCeEX COCefen Ha y3ne



PeweHue asyMmepHoro ypasHeHus Jlannaca: MPl + MPl RMA

/* Halo exchange */
int nregs = 9;
if (neigh_left != MPI_PROC_NULL) {
if (neigh_left_shmptr) {
/* Left neighbour on the same node -- use shared memory */
/* Use first or second subgrid according to iteration number */
double *shm = neigh left shmptr + (shm_grid _idx ? neigh_left gridsize : 0);
/* Load column from neighbour's memory */
for (int 1 = 1; i <= ny; i++) {
local _grid[IND(i, ©)] = shm[i * (neigh_left nx + 2) + neigh_left_nx];
3
} else {
/* Left neighbour on a remote node -- use pt2pt */
MPI Irecv(&local_grid[IND(1, ©)], 1, col, neigh_left, O, cartcomm, &reqs[nreqs++]);
MPI Isend(&local_grid[IND(1, 1)], 1, col, neigh_left, 0, cartcomm, &reqs[nreqs++]);

b
b
0 left_nx+1 0 nx+1

0 Load/Trecy ° = JleBbI cocen Ha NOKanbHOM y3ne —
3arpy>kaem 13 namMaTu ero rpaHuYHbIN ctonbey, B
cTonbeL, CBOMX TEHEBbIX SUeeK

= JleBbl cOCep Ha ApYroMm y3ne —
nyd ayd nonyyaem cronbew onepaunen lrecv

Left Current Rank



PeweHue asyMmepHoro ypasHeHus Jlannaca: MPl + MPl RMA

if (neigh_right != MPI_PROC_NULL) {
if (neigh_right_shmptr) {
double *shm = neigh_right_shmptr + (shm_grid_idx ? neigh_right_gridsize : 0);
for (int 1 = 1; 1 <= ny; i++) {
local _grid[IND(i, nx + 1)] = shm[i * (neigh_right nx + 2) + 17;
h;

} else {
MPI Irecv(&local_grid[IND(1, nx + 1)], 1, col, neigh_right, 0, cartcomm, &reqs[nreqs++]);

MPI Isend(&local_grid[IND(1, nx)], 1, col, neigh_right, @, cartcomm, &reqgs[nreqs++]);

3

if (neigh_top != MPI_PROC_NULL) {
if (neigh_top_shmptr) {
double *shm = neigh_top_shmptr + (shm_grid_idx ? neigh_top_gridsize : 0);
for (int j = 1; j <= nx; j++) {
local_grid[IND(@, j)] = shm[neigh_top_ny * (nx + 2) + j];
by

} else {
MPI Irecv(&local_grid[IND(@, 1)], nx, MPI_DOUBLE, neigh_top, @, cartcomm, &reqgs[nreqs++]);

MPI Isend(&local_grid[IND(1, 1)], nx, MPI_DOUBLE, neigh_top, 0, cartcomm, &reqgs[nreqs++]);



PeweHue asyMmepHoro ypasHeHus Jlannaca: MPl + MPl RMA

if (neigh_bottom != MPI_PROC_NULL) {
if (neigh_bottom_shmptr) {
double *shm = neigh_bottom_shmptr + (shm_grid_idx ? neigh_bottom_gridsize : 0);
for (int j = 1; j <= nx; j++) {
local_grid[IND(ny + 1, j)] = shm[1l * (nx + 2) + j];
3
} else {
MPI Irecv(&local_grid[IND(ny + 1, 1)], nx, MPI_DOUBLE, neigh_bottom, ©, cartcomm,
&reqgs[nreqgs++]);
MPI Isend(&local_grid[IND(ny, 1)], nx, MPI_DOUBLE, neigh_bottom, @, cartcomm,
&reqgs[nreqs++]);
3
3
if (nregs > @) {
MPI Waitall(nreqgs, reqs, MPI_STATUSES_IGNORE);

3
thalo += MPI Wtime();

by
MPI _Win_unlock_all(win);

MPI Type free(&col);
MPLI Win free(&win);

MPI Comm_ free(&shmcomm);
MPI Finalize();

return 0;



PeweHune aosymMepHoro ypasHeHus Jlannaca
MPI RMA One-Sided Operations



PeweHue psymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

= [lpoueccol BbIAENAOT NaMATb Mo, ABe JIoKanbHble ceTku (grid, newgrid, MPI Alloc_mem)

= [lpouecchbl cO34at0T OKHO AN8 YAANSHHOMo A0CTyna K 061acTaM NnaMaTn gpyrmx npoLeccos
(MPI_Win_create)

* B OCHOBHOM UMKE KaXAblM NPOLLECC 3annCbiBAE€T CBOM FPaHUYHbIE CTPOKM M CTONDOLbI B TEHEBLIE
SYEeMKM COOTBETCTBYIOLWMX coceaHux npoueccos (MPI Put)
» CMHXpOHU3AUMA N 0XMOaHMS 3aBepweHns RMA-onepaumu:

o MPI Win_ Llock

o MPI Win fence



PeweHue asymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

/* Create 2D grid of processes: commsize = px * py */
int dims[2] = {0, 0}, periodic[2] = {0, 0};

MPL Dims create(commsize, 2, dims);

int px = dims[@];

int py = dims[1];

MPI Comm cartcomm;

MPI Cart create(MPI_COMM_WORLD, 2, dims, periodic, ©, &cartcomm);
int coords[Z];

MPI Cart coords(cartcomm, rank, 2, coords);

int rankx = coords[0];

int ranky = coords[1];

/*

* Compute ranks of neighbours in 2D grid

* MPI _Cart shift returns MPI PROC_NULL if process have no neighbour for given dimension
*/

int neigh_left, neigh _right, neigh top, neigh_bottom;

MPL Cart shift(cartcomm, @, 1, &neigh Lleft, &neigh right);

MPL Cart shift(cartcomm, 1, 1, &neigh top, &neigh bottom);



PeweHune asymepHoro ypasHeHus Jlannaca (MPl One-Sided RMA)

int ny = get block size(rows, ranky, py);
int nx get _block size(cols, rankx, px);

/* Create a shared memory window for grid and newgrid */

size t grid size = (ny + 2) * (nx + 2);

void *shmptr;

MPL Alloc mem(2 * grid size * sizeof(double), MPI INFO_NULL, &shmptr);

MPI Win win;
MPL Win create(shmptr, 2 * grid size * sizeof(double), sizeof(double), MPI INFO_NULL,
MPI COMM_WORLD, &win);

double *local _grid = shmptr;
double *local newgrid = local grid + grid_size;

= KaxgblW npouecc Bblaenser namsarb A1 XpaHeHUsa OBYX CEeTOK (BK/1K0YAS TEHEBbIE S4YENKN)

= KonnektnsHou onepaumenn MPl_Win_create() npouecchl CO34a0T OKHO, KOTOPOE MO3BOJSIET UM
06paLwaTbCs K YKa3aHHbIM 061acTaM namatm (shmptr) ¢ MCnonb3oBaHMEM OAHOCTOPOHHMX OnepaLnm



PeweHue asymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

int neigh_left gridsize = 0, neigh_right gridsize = 0, neigh_top_gridsize = 0, neigh_bottom_gridsize = 0;
int neigh_left nx = 0, neigh_right nx = 0, neigh_top_ny = 0, neigh_bottom _ny = 0;

if (neigh_left != MPI_PROC_NULL) {
neigh_left nx = get block size(cols, rankx - 1, px);
neigh_left gridsize = (ny + 2) * (neigh_left nx + 2);

)

if (neigh_right != MPI_PROC_NULL) {
neigh_right nx = get block size(cols, rankx + 1, px);
neigh_right gridsize = (ny + 2) * (neigh_right nx + 2);

)

if (neigh_top != MPI_PROC_NULL) {
neigh_top ny = get block size(rows, ranky - 1, py);
neigh_top_gridsize = (neigh _top ny + 2) * (nx + 2);

)

if (neigh_bottom != MPI_PROC_NULL) {
neigh _bottom ny = get block size(rows, ranky + 1, py);
neigh_bottom_gridsize = (neigh_bottom ny + 2) * (nx + 2);

}

= B OCHOBHOM uUMKNE KaxAabln npouecc 3anncblBA€T CBOUN TPaHUYHbIE CTPOKU U CTONOUbl B TEHEBbLIE
AYEenKu COOTBETCTBYHOLWLMX COCeaHUX MPOLLECCOB

= 119 NpaBUAbHOMO BbIMUCIEHUS CMELLEHWUA B CEFMEHTE NaMATU cocena TEKYLEMY NpoLeccy
HeobXxoAMMO 3HaTb pa3Mep CETKM coceaa



PeweHue asymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

for (;;) {

niters++;

MPI Win_lock(MPI_LOCK_EXCLUSIVE, rank, 0, win); /* Lock memory for local load/store operations */
/* Update interior points */
for (int 1 = 1; i1 <= ny; i++) {
for (int j = 1; j <= nx; j++) {
local_newgrid[IND(i, j)] =
(local_grid[IND(i - 1, j)] + Llocal_grid[IND(i + 1, j)] +
local _grid[IND(i, j - 1)] + local_grid[IND(i, j + 1)]) * 0.25;

by

/* Check termination condition */
double maxdiff = 0;
for (int 1 = 1; i1 <= ny; i++) {
for (int j = 1; j <= nx; j++) {
int ind = IND(i, j);
maxdiff = fmax(maxdiff, fabs(local _grid[ind] - local_newgrid[ind]));
3
3

MPI_Win_unlock(rank, win);

= MPI Win_lock(MPI_LOCK_EXCLUSIVE) — orpaHununsaet RMA-goctyn kK 06/1aCT NaMsTh TeKyLero
npouecca



PeweHue asymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

/* Swap grids */

double *p = local _grid;
local grid = local _newgrid;
local newgrid = p;
shm_grid_idx A= 1;

MPL Allreduce(MPI_IN PLACE, &maxdiff, 1, MPI DOUBLE, MPI MAX, MPI COMM _WORLD);
if (maxdiff < EPS) {
break;

by



PeweHue asymepHoro ypasHeHus Jlannaca (MPIl One-Sided RMA)

/* Halo exchange */
MPL Win fence(MPI_MODE_NOPRECEDE, win);
if (neigh_left != MPI_PROC_NULL) {

/* Put column [1,1] to halo column [1,left nx+1] of the left neighbour */

/* Use first or second subgrid according to iteration number */
MPI Aint disp = (shm_grid idx ? neigh_ left gridsize : 0);
MPI_ Put(&local_grid[IND(1, 1)], 1, col, neigh_left,
disp + (neigh_Lleft nx + 2) + neigh_Lleft nx + 1, 1, col, win)

b

if (neigh_right != MPI_PROC_NULL) {
/* Put column [1,nx] to halo column [1,0] of the right neighbour */
MPI Aint disp = (shm_grid _idx ? neigh _right gridsize : 0);
MPI Put(&local_grid[IND(1, nx)], 1, col, neigh_right,
disp + (neigh_right nx + 2), 1, col, win);
) Rank

.
H

nx+1

= MPI Win_fence — oxuaaet 3aBepweHnsas RMA-onepaunm

Put

0

Right

right_nx+1

= [Ipouecc 3anmncbIBaeT CBOM JIEBbIM FPaHUYHbIN CTONOeL, B

cTonbeu TEHEBbIX S4eeK coceaa cnpaBa

= |lInpmHa ceTkM cocena cnpaBa MOXET OT/IMYATbCA OT LWMPUHBI

CEeTeKM TEKYLLEro npouecca ny+1

ny+1

>




PeweHune aspymepHoro ypasHeHus Jlannaca (MPl One-Sided RMA)

if (neigh_top != MPI_PROC_NULL) {
/* Put row [1,1] to halo row [ny+1,1] the top neighbour */
MPI Aint disp = (shm_grid _idx ? neigh top_gridsize : 0);
MPI Put(&local_grid[IND(1, 1)], nx, MPI_DOUBLE, neigh_top,
disp + (neigh _top ny + 1) * (nx + 2) + 1, nx, MPI DOUBLE, win);
¥ 0

if (neigh_bottom != MPI_PROC_NULL) {
/* Put row [ny,1] to halo row [0,1] the bottom neighbour */
MPI Aint disp = (shm_grid_idx ? neigh_bottom_gridsize : 0);
MPI Put(&local_grid[IND(ny, 1)], nx, MPI_DOUBLE, neigh_bottom,
disp + 1, nx, MPI _DOUBLE, win);

Top

nx+1

top_ny+1 A

b

MPI _Win_fence(MPI_MODE_NOSUCCEED, win);

Put
0 Rank nx+1

ny+1




PeweHune aosymMepHoro ypasHeHus Jlannaca
MPI Neighborhood
Collective Communication



PeweHue asymMepHoro ypasHeHus Jlannaca
Neighborhood Collective Operations

MPI Process Topology 3agaeT cTpyKTypy KOMMYHUKAUUMOHHOMO rpada, MHOrOMEpPHY HyMepauuto
MPOLLeCCOB, HO He NpeaoCTaB/ eT KOMMYHKALMOHHbIE onepaumu, yuuTbiBaroWwymne CTpyKTypy rpada

KonnektueHblie onepauum co cmexxHbiMu npoueccamm (Neighborhood Collective Communication)
YUMUTBIBAKOT CTPYKTYPY KOMMYHUKAUMOHHOIo rpada koMmyHukatopa (blocking, nonblocking
persistent)

int MPI_Neighbor_alltoallw(const void *sendbuf, const int sendcounts][],
const MPI Aint sdispls[], const MPI Datatype sendtypes[],
void *recvbuf, const int recvcounts[],
const MPI Aint rdispls[], const MPI Datatype recvtypes[],
MPI Comm comm)

sendcounts[out degree] = {}
recvcounts[in_degree] = {}

MPI Neighbor alltoallw, MPI Ineighbor_allgather, MPI Neighbor alltoallw_init



PeweHune asymepHoro ypasHeHus Jlannaca (Neighborhood Colls)

#define DISP(i, j) (((1i) * (nx + 2) + (Jj)) * sizeof(double))

for (;;) ¢ cartcomm (6 ranks)
niters++; dim[@]=3, dim[1]=2
// Update interior points
for (int 1 = 1; 1 <= ny; 1i++) 0 — 2 4
I I I
. . C 11— 3 5
// Check termination condition

double maxdiff = O;

MPI Allreduce(MPI_IN PLACE, &maxdiff, 1, MPI DOUBLE, MPI_MAX, MPI COMM _WORLD);
if (maxdiff < EPS)
break;

// Halo exchange
int counts[4] = {1, 1, 1, 13};
MPI_Datatype types[4] = {col, col, row, row}; /* Left, Right, Top, Bottom */
/* Displacement in bytes */
MPI_Aint sdispls[4] = {DISP(1, 1), DISP(1, nx), DISP(1, 1), DISP(ny, 1)};
MPI _Aint rdispls[4] = {DISP(1, ©), DISP(1l, nx + 1), DISP(©, 1), DISP(ny + 1, 1)3};
MPI Neighbor_ alltoallw(local_grid, counts, sdispls, types,
Llocal _grid, counts, rdispls, types, cartcomm);



