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Review of Lecture 5 — Parallel Algorithms & Data Structures

= Selected Parallel Algorithms using MPI = Derived MPI Data Types

dy 0000+ P01C1+ P26+ D3G5 ‘MPI_Type_contiquous( 3, oldtype, newtype ) |
@, | | Byocyt byicit byycyt byscy —_—
a, by eyt byt byyent 53,3637 ’MPI_Type_vector( 5, 2, 3, oldtype, newtype ) ; |
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= [train001@jr107 bremen]$ pwd
,» rank, /homea/hpclab/train@01/data/bremen
[train001@jr107 bremenl$ 1s -al

inbuf[UP], inbuf( , inbuf[LE , inbuf[RIGHT] );
: ' [3] R. Thakur, PRACE Training,  total 1362208
d 512 Jan 14 09:58

rwxr-xr-x 2 train001 hpclab
14 08:38

d -xr-x 4 train00l hpclab 512 3
Parallel I/o and MPI I/O -:x’-‘:-f:-x 1 ti:;zﬂﬂl hszl:b 1302382632 J:E 14 09:56 bremen.h5
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[1] Metrics tour [2] German MPI Lecture
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8.

9.

Outline of the Course

High Performance Computing

Parallel Programming with MPI
Parallelization Fundamentals

Advanced MPI Techniques

Parallel Algorithms & Data Structures
Parallel Programming with OpenMP
Graphical Processing Units (GPUs)

Parallel & Scalable Machine & Deep Learning

Debugging & Profiling & Performance Toolsets

10. Hybrid Programming & Patterns
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11.
12.
13.
14.
15.
16.

Scientific Visualization & Scalable Infrastructures
Terrestrial Systems & Climate

Systems Biology & Bioinformatics

Molecular Systems & Libraries

Computational Fluid Dynamics & Finite Elements

Epilogue

+ additional practical lectures & Webinars for our
hands-on assignments in context

= Practical Topics

» Theoretical / Conceptual Topics
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Outline

= Non-Blocking Communications & Communicator Examples = This lecture is not considered to be

full introduction to MPI programming
and the overall MPI functions library
and rather focusses on selected
commands and concepts particularly

= Blocking vs. Non-Blocking Communication — Revisited & Algorithms
Non-Blocking Communication with Isend/Irecv & Wait Functions

= Understanding MPI Cartesian Communicator Dimensions & Shifts relevant for our assignments, e.g. the
use of the MPI Cartesian communicator
= Using Non-Blocking Communication with Cartesian Communicators & MPI derived data types & parallel /O
. ; ; . = The goal of this practical lecture is to
" Slmple Appl|cat|on Examples on Jotunn HPC System make course participants aware of the

process of using different
communicators in MPI programs and
the use of data structures in MPI that

_ _ u structures in MPI t
= MPI Derived Data Types & Parallel I/O via HDF Examples alicationain datasclonoss &

simulation sciences today

= Simple Examples of MPI Derived Data Types with Applications

MPI /O & Parallel Filesystems using HDF5 — Revisited

Data Science Example with Parallel & Scalable HPDBSCAN Algorithm
Understanding HDF5 Binary File Format & Using H5Dump Tool
HPDBSCAN Clustering of Point Cloud Data Set Bremen on Jotunn HPC System




Selected Learning Outcomes — Revisited

= Students understand...
= Latest developments in parallel processing & high performance computing (HPC)
= How to create and use high-performance clusters
= What are scalable networks & data-intensive workloads
= The importance of domain decomposition

wie module pepa_types
use Lreevars
inplieit none

inelude ‘wpif N’

= Complex aspects of parallel programming = e.g., scheduling(!) SRR S SO SNSENE TN,
= HPC environment tools that support programming Rap :.‘;:':,..,‘r..".,........” . >
1 m&-n - ’W G

or analyze behaviour . o e e L

= Different abstractions of parallel computing on various levels

= Foundations and approaches of scientific domain-
specific applications

= Students are able to ...
= Programm and use HPC programming paradigms
= Take advantage of innovative scientific computing simulations & technology
= Work with technologies and tools to handle parallelism complexity
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Non-Blocking Communications & Communicator Examples

O
O

Practical Lecture 5.1 — Understanding MPI Communicators & Data Structures 6/45



location

location

>

Blocking vs. Non-blocking communication (cf. Lecture 4)

MPI_Send MPI Send
- MPI_Recv - MPI_Irecvl  MPI_Wait | —

)

>

time

MPI_Isend — MPI_Wait |

~

—  MPI_Recv | IMPI_IrecvH
1 =

MPI_Isend — MPI_Wait |

)_

MPI_Wait

>

time

Blocking vs. non-blocking: MPI_Send() blocks until data is received; MPI_Isend() continues
The use of these functions can cause different performance problems (e.g. here ‘late sender’)
MPI_Wait() does wait for a given MPI request to complete before continuing

MPI_Waitall() does wait for all given MPI requests (e.g. waiting for message) to complete before continuing

Practical Lecture 5.1 — Understanding MPI Communicators & Data Structures
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Blocking vs. Non-blocking Communication — Parallel Algorithms (cf. Lecture 5)

location

location

———— MPL_Send | {MPI_Send
™~ N
-  MPIRecv | {MPT Trecv-|  MPI Wait | —
P prm— outbuf = rank;
e for (i=0; i<4;i++) {
Mﬂ WPL Wait dest=abrs|1];
source=nbrs[i];
—  MPI_Recv |———MPI_Irecvl  MPIWait ——
e <>
= MPI_Isend(&outbuf, 1, MPI_INT, dest, tag, MPI_COMM_WORLD, &reqs[il);
[1] Metrics tour MPI_Irecv(&inbuf[i], 1, MPI_INT, source, tag, MPI_COMM_WORLD, &reqs[i+4]);
1
J
JANVA
rank 0 1 2 3
(row.colurn) ‘LL/ o o o MPI_Waitall(8, reqs, stats);
source / dgst 1 | I |

‘uﬁc ‘c":m “122\ ' s printf(“ra ‘ v 1,1, , rank,

o 1‘1 o lm 31 inbuf[UP], inbuf[DOWN], inbuf[LEFT], inbuf[RIGHT] );

coll enll enl| o MPI_Finalize():

Ii" :[‘1 e’z 7]:3

\VARVARV/ s
[2] German MPI Lecture MPI Waitall
Waits for all given MPT Requests to complete

" Blocking vs. non-blocking: MPI_Send() blocks until data is received; MPI_Isend() continues Synopsis
=  The use of these functions can cause different performance problems (e.g. here ‘late sender’) B

" MPI_Wait() does wait for a given MPI request to complete before continuing
" MPI_Waitall() does wait for all given MPI requests (e.g. waiting for message) to complete before continuing

Input Parameters

array

OQutput Parameters

array_of_statuses
array of status objects (array of Statuses). May be wez_sraruses_zavone

» Lecture 10 shows how MPI non-blocking communication is used in Cartesian communicators for nearest neighbor communications




MPI Non-Blocking Communication — Motivation & Methods Examples

= Motivation: Non-Blocking Communication e s —
. | MPTRecv  |——{MPL Irecv{{  MPIWait | —
= Improved performance but harder to program (keep overview) = -
= E.g. allows computations and communication to overlap £ entaend-{we e
. . . . T wrRew Wi ireoH  mPivait . ——
» E.g. optimization patterns: e.g. MPI_Isend + MPI_Wait makes no sense - - ‘
) [1] Metrics tour ”
= Selected useful methods (one could simply use send)
= E.g. MPI_lIrecv() non-blocking receive
" E.g. MPI_Isend() non-blocking send DR e oot

E.g. MPI_Wa|t() WaitS for MP' requeStS int MPI Isend(void® buf, int count, MPI Datatype datatype, int dest,

int tag, MPI Comm, comm, EPI_Request *reguest)

E.g. MPI_Get_processor_name() identifies
particular piece of hardware (i,e_ processor) int MPI_Wait (MPI Request *request, MPI Status *status)

E.g. MPI_Wtime() is elabsed time / processor

Please refer to MPI specifications
online for more methods & details

int MPTI Get processgor name ([ char *name, int *resultlen )

double MPI Wcime (| void )

» Lecture 9 will offer more examples where MPI non-blocking communication can influence the performance of parallel applications
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Non-Blocking Communicaton Application Example — MPI_Isend()

finclude <stdio.h> = Our rank 0 processor takes the role of a nonblocking sender

#include <mpi.h>

ain(argc, argv)

" The method MPI_Get_processor_name() identifies a particular piece of hardware
w.r.t. to the concrete processor name (e.g., maybe same as gethostname()

MPI_Init (& & ; : ; ;

MPI:cQ;mjsiggfﬁplfggmiwom,), Spast size) =  We use the MPI_Get_processor_name() function output to include in the message to

MPI_Comm_rank (MPI_COMM_WORLD., “&my_rank) ; another task where exactly the processor is running right now that performs later the

if (my_rank == 0) { non-blocking send

int pool_size, my_rank;

char send_buffer[BUFSIZ], my_cpu_name[BUFSIZ];
int my_name_length;

MPI_Request request;

MPI_Status status;

T - = The method MPI_Isend() begins a non-blocking send operation and outputs a request
et processor name(my cpu name, &my name length);
sprintt (send_buffer, "Dear lask 1,\n\ . Here it is initiated by rank 0 and is send to rank 1 in MPI_COMM_WORLD

Please do not send any more messages.\n\
Please send money instead.\n\

tY faithfully, ) ) ) _
\fégﬁinii hfully,\m\ int MPI Is=end(void* buf, int count, MFI Datatype datatype, int dest,

\tRunnina _on %s\n"_mv_cou name) : int tag, MPI Comm, comm, MPI Regquest #*reguest)
MPI_Isend (send_buffer, strlen(send_buffer) + 1, MPI_CHAR,
1, 77, MPI COMM WORLD, &request):
printf("hello there user, I've just started this send\n\
T m_having a_oood time _relaving.\n");
MPI Wait (&request, &status);
printt("hello there user, 1t looks like the message has been sent.\n");

MPI_Wait() waits for an MPI request to complete

if (request == MPT_REQUEST NULL) { int MPI Waic (MFT Reguest *reguesc, MPI Status *stcatus)
printf("\tthe send requegt is MPI_REQUEST_NULL now\n");
} else {

rintf("\tthe send request still lingers\n"); i i i
P ( q 9 ) [4] Non-Blocking Application Example




Non-Blocking Communicaton Application Example — MPI_Irecv()

else if (my_rank == 1) {

=  Our rank 1 processor takes the role of a nonblocking receiver

char recv_buffer[BUFSIZ], my_cpu_name[BUFSIZ];
int my_name_length, count;

MPI_Request request;

MPI_Status status;

MPI Get processor name(my cpu name, &my name lenath); . e . .
MPT Trecv (recv buffer, BUFS17, MPT CHAR, 0,77, MPT COMM WORLD, =  The method MPI_Get_processor_name() identifies a particular piece of hardware

Sreauest) : w.r.t. to the concrete processor name (e.g., maybe same as gethostname()

printf("hello there user, I've just started this receive\n\ . .
%s._and I'm havina a good time relaxing.\n", my_cpu_name); = We use the MPI_Get_processor_name() function output to show later in a local

MPI_Wait (&request, &status); message where the receiver is running right now that performs later the non-blocking

FMIFL_Ge(_COunt (&status, mri_cnARy, &count); .
printf("hello there user, it looks'dlike %d characters \ receive
have just arrived:\n", count );
printf("%s", recv_buffer);

if (request == MPI_REQUEST_NULL) {
printf("\tthe receive request is MPI_REQUEST_WNULL now\n");

1 . . - -
’ ;riﬁtﬁ(.u\tt,1e receive request still lingers\n"); = The method MPI_Irecv () begins a non-blocking receive operation & outputs a request

¥ . Here it is initiated by rank 0 and is send to rank 1 in MPI_COMM_WORLD

}

MPI_Finalize(); int MPI Is=end(void* buf, int count, MFI Datatype datatype, int dest,
int tag, MPI Comm, comm, MPI Regquest #*reguest)

L
[ ]

MPI_Wait() waits for an MPI request to complete

int MPI Waic (MFT Reguest *reguesc, MPI Status *stcatus)

[4] Non-Blocking Application Example



Load the right Modules for Compilers & Compile C & MPI Program

= Using modules to get the
right C compiler for
compiling broadcast.c
= ‘module load gnu openmpi’

= Note: there are many C
compilers available, we
here pick one for our
particular HPC course that
works with the Message
Passing Interface (MPI)

= Note: If there are no errors,

the file nonblockexample is now a full C

C program executable that
can be started by an OS

= New: C program with MPI message exchanges
(cf. Lecture 2 — Parallel Programming with MPI)

[morris@jotunn nonblocking]$ module load gnu openmpi

[morris@jotunn nonblockingl$ mpicc nonblockexample.c -o nonblockexample
nonblockexample.c:4:1: warning: return type defaults to ‘int’ [-Wimplicit-int]
main(argc, argv)

onblockexample.c: In function ‘main’
onblockexample.c:29:29: warning: implicit declaration of function ‘strlen’ [-Wimplicit-function-declaration] :
MPI_Isend (send buffer, strlen(send buffer) + 1, MPI_CHAR, [5] Icelandic HPC

Machines & Community

onblockexample.c:29:29: warning: incompatible implicit declaration of built-in function ‘strlen’
onblockexample.c:29:29: note: include ‘<string.h>' or provide a declaration of ‘strlen’
[morris@jotunn nonblockingl$ 1s -al

otal 24
drwxrwxr-x 2 morris morris 84 okt 2 19:12

e v 10 moerie maredic 190 AL+ 5 10.10

-rwxrwxr-x 1 morris morris 13214 okt 2 19:12 nonblockexample

-rwxr-xr-x 1 morris morris 1971 okt 2 19:09 nonblockexample.c

-rwXr-Xr-x 1 morris morris 198 OKT 2 18:44 submlT-nonblockexample.sh

using a C compiler
C | m——

nonblockexample.c

mpicc

nonblockexample
executable

Practical Lecture 5.1 — Understanding MPI Communicators & Data Structures 12 /45



Parallel Processing — Executing an MPI Program with MPIRun & Script

= Submission using the Scheduler — U pdate(!) »  The job script parameter #SBATCH —N X indicates the NUMBER X OF
NODES; allocation by scheduler then depends on HPC system setup

u Example: SLURM on Jotunn HPC system *  The job script parameter #SBATCH —n X indicates the NUMBER X OF

= Schedul I ted 2 ted CORES; allocation by scheduler then depends on HPC system setup
cheauler aliocate cores asrequeste " Both parameters #SBATCH —n X and #SBATCH -N X can be

= MPIRun & scheduler distribute the combined in the job script if needed to fine-tune the requirements for

how much cores are needed on how many nodes

executable on the right nodes
= Note the outputs from the two ranks that perform

nonblocking send and receive operations

module load gnu openmpi
mpirun /home/morris/2019-HPC-Course/nonblocking/nonblockexample

[morris@jotunn nonblockingl$ sbatch submit-nonblockexample.sh

Username Time Use

“ani-oneapl 5703 00.00:00 Submitted batch job 199940
-mpi-exampl jfb3 00:00:00
-mpi-exampl jfb3 00:00:00
-mpi-exampl jfb3 :00: . X

pingpong 3fb3 :00: J6tunn login node |:|- ---------------------------

pingpong jfb3 :00:

pingpong jfb3 :00:

pingpong jfb3_ :00: [morris@jotunn nonblocking]$ more slurm-199940.out

nonblockexample _morris :00: i hello there user, I've just started this send

and I'm having a good time relaxing.

hello there user, it looks like the message has been sent.

the send request is MPI_REQUEST_NULL now J(-jtunn Compute nOdeS

hello there user, I've just started this receive

[morris@jotunn nonblockingl$ 1s -al on compute-2-0, and I'm having a good time relaxing.
otal 28 hello there user, it looks like 130 characters have just arrived: ZEEusSya. ——— .
= —
drwx rwxr- morris morris 107 okt 117 . Dear Task 1, == output file
: . Please do not send any more messages.

drwx rwxr- morris morris 128 okt .
Please send money instead.

Scheduler

- rWXrwXr- morris morris 13214 okt : nonblockexample Yours faithfully,
- FWXr-Xr- morris morris 1971 okt : nonblockexample.c Task 0
rw-rw-r-- morris morris 526 okt : slurm-199940.out Running on compute-2-0
- rWXI-XI- morris morris 199 : submit-nonblockexample.sh the receive request is MPI REQUEST NULL now




MPI Communicators — Create MPI Cartesian Communicators (cf. Lecture 4)

MPI_COMM_WORLD

= Create (sub-)groups of the processes &

© ° © (numbers reflect virtual groups of processes
o 8 C e ” ur;:‘q:glcii:grty = E.g. optimized for cartesian topology
(3] o named ‘MPI rank) MPI Cart create()

= Creates a new communicator
009 ... © o out of MPI_COMM_WORLD
@

= Dims: array with length for each dimension
= Periods: logical array specifying whether the grid

© o
¢ © © 0 : L
o © o © is periodic or not
C © = Reorder: Allow reordering of ranks in output

communicator

C . _
- (e.g. using MPI messages in
communications /
() C ST ‘ scientific simulations and/or
C ) ' ‘__‘ engineering applications)

[6] LLNL MPI Tutorial

» Assignment #3 will make use of the cartesian communicator in a simple application example that includes the moving of boats & fish
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Cartesian Communicator Example — Conceptual View (cf. Lecture 4)

rank
(row,colum

source / d

A\

dim[1] =4

[\

dim[0] = 3

Practical Lecture 5.1 — Understanding MPI Communicators & Data Structures

0 1 "2 3
) (0,0) (0,1) (0,2) (0,3)
8/4 9/5 10/6 11/7
o I | | |
V4 - V5 v
(1,0) (1.1) (1,2) (1,3)
0/8 1/9 2/10 3/11
] } | }
8 9 10 11
(2.0) (2.1) (2.2) (2,3)
4/0 \ 5/ 1 \ 6/2\ 713
/ I | /

(‘cartesian structure’)

\V

moadified from [2] German MPI Lecture

(e.g. using MPI messages in
scientific simulations and/or
engineering applications)

e
s et
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Cartesian Communicator Example — Source-code View (cf. Lecture 4)

#include <stdio.h>
#include <mpi.h>
int main (int argc, char** argv) {
int rank, size;
MPI Init(&argc, &argv);
MPI Comm size (MPI COMM WORLD, &size);

MPI Comm rank (MPI COMM WORLD, &rank);

. Preparing parameter dims as array with length for each dimension (here 3 x 4)
" Preparing parameter periods as logical array specifying whether the cartesian

grid is period

. Preparing parameter reorder as not reordering of ranks in output communicator

. MPI_Cart_create() creates a new communicator (cartesian structure) according to
specified dimensions in variables

dims [0]=3; dims[1l] = 4;
periods[0] =true; periods[l]=true;

reorder = false;

= MPI_Cart_coords() obtains process coordinates in cartesian topology — note that
this JUST obtaines the current process coordinates — no actual shift is done yet

" MPI_Cart_shift() obtains ‘ranks’ for shifting data in cartesian topology — note that
this JUST prepares for a shift understanding which ranks are affected by shift

MPI Cart create (MPI_COMM WORLD, 2, dims,
periods, reorder, &comm 2d);

MPI Cart coords(comm 2d, rank, 2, &coords);

MPI Cart shift(comm 2d, 0, 1, &source, &dest);

a = rank; b = 1;

MPI Sendrecv(a, 1, MPI REAL, dest, 13, b,
MPI_ REAL, source, 13, comm 24,

1,
&status) ;

= A real shift is done
using a typical MPI
message exchange
with the obtained
ranks and in the space
of the Cartesian
communicator

MPI Finalize();

return 0;

Practical Lecture 5.1 — Understanding MPI Communicators & Data Structures
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rank
(row,colungn)

source / dpst

ANYA WA

1

2

3

(0,0 01 0,2) (0,3
8/4 9/5 10/6 1117
| | | |

Vv V5 v s v
(1,0) (1,1 (1,2) (1,3)
10/8 179 2710 3711
i T 9 T 10 EE
2,0) 2,1 2.,2) (2,3)
410 571 6/2 7/3

/

—

7

\
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Cartesian Communicator Example — MPI_Cart_create()

MPI Cart_create

int main (int argc, char** argv) {
int rank, size;

Makes a new communicator to which topology information has been attached

MPI_TInit(&argc, &argv); Synopsis
MPI_I;csmm_size(MPI lHOMM_WORLD, &SiZE‘.); int MPI_ Cart_create (MPI_Comm comm old, int ndims, const int dims[],
MPI_Comm_rank(MPI_COMM WORLD, &rank); const int periods[], int reorder, MPI_Comm *comm cart)
int dims[2] = 1}, ]
int periodsl: {1,1}; Input Parameters
int
int reorder ; comm_old
input communicator (handle)
int source, dest, a, b; ndims
. - number of dimensions of cartesian grid (integer)
MPI_Comm comm_2d; di
MPI_Status status; ms . . o . . .
- integer array of size ndims specifying the number of processes i each dimension
MPI_Cart_create(MPI_COMM WORLD, 2, dims, periods, reorder, &comm_2d); periods

logical array of size ndims specifying whether the grid 1s periodic (true) or not (false)
in each dimension

reorder
ranking may be reordered (true) or not (false) (logical)

QOutput Parameters

comm_cart

" C uses the definition that false is ‘exact value 0‘ and true is ‘unequal 0 (e.g. 1) communicator with new cartesian topology (handle)

. The usefulness of the different levels of periodicity depends on the
application logic of the corresponding scientific simulation

" Setting the periodic or non-periodic levels influences the shifts patterns




Cartesian Communicators — Periodicity in Detail

TRUE
TRUE

lperiod (1)

TRUE lperiod (1)
FALSE lperiod(2)

FALSE lperiod (1)
TRUE lperiod(2)

lperiod(2)

ANEYAY

0 1 2 0 1 2
(0,0) (0,1) (0,2) (0,0) (0,1) (0,2)

(1,0) (1,1) (1,2)

. C uses the definition that false is ‘exact value 0‘ and true is ‘unequal 0° (e.g. 1)

" The usefulness of the different levels of periodicity depends on the
application logic of the corresponding scientific simulation

" Setting the periodic or non-periodic levels influences the shifts patterns

[2] German MPI Lecture
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Cartesian Communicator Example — MPI_Cart_coords()

MPI Cart _coords

. e . . ~harkE an I . . . . .
int main (int argc, char** argv) { Determines process coords in cartesian topology given rank in group
int rank, size; 3

MPI_Init(&argc, &argv); SYll(}pSiS

ugi::zgmm:?;ﬁiE”E%::Eg””:ﬁggtg: g?;ﬁi;: int MPI_Cart_coords (MPI_Comm comm, int rank, int maxdims, int coords[])
int = {3,4} Input Parameters

int per [2]1 = {1,1};

int ;

int reorder 1; comm

communicator with cartesian structure (handle)

int source, dest, a, b; rank

rank of a process within group of comm (integer)
maxdims
length of vector coords in the calling program (integer)

MPI Comm comm 2d;
MPI_Status status;

MPI Cart create(MPI_COMM WORLD, 2, dims, periods, reorder, &comm_2d);
Output Parameters

MPI_Cart_coords{comm_2d, rank, 2, coords);

coords
integer array (of size ndims) containing the Cartesian coordinates of specified
process (integer)

= Obtains coordinate from each process from the cartesian communicator




Cartesian Communicator Example — MPI_Cart_shift()

MPI_Cart_shift

int main (int argc, char** argv) { Returns the shifted source and destination ranks, given a shift direction and amount
int rank, size;

MPI_Init(&argc, &argv); Synopsm

MPI_Comm_size(MPI_COMM _WORLD, &size); int MPI_Cart_shift (MPI_Comm comm, int direction, int disp, int *rank source,
MPI_Comm_rank(MPI_COMM_WORLD, &rank); int ¥rank dest)

int dims[2] = {3,4}; Input Parameters
int periods[2] = {1,1};
int coords[2

. comm
int reorder = 1;

communicator with cartesian structure (handle)

int source, dest, a, b; /\ /\ /\ dim[1]=4 direction

ok 0 2 coordinate dimension of shift (integer)

rank_dest
rank of destination process (mnteger)

MPI_Comm comm_2d; owaatpy) (LU o o 7 disp

MPI_Status status; source / dst } - e displacement (= 0: upwards shift, < 0: downwards shift) (integer)
(1,0) 1.1) 12 13

MPI_Cart_create(MPI_COMM WORLD, 2, dims, periods, reorder, &comm_2d); ln 8 » lw-v l’ | 11 1 Olltpllt Parameters

MPI Cart coords(comm 2d, rank, 2, coords); 21 @2
hi o ) b rank_source

MPI Cart shift(comm 2d, ©, 1, &source, &dest): dim[0] -3 U U U rank of source process (integer)

Notes

" (just!) prepares a ‘shift’ to neighbours down in the Grid (in this example) according cartesian The direction argument is in the range [0,n-1] for an n-dimensional Cartesian mesh.
setup (obtain the rank of them)
" Think: dimension[0] = ‘direction‘ of the Grid — think better coordinate dimension here

" Think: Upwards in dimension means ‘down’




Cartesian Communicators — Standard Shifts

MPI Cart shift(comm, dir, disp, iback, iforw, ierr)
- - int MPI Cart shift(

= Positive Shift ~ o

int directiomn,

int displ,
. _ 0 2 i.nt * gource,
- dlSp _— +1 (0,0) (0,2) }.1111'. *dest
(iback) (iforw)
f'\ f'\
] 1 1 0 2
Negative Shift o o
= disp = -1
(iforw) (iback)
=  Shifts prepares the communication with neighbours with send/receive operations along each different
directions and obtain ranks to be used in send/receive operations
[2] German MPI Lecture
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Cartesian Communicators — Problematic Shifts

MPI CART SHIFT (comm, dir, disp, iback, iforw, ierr)
- - int MPI Cart shift(

. . . . b[PI_CEmﬂ-‘f?an,
= Negative Shift (periodic) rutaszection,

int *source
= disp = -1 int *dsst
] 5
f'\ f'\
size 1

-1

=  Size-1 indicates that the next shift is going to
perform a ‘turnaround / period‘ given a periodic
cartesian communicator setup

(iforw) (iback)

= Off-end Shift (non-periodic)

= disp = -1
 \\ N
MPI PROC NULL 1 .
- - " MPI_PROC_NULL ‘as dummy process‘ indicates
here that the next shift is leaving the defined
dimension of the cartesian communicator in a
(iforw) (iback) non-periodic setup

[2] German MPI Lecture
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Cartesian Communicator Example — MPI_Sendrecv()

MPI_Sendrecv

. . . Sends and receives a message
int main (int argc, char** argv) { N
int rank, size; Svnopsis

MPI_Init(&argc, &argv);

int MPI_Sendrecv(comst void “sendbuf, int sendcount, MPI_Datatype =endtype,

int dest, int sendtag,

MPI_Comm_size(MPI_COMM WORLD, &size); void *reevbuf, int recveount, MPI_Datatype recviype,
MPI_Comm_rank(MPI_COMM WORLD, &rank); int scurce, int recvtag,
MPI_Comm comm, MPI_Status *status)

int dims[2] = {3,4};
int periods[2] = {1,1}; Input Parameters
int coords[2];
int reorder = 1; sendbuf

initial address of send buffer (choice)
int source, dest, a, b; sendcount

number of elements in send buffer (integer)
MPI_Comm comm_2d; sendtype _
MPI Status status: type of elements in send buffer (handle)

_ 5 5 -H dest

MPI_Cart_create(MPI_COMM WORLD, 2, dims, periods, reorder, &comm_2d); smdm’;“k of destination (integer)

end tag (int
MPI_Cart_coords(comm_2d, rank, 2, coords); mm::“t g (integer)

- . - . number of elements in receive buffer (integer)

MPI_Cart_shift(comm_2d, @, 1, &source, &dest); recviype

type of elements in receive buffer (handle)
a = rank; b = 100; somrce

rank of source (integer)
MPI_Sendrecv(&a, 1, MPI_INT, dest, 13, &b, 1, MPI_INT, source, 13, comm_2d, &status); recviag

receive tag (integer)

comm

communicator (handle)

. . Output Parameters
] We send a as rank information P

" We initialize b = 100 to check if we receive something
. MPI_Sendrecv sends a to dest and obtains b from source: dest and source prepared from MPI_Cart_shift() status

recvbuf
initial address of receive buffer (cheice)

status object (Status). This refers to the receive operation.




Cartesian Communicator Example — Create Outputs

ANYA WA

int source, dest, a, b;

MPI_Comm comm_2d;
MPI_Status status;

MPI_Cart_create(MPI_COMM WORLD, 2, dims, periods, reorder, &comm_2d);
MPI_Cart_coords(comm_2d, rank, 2, coords);
MPI_Cart_shift(comm_2d, @, 1, &source, &dest);

a = rank; b = 100;

MPI_Sendrecv(&a, 1, MPI_INT, dest, 13, &b, 1, MPI_INT, source, 13, comm_2d, &status);

printf("r S0 \n' g source);
printf("r n", ) st);
printf("r \n", rank, coords[0], coords[1]);

printf("r , dest, a);
printf("r d \n", rank, source, b);
printf("-

MPI_Finalize();
return 0;

" (just!) prepares a ‘shift’ to neighbours down in the
Grid (in this example) according cartesian setup
(obtain the rank of them)

. Think: dimension[0] = ‘direction‘ of the Grid — think
better coordinate dimension here

" Think: Upwards in dimension means ‘down’

. Coordinates are printed as well as the sending and
receiving of information

rank
(row,column)
source / dgst

0 1 2 3
(0,0) (0,1) (0,2) 0,3)
8/4 9/5 10/6 11/7
| | | |
v Vs v 6 -
(1,0) (1,1) (1,2) (1,3)
10/8 11/9 lzmo l3/11
i T g " 10 T
(2,0) (2.1) (2,2) (2,3)
410 5/1 6/2 713
/

VARV

[2] German MPI Lecture

We send a as rank information

We initialize b = 100 to check if we receive
something

MPI_Sendrecv sends a to dest and obtains b from

source: dest and source prepared from
MPI_Cart_shift()




Cartesian Communicator Example — Compile & Submit Batch Script & Output

(the number of 12 cores is ok and fits grid
dimension of communicator)

[morris@jotunn cartesianl$ module load gnu openmpi
[morris@jotunn cartesian]$ mpicc cart-example.c -o cart-example
[morris@jotunn cartesianl]$ ls -al

otal 36
drwx rwxr- morris morris 121

drwX rwxr- morris morris 4096 .

rwxXrwxr - morris morris 13025 : cart-example
rwxr-Xxr- morris morris 1027 : cart-example.c

-rw-rw-r- morris morris 1822 VLV sturm-199941.0out .
e mArrie mareie  EQQ AL N .07 _c1iem 100049 At module load gnu openmpi

FWXTE-XTF- morris morris 193 :20 submit-cart-example.sh mpirun /home/morris/2019-HPC-Course/cartesian/cart-example

[morris@jotunn cartesian]$ sbatch submit-cart-example.sh
Submitted batch job 199941

(below is an error as an example that occurs when the number of processes not
match the required grid dimension of the cartesian communicator)

[morris@jotunn cartesian]$ more slurm-199942.out

[compute-2-0:8696] *** An error occurred in MPI_Cart_create
[compute-2-0:8696] *** reported by process [3418685441,1]
[compute-2-0:8696] *** on communicator MPI_COMM_WORLD
[compute-2-0:8696] *** MPI_ERR_ARG: invalid argument of some other kind

module load gnu openmpi [compute-2-0:8696] *** MPI_ERRORS_ARE_FATAL (processes in this communicator will now abort,

mpirun /home/morris/2019-HPC-Course/cartesian/cart-example jl[compute-2-0:8696] *** and potentially your MPI job)
[compute-2-0:08693] 10 more processes have sent help message help-mpi-errors.txt / mpi_errors_are_fatal
[compute-2-0:08693] Set MCA parameter "orte_base_help_aggregate” to 0 to see all help / error messages




Cartesian Communicator Example — Understanding Output

source 1is 8 7 source is .
B dest is 4 7 dest is 11
O coordinates are 0 © 7 coordinates are 1 3
send to dest = 4 the value 0 7 send to dest = 11 the value 7
received from source = 8 the value 8 7 received from source = 3 the value 3
1 source is 9 8 source is 4
1 dest is 5 8 dest is 0 /\ /\ /\
1 coordinates are 0 1 8 coordinates are 2 0 rank 1 2 3
1 send to dest = 5 the value 1 8 send to dest = 0@ the value 8 (row,colunfn) (0,1) (0,2) (0,3)
1 received from source = 9 the value 9 8 received from source = 4 the ’ 9/5 10/6 1M1/17
= source / dgst l l | I
2 source is 10 source is 5 \ S G N
2 dest is 6 dest is 1 (1,0) (1.1) (1,2) (1,3)
; coogdinaéestareﬁetﬁ . , coordinates are 2 1 1O/B l1/9 l2/10 13/11
sen o dest = e value . PR . ' + ¥ v
2 received from source = 10 the value 10 igggizgddiizm_qéuﬁzg Ea;uihg 8 9 10 11
At > T T ' : (2,0 (2.1) (2.2) (2,3)
3 source is 11 e e A 4/0 5/1 6/2 T3
3 dest is 7 source 1s 6 ]

coordinates are 0 3
send to dest = 7 the
received from source

source 1is 0

dest is 8§
coordinates are 1 0
send to dest = 8 the
received from source

value 3
= 11 the value 11

value 4
= 0 the value 0

dest is 2

coordinates are 2 2
send to dest = 2 the
received from source

source is 7

dest is 3
coordinates are 2 .
send to dest = 3 the
received from source

value 10

= 6 the value 6

value 11

= 7 the value 7

VARV

[2] German MPI Lecture



Using Non-Blocking Communication with Cartesian Communicators (1)

] ‘constants for numbers’: offer here
better code readability, not a must

#include <stdio.h> "

#include <mpi.h> =

#define SIZE 16

#define UP 0

#define DOWN 1 f=—"" L] Prepares variables to be used in
asynchronous communication;

= MPI_PROC_NULL indicates a ‘rank’
for a so-called ‘dummy process’

#define LEFT 2
#define RIGHT 3

int main (int argc, char** argv) {

int numtasks, rank, source, dest, outbuf, i, tag=1l;

int inbuf[4]={MPI_PROC NULL,MPI PROC NULL, MPI PROC NULL,
MPI_PROC_NULL};

int nbrs[4];

int dims[2] = {4,4}, periods[2] = {0,0}, reorder=0;

int coords[2];

. Prepares variables related to our 2D
problem,4x4 with 4 neighbours

. Prepares variables for creating a
Cartesian communicator later

MPI Comm cartcomm;

MPI_Request reqs[8]; *  Prepares variables used for non-
MPI Status stats[8]; blocking MPI

MPI Init (&argc, &argv) ; L lified
// starting with MPI program. .. simplifie
} demo code’ modified from [11] MPI Tutorial
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Using Non-Blocking Communication with Cartesian Communicators (2)

MPI Init (&argc, &argv) ; = Creates a cartesian coordinator based on our

MPI Comm size (MPI COMM WORLD, &numtasks) ; ___——’ above initialized Variables, here 2D > 4x4

MPI_Cart create (MPI_COMM WORLD, 2, dims, periods, |
reorder, &cartcomm) 7

MPI Comm rank(cartcomm, &rank); = |r=——m—— =  Obtains rank from each process, here from the
cartesian communicator

IMPI Cart coords(cartcomm, rank, 2, coords):; I~-__
~~~~-~
---~~
. ~
MPI_cart_Shlftéca’E;:‘]’m' 0, 1[]'30WN] ) “==<.__|* Obtains coordinate from each process from the
&nbrs ’ . : - cartesian communicator
MPI Cart shift(cartcomm,) 1,1, Sso
J— — -~
&nbrs [LEFT] ,emors [RIGHT] ) ; S~ ao
N~~
N~~
S
printf (“rank= %d coords= %d| %d“ having "*~~~ ] (just!) prepares a ‘shift’ to neighbours up and
. ) [ w ~ H H 1
neighbours(u,d,1,r)=%d %d %d %d \n“, =~ down as well as left and right according cartesian
rank, coords([0], coordslIl], "~~-__ setup (obtain the rank of them)
-~
nbrs [UP], nbrs[DOWN], nbrs|[LEFT], nbrs[RIGHT]) :; "‘~~-~
~---

mpicc: stray \302 in program: remove invalid characters due to copy&paste ~‘~-_~ = Prints out the neighbours
// do some work with MPI communication operations... with cooresponding rank

MPI_Finalize(); ‘simplified
return 0;

} demo Code' modified from [11] MPI Tutorial
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Using Non-Blocking Communication with Cartesian Communicators (3)

// do some work with MPI communication operations... . Each process has 4 neigbhours so sends out 4

// e.g. exchanging simple data with all neighbours pieces of information and receives 4 pieces of
information -> 8 overall

outbuf = rank;

for (i=0; i<4;i++) { "

dest=nbrs[il;

source=nbrs[i]; = Loop: 4 x asynchronous communication: a non-

blocking send using the ‘shift’ rank information

indirectly via dest
MPI Isend(&outbuf, 1, MPI INT, dest, tag,

MPI_COMM WORLD, &regsl[il);

. Loop: 4 x asynchronous communication: a non-

MPI_Irec;l(&inbUf[i]l 1, MPI_INT, source, tag, blocking receive using the ‘shift’ rank information
MPI_ COMM™ 7 eqgs[i+4]); // 4 as a kind of offset [\ indirectly via source

o o o \\ \ | v /\
MPI Waitall(8, regs, stats); '
printf (“*rank= %d has received

(u,d,1,r)= %d %d %d %4 \n"“,

--_____---_-------_______________ =  Synchronization: Wait for all 8 asynchronous

rank, inbuf[UP], inbuf [DOWN], communications to be finalized & printout data
inbuf [LEFT], inbuf [RIGHT]);

MPI Finalize () ; ‘simplified

return 0; demo code’ modified from [11] MPI Tutorial
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Using Non-Blocking Communication with Cartesian Communicators (4)

int main (int argc, char®** argv) {
int numtasks, rank, source, dest, outbuf, i, tag=1;
int inbuf[4]={MPI_PROC_NULL,MPI_PROC_NULL, MPI_PROC_NULL,
MPI_PROC_NULL};

int nbrs(4]
int dims[
int coords ;
MPI_Comm cartcomm;

{4,4%}, periods[2] = {1,1}, reorder=1;

MPI_Request reqs[8];
MPI_Status stats[8];

MPI_Init(&argc, &argv);

MPI_Comm_size(MPI_COMM_WORLD, &numtasks);
MPI_Cart_create(MPI_COMM_WORLD, 2, dims, periods,reorder, &cartcomm);

MPI_Comm_rank(cartcomm, &rank);
MPI_Cart_coords(cartcomm, rank, 2, coords);

MPI_Cart_shift(cartcomm, 0©

, 1, &nbrs[UP], &nbrs[DOWN] );
MPI_Cart_shift(cartcomm, 1, 1,

&nbrs[RIGHT]

printf("r 0 ( . T d \n", rank
coor 0 s nbrs [RIGHT] ) ;

[morris@jotunn cart2d]$ pwd
/home/morris/2019-HPC-Course/cart2d

[morris@jotunn cart2d]$ vi submit-cart2d.sh
[morris@jotunn cart2d]$ module load gnu openmpi
[morris@jotunn cart2d]$ mpicc cart2d.c -o cart2d
[morris@jotunn cart2d]$ 1s -al

total 28

drwxrwxr-x 2 morris morris 57 okt 2 22:29 .
drwxrwxr-x 12 morris morris 4096 okt 2 20:21 ..
-rwxrwxr-x 1 morris morris 13052 okt 2 22:29 cart2d
-rwxr-xr-x 1 morris morris 1674 okt 2 19:40 cart2d.c
-rwxr-xr-x 1 morris morris 184 okt 2 22:29 submit-cart2d.sh

outbuf = rank;

for ( ;oi<d;iv+) {
dest=nbrs[i];
source=nbrs[i];

MPI Isend(&outbuf, 1, MPI INT, dest, tag, MPI COMM WORLD, &reqs[il);
MPI Irecv(&inbuf[i], 1, MPI_INT, source, tag, MPI_COMM WORLD, &reqs[i+4]);

1
I

MPI Waitall(8, reqs, stats);

printf("rank re u,d,1,r)=

inbuf[UP1, inbuf[DOWN], LEFT]

MPI Finalize();

return 0;

module load gnu openmpi
mpirun /home/morris/2019-HPC-Course/cart2d/cart2d




Using Non-Blocking Communication with Cartesian Communicators (5)

[morris@jotunn cart2d]$ gstat
Job id Name

(%]

Username Time Use

normal
normal
normal
normal
normal
normal
normal
normal [

normal 0 1 2 * 3

hello-mpi-exampl
hello-mpi-exampl
hello-mpi-exampl
hello-mpi-exampl
pingpong
pingpong
pingpong
pingpong
cart2d-example

jfb3
morris

[g¥=ReoRoRoPololole)

coords= 1 2 having neighbours(u,d,l,r)=2 10 5 7

has received (u,d,l,r)=2 105 7

coords= 1 3 having neighbours(u,d,1,r)=3 11 6 4

has received (u,d,l,r)= 3116 4

coords= 2 0 having neighbours(u,d,l,r)=4 12 11 9

has received (u,d,l,r)= 4 12 11 9

coords= 2 1 having neighbours(u,d,1,r)=5 13 8 10

has received (u,d,1l,r)=5 13 8 10

(5 :7 coords= 2 2 having neighbours(u,d,l,r)=6 14 9 11
has received (u,d,1l,r)=6 14 9 11

[morris@jotunn cart2d]$ ls -al
otal 32 4

ArwXrwxr-xX
ArwXrwxr-Xx

morris
morris
morris
morris
morris
morris

morris
morris
morris
morris
morris
morris

cart2d

cart2d.c
slurm-199948.out
submit-cart2d.sh

(1,0) > (1,1) 4—(1,2) (1,3)
:
8 9 10 11
(2,0) (2,1) (2,2) (2,3)
A
— 12 13 14 —| 15

(periodic)

VUBRPRWWNNREROO

coords= 2 3 having neighbours(u,d,1,r)=7 15 10 8
has received (u,d,1l,r)=7 15 10 8
coords= 3 0 having neighbours(u,d,1,r)=8 0 15 13
has received (u,d,1l,r)= 8 0 15 13
coords= 3 1 having neighbours(u,d,1,r)=9 1 12 14
has received (u,d,l,r 112 14
coords= 3 2 having neighbours(u,d,1,r)=10 2 13 15
has received (u,d,l
coords= 3 3 having neighbours(u,d,1,r)=11 3 14 12
has received (u,d,l,r)= 11 3 14 12
coords= 0 0 having neighbours(u,d,1,r)=12 4 3 1
has received (u,d,1l,r)= 12 4 3 1
coords= 0 1 having neighbours(u,d,1,r)=13 5 0 2
has received (u,d,l,r)= 13 5 0 2
coords= 0 2 having neighbours(u,d,1l,r)=14 6 1 3
has received (u,d,l,r)=14 6 1 3
coords= 0 3 having neighbours(u,d,1,r)=15 7 2 0
has received (u,d,l,r)= 157 2 0
coords= 1 0 having neighbours(u,d,l,r)=0 8 7 5
has received (u,d,l,r)=08 7 5
coords= 1 1 having neighbours(u,d,l,r)=1 9 4 6
has received (u,d,l,r)=19 4 6




MPI Derived Data Types & Parallel 1/0 via HDF Examples

O
O
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MPI Derived Datatypes — MPI_Type_contigous() Example

‘MPI_Type_contiguous( 3, oldtype, newtype ): | #include <stdio.h> Lrg:;{l;(g]otunn derived-contigous]$ 1s -al
# 4 < i . h> drwxrwxr-x 2 morris morris 113 okt 3 07:35
:!-nC-LUde Stdllb h drwxrwxr-x 15 morris morris 4096 okt 3 06:42
_—_ #include <mp1l. h> -rwxrwxr-x 1 morris morris 8832 okt 3 07:35 derived-contigous
—— -rw-rw-r-- 1 morris morris 1045 okt 3 07:33 derived-contigous.c
- 1 morris morris 92 okt 3 07:35 slurm-199953.out
. . - t . ( . t h * [ ] ) -rwxr-xr-x 1 morris morris 208 okt 3 07:35 submit-derived-contigous.sh
(I|ke a VeCtOI’ datatype COnS|StS Of a number 1n maln{in al’gc, char argV [morris@jotunn derived-contigous]$ more slurm-199953.out

{ MPI process 0 sends values 12345 and 67890.
MPI_Init(&argc, &argv);
MPI_Datatype double_int_type;
MPI_Type_contiguous(2, MPI_INT, &double_int_type);

MPI process 1 received values: 12345 and 67890.

of contiquos items of the same datatype)

int MPI Type contiguous( MPI_Type commit(&double_int_type);
int count, enum role_ranks { SENDER, RECEIVER };
MPI Datatype old type, int my_rank;
MPI Datatype *nsv_tiyps D MPI_Comm_rank (MPI_COMM_WORLD, &my_rank);
): switch(my_rank)

{
case SENDER:

{
int buffer_sent[2] = {12345, 67890};
printf("MPI process %d sends values %d and %d.\n",
my_rank, buffer_sent[0], buffer_sent[1]);
MPI_Send(&buffer_sent, 1, double_int_type, RECEIVER, 0, MPI_COMM_WORLD);
break;
}
case RECEIVER:
{
int received[2];
MPI_Recv(&received, 1, double_int_type, SENDER, 0, MPI_COMM_WORLD, MPI_STATUS_IGNORE);
printf("MPI process %d received values: %d and %d.\n", my_rank, received[0], received[1]);
break;
}
}
MPI_Finalize();
return EXIT_SUCCESS;

[12] RookieHPC



MPI Derived Datatypes — MPI_Type_vector() Example

’MPI_Type_vector( 5, 2, 3, oldtype, newtype ): | #include <stdio.h> m;{izgjotunn derived-vector]$ ls -al
#include <stdlib.h> drwxrwxr-x 2 morris morris 104 okt 3 06:55
. - drwxrwxr-x 15 morris morris 4096 okt 3 06:42 ..
#1nC.LUde <mpl . h> -rwxrwxr-x 1 morris morris 8825 okt 3 06:54 derived-vector

-rw-rw-r-- 1 morris morris 1124 okt 3 06:52 derived-vector.c
rw-rw-r-- 1 morris morris 82 okt 3 06:55 slurm-199951.out
int main (ln't argc, charx* argv[] ) -rwxr-xr-x 1 morris morris 199 okt 3 06:54 submit-derived-vector.sh

[morris@jotunn derived-vector]$ more slurm-199951.out
{ MPI process 0 sends values 1, 4 and 7.

MPI_Inlt (&a r‘gc, &a r‘gv) , MPI process 1 received values: 1, 4 and 7.
enum rank_roles { SENDER, RECEIVER };

int my_rank;

MPI_Comm_rank (MPI_COMM_WORLD, &my_rank);

switch(my_rank)

MPT Datatype cold typs,
MPT Datatype *nevtypes p

): case SENDER:

{

MPI_Datatype column_type;
MPI_Type_vector(3, 1, 3, MPI_INT, &column_type);
MPI_Type_commit (&column_type);

int buffer[3][3] ={ 0, 1, 2
MPI_Request request;
printf("MPI process %d sends values %d, %d and %d.\n",

my_rank, buffer[0][1], buffer[1][1], buffer[2][1]);
MPI_Send(&buffer[0][1], 1, column_type, RECEIVER, 0, MPI_COMM_WORLD);
break;

3, 4, 5,6, 7, 81,

}
case RECEIVER:
{
int received[3];
MPI_Recv(&received, 3, MPI_INT, SENDER, 0, MPI_COMM_WORLD, MPI_STATUS_IGNORE);
printf("MPI process %d received values: %d, %d and %d.\n",
my_rank, received[0], received[1], received[2]);
break;

3

¥
MPI_Finalize();
[12] RookieHPC return EXIT_SUCCESS;




MPI Derived Datatypes — MPI_Type_indexed() Example

array of blocklengths[] = {2,3,1,2,2,2} /* below BL */
array of displacements[] = {3,9,12,15,18} /* below DIS */

MPI_Type indexed ( 6, array_ of blocklengths, array of_ displacements, oldtype, newtype) ;

BL[0] BL[1] BL[2] BL[3]

BL[4] BL[5]

—

int MPI Type indexed(

[12] RookieHPC

int count,

int blocklens|[],

int indices|[],

MPI Datatype old type,
MPI Datatype *newtype

[morris@jotunn derived-indexed]$ 1s -al

#include <stdio.h> {Donriso
#include <stdlib.h> druxrwxr-x 2 morris morris 107 okt 3 07:10

drwxrwxr-x 15 morris morris 4096 okt 3 06:42

#include <mpi .h> -rwxrwxr-x 1 morris morris 8827 okt 3 07:10 derived-indexed

- 1 morris morris 1349 okt 3 07:08 derived-indexed.c
- 1 morris morris 83 okt 3 07:10 slurm-199952.out
x 1 morris morris 202 okt 3 07:10 submit-derived-indexed.sh

int main(int argc, char* argv[]) [morrisgjotunn derived-indexed]$ more slurm-199952.out

{

MPI process 0 sends values:
]

MPI_Init(&argc, &argv); 24
enum rank_roles { SENDER, RECEIVER }; HeT pracess 7 racefved valuss:

int my_rank; 34
MPI_Comm_rank(MPI_COMM_WORLD, &my_rank);

678

switch(my_rank)

case SENDER:

{

¥

MPI_Datatype triangle_type;

int lengths[3] = { 1, 2, 3 };

int displacements[3] = { 0, 3, 6 };

MPI_Type_indexed(3, lengths, displacements, MPI_INT, &triangle_type);

MPI_Type_commit (&triangle_type);

int buffer[31[3]1 = {0, 1, 2, 3, 4, 5, 6, 7, 8 };

MPI_Request request;

printf("MPI process %d sends values:\n%d\n%d %d\n%d %d %d\n", my_rank,
buffer[0]1[0], buffer[1]1[0], buffer[1]1[1], buffer[2]1[0], buffer[2]1[1], buffer[2][2]);

MPI_Send(buffer, 1, triangle_type, RECEIVER, 0, MPI_COMM_WORLD);

break;

case RECEIVER:

{

by

int received[6];
MPI_Recv(&received, 6, MPI_INT, SENDER, 0, MPI_COMM_WORLD, MPI_STATUS_IGNORE);
printf("MPI process %d received values:\n%d\n%d %d\n%d %d\n",
my_rank, received[0], received[1l], received[2], received[3], received[4], received[5]);
break;

b
MPI_Finalize();
return EXIT_SUCCESS;




Data Science Example: DBSCAN Clustering Algorithm — Revisited (cf. Lecture 5)

= DBSCAN Algorithm T Mineoints =4
-—0) i ! i
: : : Py /(DR = Density Reachabl
" |Introduced 1996 and most cited clustering algorithm ( ensity Reachable)
= Groups number of similar points into clusters of data

= Similarity is defined by a distance measure (e.g. euclidean distance)

(DDR = Directly Density
Reachable)

(DC = Density Connected)

= Distinct Algorithm Features

#1/bin/bash
#SBATCH - -job-name=HPDBSCAN

= Clusters a variable number of clusters #SBATCH -0 HPDBESCAN-%j . out

) ] [7] Ester et al. #SBATCH -e HPDBSCAN-%j.err
(cf. K-Means Clustering with K clusters) FSBATCH --nodes=2
. . ‘ . ‘ #SBATCH --n?asEs-per-node=4
= Forms arbitrarily shaped clusters (except ‘bow ties’) FSBATCH - tines00:20:00

#SBATCH --reservation=ml-hpc-1

= |dentifies inherently also outliers/noise

OMP_NUM_THREADS=4

# location executable

=  Density-based spatial clustering of applications with noise (DBSCAN) is a data clustering HPDESCAN=/homea/hpclab/train001/tools/hpdbscan/dbscan
algorithm that requires only two parameters and has no requirement to specify number of clusters # your own copy of bremen small
. . .. . o . . . BREMENSMALLDATA=/homea/hpclab/train®@01l/bremenSmall.h5
= Parameter Epsilon: Algorithm looks for a similar point within a given search radius Epsilon
= Parameter minPoints: Algorithm checks that cluster consist of a given minimum number of points R A e e ab s rain00L /bremen. hs

srun $HPDBSCAN -m 100 -e 300 -t 12 $BREMENSMALLDATA

» Lecture 8 provides more details about using MPI and OpenMP for data science algorithms used in clustering and classification of data
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‘Big Data‘ Science Example — Parallel & Scalable Clustering Algorithm — Revisited

Ol pletelgr s 512 —e— Hybrid DS1
9 |10 ;’u:‘ .93: EIFJE 256 + —=— Hn);lt;::dDgfz ’f"‘ﬁ
A 18 | 15910 | 128 | ™ ZZ
Clusterin ECN N T £
g :i, a 6 Linear " Y%
- T 32
~ a 16
R o &
T, ¢ 5
B 1
- ,P 2 8 32 128 512
& ;: O  [rossca number of cores
» & =minl:-uinl_-: ’_—| - 1 I 1 ‘!
A |‘ [T Overlay || Estimate J_ Merge i
m | hypergrid | splits [[ halos =
H 2 H i — i — '|' """"
| Sorl und iti L Local i N prosessor 1 i procassor J
Cluster distribute [ {Jnriﬂtf; 1 DESCAN E ier!,;gg;frj O.Hl 13 i ZJO H 2
labels = = ! 7 A
Preprocessing Clustering : o O O O O
s s J 3 o} O
e | e oLV SRIRe LN e
I—| Cluster relabeling | (@] H O O
_‘,? §Cas§ O t 0 2
[8] M. Goetz and M. Riedel et al, PO =110 T I T

Proceedings IEEE Supercomputing Conference, 2015
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High-Level I/O Hierarchical Data Format (HDF) for Data Structures — Revisited

= Simple ‘compound type’ example: - The Hierarchical Data
Format (HDF) is a

= Array of data records with some descriptive information (5x3 dimension) technology suite that
enables the work with

= HDF5 data structure type with int(8); extremely large and

int(4); int(16); 2x3x2 array (float32) (application example parallel & complex data collections
scalable clustering with HPDBSCAN S HDE e f||_e IS a

. . container to organize data
using Bremen data in HDF5) objects — it looks like a

filesystem within a file

"‘_ [train0el@jrl07 bremenl$ pwd

! /homea/hpclab/train@0l/data/bremen
_,-' [train001@jrl07 bremenl$ 1s -al “Groups”
- total 1342208

drwxr-xr-x 2 train00l hpclab 512 Jan 14 09:58 .

drwxr-xr-x 4 train00l1 hpclab 512 Jan 14 08:38 ..

-rw-r--r-- 1 train@@l hpclab 1302382632 Jan 14 09:56 bremen.h5
-rw-r--r-- 1 train@@l hpclab 72002416 Jan 14 08:25 bremensmall.h5

«—on—>

Dimensionality: 5 x 3

Datatype:
atype 3-D array

% | lon | temp
_..l_'._
12| 23] 34
15] 24| 42
17] 21| 36

Application
High-level 1/O Library

Application

Parallel File System - 1/O Middleware (MPI-IO) hetl® N
I/0 Hardware Parallel File System
[3] R. Thakur, PRACE Training,
[9] HDF@ 1/0 workshop

I/O Hardware

Parallel I/0 and MPI I/O
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High-Level 1/O Hierarchical Data Format (HDF) for Data Structures & H5Dump

stored in HDF5 - create a local copy = read/write!
- not normal text, e.g., using more fails, but h5dump works

[morris@jotunn hpdbscan]$ pwd
/home/morris/2019-HPC-Course/hpdbscan
[morris@jotunn hpdbscan]$ ls -al

morris
morris
morris
morris
morris
morris
morris
morris
morris

morris
morris
morris
morris
morris
morris
morris
morris
morris

4096

4096
1302382632
72002416

0

490

0

492

535

NMNNNNNNNN

bremen.h5

bremenSmall. h5
HPDBSCAN-199934.err
HPDBSCAN-199934.0ut
HPDBSCAN-199935.err
HPDBSCAN-199935.0ut
submit-clustering-bremen.sh

[morris@jotunn hpdbscan]$ h5dump
usage: h5dump [OPTIONS] files
OPTIONS
- --help Print a usage message and exit
--version Print version number and exit
File Options
--contents Print a list of the file contents and exit
Optional value 1 also prints attributes.
--superblock Print the content of the super block
- -header Print the header only; no data is displayed
, --filedriver=D Specify which driver to open the file with
, --output=F Output raw data into file F
, --binary=B Binary file output, of form B
, --ddl=F Output ddl text into file F
Do not use filename F to suppress ddl display

[morris@jotunn hpdbscan]$ h5dump -n bremenSmall.h5
HDF5 "bremenSmall.h5" {

FILE CONTENTS {

group /

dataset /COLORS

dataset /Clusters

dataset /DBSCAN

b

[10] h5Dump Tool Description



‘Big Data‘ Science Example: Using High-Level I/O Hierarchical Data Format (HDF)

= Parallelization Strategy ]

Chunk data space equally | ‘ls

L procoessor 2
0l a o 8 24 O @ 2
o] Ql O P
o) o] Q
in O'MOD e aQ
o)
Qo o O,U O
.150 nﬂn d A 1 0]
P SO =8

Overlay with hypergrid S
Apply cost heuristic

Redistribute points (data locality)
Execute DBSCAN locally

Merge clusters at chunk edges
Restore initial order

= Data organization

Use of HDF5
(cf. Lecture 5)

Cluster Id stored
in HDFS5 file

#1/bin/bash
#SBATCH - -job-name=HPDBSCAN
#SBATCH -o HPDBSCAN-%j.out

#SBATCH -e HPDBSCAN-%j.err
#SBATCH - -nodes=2

#SBATCH - -ntasks=4

#SBATCH - -ntasks-per-node=4
#SBATCH --time=00:20:00
#SBATCH - -cpus-per-task=4
#SBATCH --reservation=ml-hpc-1

OMP_NUM_THREADS=4

# location executable
HPDBSCAN=/homea/hpclab/train001l/tools/hpdbscan/dbscan

# your own copy of bremen small
BREMENSMALLDATA=/homea/hpclab/train@@l/bremenSmall.h5

# your own copy of bremen big
BREMENBIGDATA=/homea/hpclab/train001/bremen.h5

srun $HPDBSCAN -m 100 -e 300 -t 12 $BREMENSMALLDATA

512 | o Hybrid DS1
256 + —— Hybrid DS2 -
o =
o 64
=]
§ 32
o 16
8
4
2
1
2 8 32 128 512

number of cores

[8] M. Goetz and M. Riedel et al,
Proceedings IEEE Supercomputing Conference, 2015

» Lecture 8 provides more details about using MPl and OpenMP for data science algorithms used in clustering and classification of data
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HPDBSCAN Clustering of Point Cloud Data Set Bremen on Jotunn HPC System

= Submit
= Using your own copy of datasets in HDF5 format (read & write!), /Clusters are O
» Using installed modules for HPDBSCAN
= Using typical batch system script specifying DBSCAN parameters

[morris@jotunn hpdbscan]$ h5dump -d /Clusters bremenSmall.h5
HDF5 "bremenSmall.h5" {
[DATASET "/Clusters" {

DATATYPE H5T_STD_I64LE

DATASPACE SIMPLE { ( 3000000 ) / ( 3000000 ) }

DATA {

load gnu/5.3.0

load hdf5/1.8.17
load openmpi/1.10.2
load HPDBSCAN/mpi

[morris@jotunn hpdbscanl$ sbatch submit-clustering-bremen.sh
Submitted batch job 199947

[morris@jotunn hpdbscanl$ gstat

Job id Name Username Time Use S Queue

hello-mpi-exampl jfb3 00:00:00 Q normal
hello-mpi-exampl jfb3 00:00:00 Q normal
hello-mpi-exampl jfb3 00:00:00 Q normal
hello-mpi-exampl jfb3 00:00:00 Q normal
pingpong jfb3 00:00:00 Q normal
pingpong jfb3 00:00:00 Q normal
pingpong jfb3 00:00:00 Q normal
pingpong jfb3 00:00:00 Q normal
HPDBSCAN morris 00:00:00 R normal

HPDBSCAN=dbscan

BREMENSMALLDATA=/home/morris/2019-HPC-Course/hpdbscan/bremenSmall.h5

BREMENBIGDATA=/home/morris/2019-HPC-Course/hpdbscan/bremen.h5 [5] Icelandic HPC
Machines & Community

-m 300 -e 500



HPDBSCAN Clustering — Understanding Two Outputs: Text & HDF5 File

[morris@jotunn hpdbscan]$ more HPDBSCAN-
Calculating Cell Space...
Computing Dimensions... [OK] in
Computing Cells... [OK] in
Sorting Points... [OK] in
Distributing Points... [OK] in

Local Scan... [OK] in
Merging Neighbors... [0K] in

Adjust Labels ... [0K] in
Rec. Init. Order ... [0K] in
Writing File ... [OK] in

21 Clusters

2974394 Cluster Points

25606 Noise Points

2949094 Core Points
ook: 140.453795s

199947.out

0.054227
0.022971
0.133213
0.111046

139.057375
0.010089
0.010476
0.556270
0.170748

parallel & scalable DBSCAN

time

] The standard out of the HPDBSCAN

clustering algorithm is not the
result of the DBSCAN clustering
algorithm and only shows meta
information such as the numbers of
clusters found, noise, and running

[morris@jotunn hpdbscan]$ h5dump -d /Clusters bremenSmall.h5
HDF5 "bremenSmall.h5" {
DATASET "/Clusters" {

DATATYPE H5T_STD_I64LE

DATASPACE SIMPLE { ( 3000000 ) / ( 3000000 ) }

DATA {

(0): 0, 0, 0
(23): 0,
(46): 0O,
(69): 0,
(92): 0,
(115): o,

0, 0, 0, 0 0, 0, 6, 0, 0, 0, 0, 0

0 [¢] 0, 0
0 0 0, 0
0 [¢] 0, 0
0 [¢] 0, 0

) ,
) ,
, ,
, ,
0, 0,

Scheduler

Jotunn compute nodes

" The real outcome of the parallel &
scalable HPDBSCAN algorithm is
directly written into the HDFS5 file
assigning for each point cloud data
element a specific cluster ID, or
using minus numbers to indicate
noise points (no real clusters)

=  The input data for the parallel & scalable
HPDBSCAN clustering algorithm is a HDF5
file and all the processors read in parallel
chunks of the data

] The HDFS5 file before the execution of
HPDBSCAN has 0 as Cluster Ids for its
specific initialization

[morris@jotunn hpdbscanl$ h5dump -d /Clusters bremenSmall.h5

DF5 "bremenSmall.h5" {

DATASET "/Clusters" {
DATATYPE HS5T_STD_I64LE
DATASPACE SIMPLE { ( 3000000 ) / ( 3000000 ) }
DATA {
(0): -45205, -45205, -45205,
(8): -45205, -45205, -45205,
(17): -45205, -4108, -45205,
(25): -45205, -45205, -45205,
(33): -45205, -45205, -45205,
(41): -45205, -45205, -45205,
(49): -45205, -45205, -45205,
(57): -45205, -45205, -45205,
(65): -45205, -45205, -45205,
(73): -45205, -45205, -45205,
(81): -45205, -45205, -45205,

45205, -45205,..45205, 205, -45205,
-45205, -45205, 4825, , -45205, -45205,
-45205, -45205, 55705, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-45205, -45205, -45205, -45205, -45205,
-490063, -45205, -45205, -45205, -45205,
(89): -45205, -45205, -45205, -45205, -45205, -45205, -45205, 45205,
(97): -45205, -45205, -45205, -45205, -45205, -45205, -45205,

(105): -45205, -45205, -45205, -45205, -45205, -45205, -45205,

(113): -45205, -45205, -45205, -45205, -45205, -45205, -

» Lecture 8 provides more details about using MPl and OpenMP for data science algorithms used in clustering and classification of data
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