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Communication medium realized by
some physical communication network

Processor i{‘;ﬁvamwévdub
Routing protocol (algorithm) implements’correct, reliable, deadlock-
free communication between message passing processes. Not part
of model but handled by “lower layers”
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MPI processes
Communication domain
(communicator) (° 0)
MPI_Send |:> MPI_Recv, 2 Alnv

» Point-to-point:

- One-sided: MPI_Put A At
» Collective: MPI_Bcast MPI_Bcast MPI_Bcasty A€
LE Sdmwu)/Y“XCﬂﬂ | rn

Komr~

u;barat bwldAot = Nawt com ms dus al¥)
. Communicator C""‘d"i‘:'iiiﬁ?u

management: W e.g., MPI_Comm_create
creating/freeing Vel WX 4

communlcators w4
aler b
(V778
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The 6 basic functions

First MPI program MPI_Init (sargc,&argv); | Firstand last call in MPI part of
MPI_Finalize(); application; can only be called
#include <mpi.h> once

int main(int argc, char *argvl[]) . . o
{ Who/where am 1?” in communication context/set of processes.
int rank, size; Processes numbered (ranked) from 0 to size-1

MPI Init (&argc, &argv); MPI_ Comm_rank (MPI_COMM WORLD, &rank) ;
MPT Comm size (MPT COMM WORLD, &size) ;

MPI_ Comm size (MPI_COMM WORLD, &size) ;
MPI_Comm_rank (MPI_COMM _WORLD, &rank) ;

fprintf (stdout, ”Here is %d out of %d\n”, rank,size);

MPI Finalize(); EV\M
return 0; Process rank i:
}
int a[N];
float area;
The 6 basic functions (plus tWO). » MPI_Send(a,N,MPI_INT, j, TZ—\Gl,‘MPI_COMM_WORLD) ;
MPI_Send(&area,1,MPI_FLOAT, j, TAG2,MPI_COMM WORLD) ;

Get time (in micro-seconds with suitably high resolution) since some

Data
time in the past:

transferred

1 Process rank j: fromi to j

|double point in time = MPI Wtime(); ‘

int bIN]; v

float area;

MPI Recv (b,N,MPI INT,i,TAGl,MPI COMM WORLD, &status);
MPI Recv(&area,l,MPI FLOAT,i,TAG2,MPI COMM WORLD,
Synchronize the processes (really: only semantically); often used for &status);

benchmarking applications

MPI Barrier (MPI_COMM WORLD);

Good practice for writing libraries

Good SPMD practice: Write programs to work correctly for any int my library init (comm, &libcomm)
number of processes {

MPI_Comm_dup (comm, &libcomm) ; // store somewhere
MPI_Comm_size (MPI_COMM_WORLD, &size) ;

MPI_Comm_rank (MPI_COMM WORLD, &rank) ;
if (size<10||size>1000000) MPI Abort (comm,errcode) ;
if (rank==0) {

// library communication wrt. libcomm
// initialize other library data structures
// could be cached with libcomm (attributes)

// code for rank 0; may be special }
} else if (rank%2==0) { o )

// remainder even ranks Explicit assignment o Communication inside library uses libcomm, and will never interfere
} else if (rank==7) { <:|work (code) to each with communication using other communicators

// another special one process based on rank
} else {

// all other (odd) processes.. MPI Comm dup:

}

Collective gperation, MUST be called by all processes in comm

Dangerous C practice (type error): Don‘t rely on C convention for
Boolean expressions if (rank) {..}
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<program> executes

MPI_Init (&argc, &argv);

// sets up internal data structures, incl:

MPI_Comm_size (MPI_COMM WORLD, &size);

MPI COMM WORLD: Initial communicator containing all started
processes. Static, never changes!

O ©
© 06

Communicator:
distributed, global
object with
communication
context, finite
ordered set of
processes that can
communicate

Communicator:
Distributed, global
object,
communication
context, finite set of
ordered processes
that can
communicate

o ©®
00

/ \
Physical processors may run more than one MPI process (but most
often only one)

MPI process identified by rank in comm

Communicator

e ° @@ ] MPI process ranks
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Binding of MPI Na
processes
(static) to
processors.
Done outside of
MPI; not part of

standard

!
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Processor/core

Environment and options to mpirun
control binding

Communicator object:

Communicator object:

(OOEOOOG)]

All processes in a communicator can communicate

All models (point-to-point, one-sided, collective; all other
functionality)

Has a size: number of processes

Each process has a rank (0O<rank<size)

MPI_Comm_size (comm, &size);
MPI_Comm_rank (comm, &rank) ;

MPI process: (normally) statically bound to some processor; can
have different ranks in different communicators; canonically
identified by rank in MPT COMM WORLD

MPI COMM WORLD, comml, comm2, ...

An MPI (predefined) handle used to access and perform operations

on MPI objects (communicators, windows, datatypes, attributes)
wrdadny Gk = Ksnpen s iy

Handles are (almost always) opaque: Internal MPI data structures

cannot be accessed; but only manipulated through the operations

defined on them

MPI does not define how handles are represented (index into
table, or pointer, or ...)
Handles in C and Fortran may be different

Example: MPI Comm f2c (comm):
Returns C handle of Fortran communicator (no error code here)

A.

Dubukak madaen
Fav bbb .

comm

(010000010}

All processes in a commun
All models (point-to-point,
functionality)

or can communicate
sided, collective; all other

Has a size: number of proc{ jes
Each process has a rank ( nk<size)
A process can belong to s | communicators at the same time

comml

OOQOGGGhMmm

‘MPI Comm_dup (comm, &comml)

MPI Comm: Communicators (distributed object)
MPI Group:Process groups (local object)
MPI Win: Windows for one-sided communication (distributed)

MPI Datatype: Description of data layouts (basic/primitive — or
user-defined/derived; local)
MPI Op: Binary operators (built-in or user-defined)

MPI Request: Request handle for point-to-point
MPI_Status: Communication status

MPI_ Errhandler:
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Splitting communicators

Partition set of MPI processes (communicator) into disjoint sets
(communicators) that can communicate independently

Lop bt e s

MPI_Comm_split (comml,color, key, &comm2) ; Wu.}
MPI_Comm_create (comml,group, &comm2) ; .
2Mn Kea_

Calling MPI process may have different ranks in comm1 and comm2

* color, key: integers determine subsets and relative order,
processes in comm2 will be in key order
* group:MPI_Group of ordered processes

MPI_Comm_rank (comml, &rank) ;
MP17Commisplit (comml, color, key, &comm2) ;
// process’ role in comm2

MPI_Comm_ size (comm2, &newsiz
MPI_Comm_rank (comm2, &newran

MPI_ Comm_split (collective operation):

All processes with same color are grouped, order determined by key

« Calling processes are sorted into groups of same color

« In each group, processes are sorted according to key, ties broken
by rank in calling communicator

Example: Master-worker (non-scalable) pattern

(ocoo00lN

* Master distributes work to individual workers, workers send
results/new work to master
+ Workers want to synchronize etc. independently of master

For workers: MPI_Barrier (comm), MPI_Allgather (comm), ...
(collective operations, see later) would deadlock, if master is doing
something else

Solution: Split communicator, workers only communicator

Communicator (MPI_Comm): A distributed, global object that can be
manipulated through collective operations (MPI_Comm_split,
MPI_Comm_dup, ...)

Process group (MPI_Group): A process local object, ordered set of
processes that can be manipulated locally by an MPI process

* MPI_Group_union,
MPI_Group_intersection

* MPI_Group_incl, MPI_Group_excl

¢ MPI_Group_translate_ranks

¢ MPI_Group_compare

See later, one-sided
communication

Use: Building special communicators, one-sided communication

wean am Bndy X . Pﬁs‘

MPI_Comm_free (&comm) ;

frees created communicator comm

Note:
MPI_COMM WORLD and MPI COMM_SELF cannot be freed

k__

Good MPI practice:
Free any allocated MPI object after use (communicator, window,
datatype, ...)

SPMD: All processes run same user program

User program User program

MPLSerg_I MPI_Recv ]

MPI run-time
el —

[ ~ Communicationnetwork |

—

Example: Even-odd split

Even-numbered processes (in communicator comm1) shall work
together, independently of the odd-numbered processes

General use: Divide-and-conquer type algorithms (Quicksort-like,
see later)

MPI_Comm_rank (comml, &rank) ;

meven &

od\
ﬁual«}u‘ (1N

Even numbered processes (in comm1) have color==0, odd
processes color==

b
0000000
[0[06 © 0[0/0)

MPI_Comm_split (comml, rank%2,0, &comm2) ;

// find process’ new ro in comm2
MPI_Comm_size (comm2, &ne ze);
MPI_Comm_rank (comm2, &ne nk) ;

comm?2

QOdd processes
in comm1

Even processes
in comml

Solution 1: Splitting

workers

0000000l

4 10/0]0/0/0[0)

MPI_Comm_split (comm, (rank>0 2 1 :
// workers for rank>0 in comm:
// workers for rank==0 in comm:

0),0,&workers) ;
all workers
only master

MPI_Ccomy SELE: Communicator with only process itself, size==
MPI_coMM NULL: No or invalid communicator

Solution 2: Process groups &l
workers

000000l
{ 10/0/0/0/0/0)

MPI_Comm_group (comm, &group); // get processes in comm
ranklist[0] = 0; // rank 0 to be excluded
MPI_Group_excl (group, 1, ranklist, &workgroup) ;

MPI_Comm_create (comm, workgroup, &workers) ;
// rank 0 (in comm) not in workers

PI L for rank 0 in cof

// workers==MP
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What is in a communicator (hidden in the implementation)?

@@@@@@@

Each process locally maintains:

1. List of processes (ordered set):
The process group Wek'hu
2. Mapping from rank to process &
to processor (implicit or explicit) P{

Communication context: A tag *
to identify communication on —— Jfann dqm‘J
Komm .

this communicator
‘—?M% 2worglen lar Ouﬁfjeh N
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Point-to-point communication

Communication domain
(communicator)

«  Point-to-point: |:> MPI_Recv

5 Nk WRAL SManh K Comn niclikdsion augevan, dass Sendl Juogren
Communication between two processes. Both explicitly involved in % fown,
communication, one as sender, one as receiver ol gy PLey,
o 71‘»- Y72
bk

Point-to-point communication succeeds if

1. Sender specifies a valid rank within communicator
(O<rank<size) — and a valid (allocated) send buffer!

2. Areceive with a matching source rank and tag is eventually
posted on the same communicator

3. The amount of data sent is smaller or equal to the amount to be
received (note: collective operations have different rule)

4. The type signature of the data sent matches the type signature
of the data to be received

Comments:

1. Mistakes normally caught by MPI_Send: error (abort)

2. If not, deadlock

3. Otherwise, MPI_ERR_TRUNCATE or memory corruption (big
trouble) at receiver!

4. MPI_INT matches MPI_INT, and so forth... rarely
checked/enforced, user’s responsibility

Does worh worke

double a;
MPI_Send(&a, 1 MPIiDOUBLé, j,1111,MPI_COMM_WORLD) ;

e

Process rank i:

Communication would likely
take place, but violates 4.

Process rank j:

double a;

MPI_Recv(a,sizeof (double),MPI_BYTE,i,1111,

MPI_COMM_WORLD,MPI_STATUS_IGNORE) ;

Very bad practice: Type information (double) lost (process i and j
could be on different types of processors, little/big endian)

PVGO}/}GVMW\A‘W W

MP machk  EEINE
Tmﬂmuw/ﬁ@”\/ [ e kon vex xron

Message in transit identified by “envelope” (meta-information):

MPI_Send
G— MK —

1. Communication context (identifier): Distinguishes
communication on different communicators

Source (implicit)

Destination

Tag

Message type information (header, data block, error, ...)

o RN

Implementation: The “envelope” is not accessible to application
programmer (and not specified by MPI standard)

Performance: MPI is designed to allow small message envelope

Implementation: The “envelope” is not accessible to application
programmer (and not specified by MPI standard)

Performance: MPI is designed to allow small message envelope

Not part of envelope: 1+ \ £ — 1 V\J/D(V"'EJV\QM

« Type and structure of message: What is being sent is a
sequence of basic datatypes (int, double, char, ...); and itis
expected that receiving process has space for exactly the same
sequence of basic datatypes

onpt.fh@% Poind - to —Poinnk

DEsdloce _ Nonw-Ovet= QELIABLE
¥eee TACING | ver lanlid
> Blocki &renal Progesie Komam
enod & R v L3nnern
2 wenn 2uil R M e
Bommt 0‘0 Y- uwﬁabm
e
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kKown n deadlotks wreg . .

int recvbuf[600]; // large enough

\ count = 600; // equal or larger to what is being sent

MPI Status status;
success =
MPI_Recv (recvbuf, count,MPI_INT, 2, THISMSG, comm, &status);

Returns when a message from rank 2 has been received;
information about data in status object. Takes forever (deadlock), if
nothing is sent from 2

recvbuf: (start address of) C int

0 I [T 1] [

Described by
datatype MPI_INT

0 500

Point-to-point semantics
MPI_ Send (sendbuf,.., rank, tag, comm):

Initiates and completes send to designated process rank:

» Completion is non-local: Call return may depend on receiving
rank having initiated receive operation(*)

* Operation is blocking: When call returns all of buffer can be
reused

+ Sent messages to same rank with same tag are non-overtaking

(*)but may also buffer message

MPI Recv (recvbuf,..,rank, tag, comm, &éstatus):
Completes receive operation from specific rank, or ANY

» Operation is blocking: Call returns when full message has been
received

Status object (half opaque): Information on communication

MPI_Status status; // status handle

MPI Recv (.., &status);

Status contains information on what was received:

Fixed fields in C:
StatuS.MPI_SOURCE:
status.MPI TAG
status.MPI ERROR

hy?

Don’t we
know this??
o

Fixed fields in FORTRAN:

)

status(MPI_SOURCE) If so: Consider
status(MPI_TAG)

status(MPI_ERROR) argument in MPI_Recv

MPI_ STATUS IGNORE as status




Reasoning about point-to-point communication

Deterministic messages are non-overtaking:

Messages sent to the same destination (rank) arrive in sent order at
destination

Example: Synchronization with 0-count message

l MPI_Send(NULL,0,MPI_INT,dest, tag,comm);

@O-coum message must be sent! | Why?

MPI_Recv [MPI Recv (NULL,0,MPI_INT, source, tag, comn, &status) ;
MPI_Send [IIMEGAT >  getsmsgH —>
MPI Send -M MPI Recv L'ocal Can be used for process synchronization: Receiving process (with
- - time rank dest) cannot proceed before sending process (rank source) has
gets msg 2 reached send operation. For pairwise synchronization, send 0-
message back
No races ) -
Alternative: MPI_Ssend Briefly, later
But MPI processes are not synchronized
e Versu Ch o~ » !
Therefore, possibly... waNle ownn 3 oA MPI Send MPI_Send (sendbuf, .., rank, tag, comm):
Ck R ‘ B
W ‘ku\ Ju Wwde ‘/l MPI Send Determinate: Message always sent to specific rank (in comm) with
- specific tag
At receiver:
MPI_Send @ <:] nexpected
essage”
Possibly l MPI_Recv (recvbuf,..,
idle time MPLRecv ||, rank oo
time tag/MPI_ANY TAG)
MPI_Recv comm, &status): N d/J ’dd' :
tin
receives from specific rank or some non-determined (ANY) rank,
Definitely idle time with specific or non-determined (ANY) tag
wPLsens  [NEREND)

Unex warde N advidhk 3 ok R
P AV
Sources of non-determinism (1) voer & i A (o

Fuerd oo (4 (LA
Process k Process j

MPI_Send(tag) :>

brwg\l\l/%@w‘a/ <:| MPI_Send(tag)
Pvﬂu iMPI Recv(buf1, ..., MPL_ANY_SOURCE tag)
2wy MPI_Recv(buf2, .

S ot MY QU IMAANUA

Either message may be received first. Problems if messages have
different count and/or type

2

Process i

Local
time

., MPI_ANY_SOURCE,tag)

U Putfor g e
|

Return when a message with given source (or MPI_ANY_SOURCE)
and tag (or MPI_ANY_TAG) in comm has arrived and is ready for
reception; the count for message (and error code etc.) in status

| MPI_Probe (source, tag, comm, &status) ;

After probe:

Receive message with MPI_Recv (buffer, count, .., comm) ;

Advanced note:

Can cause problems in multi-threaded MPI applications, not “thread
safe” (fix in MPI 3.0)

D wi (h b

“Process 2 to send 500
integers to process 4 (in
comm)”

int THISMSG 777
int count = 500;
if (rank==2) {
int sendbuf[500]
MPI_Send (sendbuf, c
} else if (rank==4)
int recvbuf[600];
MPI_Status status;
MPI Recv (recvbuf, c
&status);

/

@ Senq

MPI_Recv (recvbuf, count, datatype, source, tag, comm,

*status) ;

int recvbuf([600];

// large enough

qual or larger to what is being sent

v (recvbuf, count,MPI_INT, 2, THISMSG, comm, &status) ;

“Start reception of message THISMSG from rank 2 in comm, store
result in recvbuf at most 600 consecutlve integers (otherwise
success==MPI C

recvbuf: (start address of)

Cint
(EEEE T O
0 Described by

500  datatype MPT INT
o ok q\oﬁudawvw'\
O kSNen NUEh IV SLLrA Yoeu
P Munss mdhd em
wordln YU !

/ message TAG

P2 Senolh

{<the data>};

ount,MPI_INT, 4, THISMSG, gomm) ;
( PU %M

// as large as send count

Recy @

‘ MPI_Send (sendbuf, count, datatype, dest, tag, comm) ;

{<the data>}; - obere Sclurania]

int sendbuf[500]
count 500;

ount,MPI_INT, 2, THISMSG, comm,

MPI_Send (sendbuf, count,MPI_INT, 4, THISMSG, comm) ;

“Get message THISMSG stored in array sendbuf of 500 consecutive
integers on the road to rank 4 in comm”

(start address of)

sendb Cint
. . . Described by
Only rank 4 in comm can ever receive this

datatype MPT_INT
message

Bl auendt opuwiov»
> Uik o kol Semandnle



Example: 2d-stencil, 5-point stencil Mg yan M (X, §
e Ko 109

Given mxn matrix u, for all 0<i<m, 0<j<n, update repeatedly
ufi,j] <- Ya(u[i,j-11+ufi,j+ 11+ ufi-1,j1+ufi+1,j-h?1(i,j))

u[m,n]

@ e L

ufi-1,j]
ufij- ufij] uli+1,]]

ufi+1,j]

*Y\wmd;u?af,ahi
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Special conditions on borders, i=0, i=m-1, j=0, j=n-1

Per process (rank i) view of the parallelization

[
v

u[m’,n’]

ufi-1,j]

ufi-] ufij] ufi+1,]]

Local u[m’,n’]

ufi+1,]]

Wird! glovaucld PR updge
Before iteration, process needs to receive rows and columns of
elements from the 4 neighboring processes

Cesol [Ecv

Per process (rank i) view of the parallelization

u[m’,n’]

ufi-1,j]

ulij-T ufij] ufi+1,]]

m ufi+1,]]

%

By symmetry, before iteration, process needs to send rows and
columns of elements to the 4 neighboring processes

@ PrOlOUUY\ 3

May deadlock: MPI_Send has non-local completion semantics, each
send may block until receive operation starts, and this may never
happen

MPI_Send (up) ;
MPI_Send (down) ;
MPI_Se eft);
MPI t);

MPI |
MPI_R« wn) ;
MPI_Recv(left);
MPI_Recv(right) ;

By symmetry, all processes (except processes on the border of the
process mesh) need to send/receive rows/columns with all four
neighbor processes

el _Send
[ Medium m&é\

Bufpeard s Moy e bu (ﬂm& E\S\ﬁwg
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meiv{vé:

) Process

Seud € Fecamer Souy wonew rec.  nmeeded
has leen potleal MP1 _Sench
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Arrange processes as a 2d mesh (process i needs to calculate ranks
of its 4 neighboring processes |,r,u,d)

gLJ
=X

ulm’,n’]
ufi-1,j]
ufi,j-i] ufij] ufi+1,]]
ufi+1,j]

i)

To update last row, values from
first row of process d needed
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Template MPI_Send implementation, short messages

o) =R
=S¢

MPI_Send(buffer, ...,j, ...);
MPI_Recv(buffer, ..., j, ...);

MPI_Send(buffer, ...,i, ...);
MPI_Recv(buffer, ..., i, ...);
Drawback: Extra copy — costly for large buffers

MPI design principle: Library should not allocate unbounded buffers

- dea Al

float *a = malloc((n/p+2)*sizeof (float));
a += 1; // offset, such that -1 and n/p can b addressed

if (rank>0) {
MPI_Recv(&a[-1],1,MPI_FLOAT, rank-1, 999, comm, &status) ;
MPI_Send(&a[0],1,MPI_FLOAT, rank-1,999, comm) ;

}

if (rank<size-1) {
MPI_Recv (&aln/pl,1,MPI_FLOAT, rank+1l, 999, comm, &status) ;
MPI_Send(&a[n/p-1],1,MPI_FLOAT, rank+1, 999, comm;

}

for (i=0; i<n/p; i++) {
b[i] = al[i-1]+a[il+a[i+l];

}

DEADLOCK! All processes attempt to receive, no progress, since

receive operations cannot complete

alil:
n/size

Process j

<: MPI_Send(...,rank-1, ...); <:| MPI_Send(...,rank-1,...);
MPI_Recv(...,rank-1,...); MPI_Recv(...,rank-1,...);

MPI_Send(...,rank+1,...); |:>
MPI_Recv(...,rank+1,...);

All processes trying to send, looks like deadlock
In MPI: Unsafe programming, if behavior (deadlock) depends on

concrete implementation of send in MPI library.

Safe(r) programming

Process 0 Process 1
MPI_Send MPI_Send
MPI_Recv MPI_Recv

Unsafe! Can be made safe by symmetry breaking (scheduling)
Process 0 (even) Process 1 (odd)

MPI_Send
MPI_Recv

MPI_Recv
MPI_Send

Template MPI_Send implementation, long messages

Request + envelope

©

Request +
envelope

MPI_Send(buffer, ...,j, ...);

< Ack+address |

T —

Send complete with last data

float *a = malloc((n/p+2)*sizeof (float));
a += 1; // offset, such that -1 and n/p can b addressed

if (rank>0) {
MPI_ Send(&a([0],1,MPI_FLOAT, rank-1,999, comm) ;
MPI_Recv(&a[-1],1,MPI_FLOAT, rank-1,999, comm, &status);
}
if (rank<size-1) {
MPI_Send(&a[n/p-1],1,MPI_FLOAT, rank+1l, 999, comm;
MPI_Recv (&a([n/p],1,MPI_FLOAT, rank+1,999, comm, &status) ;
}
for (i=0; i<n/p; i++) {
b[i] = ali-1]+a[il+a[i+1];
}

DEADLOCK? All processes attempt to send. Can a send complete
1> HIvgt o Sevol 0 | without a matching receive operation? Depends on
Clibroryo. @pd. m.U) semantics and implementation of send operation

DEADLOCK:

a. All processes waiting for event that cannot happen

b. Process i waiting for action by process j, process j waiting for
action by process i

c. Process i0 waiting for action by process i1, process i1 waiting for
action by process i2, ... process i(p-1) waiting for action by
process i0

All deadlock forms are possible with MPI programs

Particularly problematic: Some deadlocks are context and MPI
library implementation dependent. Such programs are called unsafe

Definition: MPI program is unsafe if termination depends on whether
messages are internally buffered by MPI_Send (or other MPI
implementation properties).

2)

x— ©
)

TS

<)

MPI_Recv(buffer, ..., i, ...);

Iterate/pipeline



Problem: What if the number of processes is odd?

Recall from
Example: Hillis-Steele prefix-sums algorithm algorithms
lecture
MPI_Send MPI_Recv MPI_Send
MPI_Recv MPI_Send MPI_Recv
Round k:

Each process i receives partial sum from process i-2, and sends
partial result to process i+2%

Is process i odd or even in round k?

n/size
Process j
<:, MPI_Send(...,rank-1, ...); <:, MPI_Send(...,rank-1,...);
MPI_Recv(...,rank-1,...); MPI_Recv(...,rank-1,...);

MPI_Recv(...,rank+1,...);

MPI_Recv(...,rank+1,...);
) :> MPI_Send(...,rank+1,...);

MPI_Send(...,rank+1,...);

Unfortunate even-odd scheduling leads to serialization. Last process
size-1 receives after p=size steps!

Safe(r) programming

Process 0 Process 1
MPI_Send MPI_Send
MPI_Recv MPI_Recv

Unsafe. Can be made safe safe by combined send-receive

Process 0 Process 1

MPI_Sendrecv ” MPI_Sendrecv

alil:
\_‘_l

n/size

MPI_Sendrecyv(...,rank+1,...,rank-1,
MPI_Sendrecv(...,rank-1,...,rank+1,

Safe programming: Non-blocking communication

MPI_Request req[8];
MPI_Status stats[8];

MPI_Isend(up, &req[0]);

MPI_Isend(down,&req[l]);
MPI_Isend(left,s&req(2]);
MPI_Tsend(right, &req[3]);

MPI_Trecv (up,req[4]);

MPI_Irecv (down, &req[5]);
MPI Irecv(left,&req(6]);
MPI_Irecv(right,&req(7]);

MPI_Waitall (8, req, stats);

Safe: [(mmediate), non-blocking operations with local completion
semantics

NS
K;;o((/od&s‘.

Next attempt to parallelize data parallel loop

float *a =
a +=1;
if (rank>0) {

MPT Send(&a[0],1,MPI_FLOAT,rank-1,999,comm);

MPI Recv(&a[-1],1,MPI_FLOAT,rank-1,999, comm, &status) ;
}
if

malloc((n/p+2) *sizeof (float));

(rank<size-1) {
MPI Recv(&a[n/pl,1,MPI_FLOAT, rank+1l, 999, comm) ;
MPT Send(&a[n/p-1],1,MPI_FLOAT,rank+l, 999, comnm,

&status) ;
}
for (i=0; i<n/p; i++) {
bli] = ali-1]+a(i]+ali+1];

}

Svmmetrv breakina: Processes 0 and size-1 are special

woll R ol Mdf\k‘

MPI_Sendrecv(void *sendbuf,
int sendcount, MPI_Datatype sendtype,
int dest, int sendtag,
void *recvbuf,
int recvcount, MPI_Datatype recvtype,
int source, int recvtag,
MPI_Comm comm, MPI_Status *status);

Combined send-receive operation, in one operation send to some
process and receive from some (possibly different) process

Requirement: sendbuf and recvbuf must be disjoint
Performance advantage:

Can possibly better utilize (fully) bidirectional communication
network

Example: Hillis-Steele prefix-sums algorithm (solution)

MPI_Send |:> MPI_Sendrecv
Round k:

Each process i receives partial sum from process i-2%, and sends
partial result to process i+2k

g &
ok 00

NW/ Vlad« Locally initiates send to designated process rank
* Completion is local: Returns immediately, send has been initiated
Ly,ui .

Operation is non-blocking: Buffers cannot be reused before
completion has been checked/enforced
Sent messages to same rank with same tag are non-overtaking

Point-to-point semantics: Immediate operations

MPI_Isend(sendbuf,...,rank,tag,comm,request):

ook -

\H(%O()

MPI_Irecv(recvbuf,...,rank,tag,comm,request):
U/ﬂqdn‘mvﬂ, _Irecy( g9 quest)

Initiates receive operation from specific rank, or ANY
» Operation is non-blocking: Call returns immediately, message
received after completion




MPI_Status status;
MPI_Request request;
MPI_Isend(sendbuf,.., comm, &request) ;

starts (“posts”) send operation, returns immediately — local
completion semantics, independent of receiving side — sendbuf must
NOT be modified before operation is complete

“progress” information in request object:

‘MPIiTest(&request,flag,&status);

If flag==1 operation has completed, information in status

lMPI_Wait(&request,&Status);

Wait: Returns when operation has completed, information in status

Test and completion calls
Completion checked/enforced for all non-blocking operations by

* MPI Wait
* MPI Test

* MPI Waitall (number,array of requests,array of st
atuses)
* MPI Testall

* MPI Waitany
* MPI Testany

 MPI Waitsome Details, see MPI Standard

* MPI Testsome

Sources of non-determinism (2)

MPI_Send(tag1) -xgj- MPI_Irecv(MPI_ANY_TAG)
MPI_Send(tag2) -m MPI_Irecv(tag1,&req1)

MPI_Wait(req1)
DEADLOCK!

tag1 message has matched MPI_ANY_TAG

Point-to-point communication performance rules

Send operations: Creating envelope in local buffer, initiating
communication (e.g., a+pm transfer time)

‘:> Latency!

Rule-of-thumb: Avoid many small messages, group into fewer, larger
messages (a may be large)

Performance: MPIl_Send may or may not have to wait for
acknowledgement; can sometimes be faster than other send
operations

Semantics: MPI_Send may (for large messages) depend on activity
of receiving process

MPI_Sendrecv (sendbuf, sendcount, sendtype, dest, sendtag,
recvbuf, recvcount, recvtype, source, recvtag,
comm, &status) ;

is equivalent to

MPI_Request request;

MPIilrecv(recvbuf,recvcount,recvtype,source,recvtag,
comm, &request) ;

MPI_Send (sendbuf, sendcount, sendtype, dest, sendtag,
comm) ;

MPI_Wait (&request,status);

Summary: Send modes, send semantics

Standard
Returns when sendbuf
can be reused

MPI_Send

MPI_Ssend Synchronous

Returns when sendbuf
can be reused AND
receiver has started

reception

Intermediate buffer
from user space must
have been attached

MPI_Bsend Buffered, returns
immediately, data may
be copied into

intermediate buffer

MPI_Rsend Ready, standard
receive MUST have
been posted

Only one receive mode (blocking and nonblocking)

MPI_Recv/MPI_Irecv

with MPI_Buffer_attach
Precondition: matching

Non-local
(poten-
tially)

Strictly
non-local

local

Non-local

Blocking/non-blocking and modes are orthogonal, and can be

arbitrarily combined

T 0.3

> o &uln

Vow s
Porvo i J

I MPI_TIprobe (source, tag,comm, &flag, &status); I

Non-blocking probe, f1ag==1 means message with source and tag

ready for reception in comm

Information in status only when flag==

Point-to-point communication performance rules

MPI_Isend: Can return immediately; progress and completion
depends on activity of receiver AND often on activity/MPI calls by

sender

MPIL_(l)Send(buffer, ...,j, ...);

< Ack+add.re.ss |

T R—

) MPL_(I)Recv(buffer, ..., i, ...);

lterate, pipeline

Again: Completion of MPI_Send and MPI_Isend does not imply

anvthina about receivina process



MPI Recv
Message transmission, conceptual Local
time
Message transmission, conceptual Local
time
MPI Wait
- v
MPI Wait
- 4
Local
< Aoktosend | tme

Message transmission, for real

MPI Wait l
- v
MPI_Tsend Header MPI Isend e MPI_Isend Header
MPI_Recv MPT Recv MPI_Recv

Local Local
time

time

Local
time

(B ]11

LI
LI

MPI_Wait

MPI_Wait MPI_Wait

Other point-to-point communication features

+ MPI PROC NULL - “empty” process to send to and receive from
* (MPI_Ssend, MPI_Bsend)

» Persistent requests

* MPI_Cancel — dangerous!

+ MPI_Sendrecv_replace

MPI_Send MPI_PROC_NULL

!

Always succeeds

MPI_PROC_NULL‘ MPI_Recv

Always succeeds, nothing
_ received



N A sy nJdnuean
( /t Pro ) MPI one-sided communication terminology

One-sided communication @ |:>

Origin process alone responsible @
for initiating communication,
provides all arguments

Communication domain
(communicator) Target process (semantically)

not involved in communication

. * MPI_Put (obuf,ocount,otype,..,win)
. . * MPI Get (obuf, ocount, otype,..,win)
. . [ > _
One Slded' MPI—PUt W * MPI_Accumulate (obuf, ocount,otype,..,op,win);
MPI_Get <:I Communication calls are non-blocking, local completion semantics:

no guarantee that data have arrived before synchronization

operation
Communication between two processes, but only one process is Origin puts/get data from standard MPI buffer (buf,count,type)
explicitly involved with communication calls
One-sided communication by example Exposed | | Window

t t ~
. . . - st | +—(ay e,
Safe neighbor exchange with one-sided (put) communication W

MPI Put ; i . ) Prozeije
MPI_PEt Ezizm) ) Prqcess i Origin process alone responsible @ Je b~
- ’ actively puts Bex for initiating communication, )
MPI Put (left); data to rovides all arqguments Target process (semantically)
MPI_Put (right); heighbors 0= P 9 not involved in communication
—
Issues: . ‘R&\ VOM * MPI_ Put (.., target, tdisp,/tcount)ttype,win);
* Where s the memory pUt to (and * MPI_Get (..,target, tdisp,tcount,ttype,win);
gotten from) ¢ MPI_Accumulate (.., target\ tdispjtcount, ttype,op,win);
*  When are data ready/operations ok
complete? & md«uﬂ% nd' red.- W
v O\ ‘n
One-sided communication decoup|es communication and Data on target exposed in window structure, addressed with relative
synchronization displacement

L window Wi bgmn .
Communication window: b hal M}*‘%&.d“ WW

Distributed, global object containing memory for each process that
can be accessed in one-sided communication operations

| MPI_Put (obuf,..,target, targetdisp,..,win); |

‘ MPI_Win_ create(base,size,dispunit, ,comm, &win) ;

. . ) - .
Collective operation, all processes in comm provide a base address Data from obufinto target base+targetdispunittargetdisp

(size in Bytes may be 0), displacement unit ﬁ

NB: dispunit at target
(special MPI (key,value) object) can influence window properties

(use ) Requirements: Origin data must fit into target buffer, type signatures
must match, i.e., length of origin data at most length of target data,
MPI Alloc mem: Special MPI memory allocator, sometimes same sequence of basic types
beneficial (performance) for windows
Note:
sfnm * S?&LQM Same rules as for point-to-point communication, MPI PROC NULL is

a valid target process (nothing happens)

Novmidwn  gan N eaduo=e
2 X Pt > dfunide T adraret

Window

Exposed
mm———— target
! H mem.

PR

To disallow data

OO

MPI_Put MPI_Get

Rules:
Concurrent gets/puts must access disjoint target addresses. Very
strict rules, violation is undefined (and usually not checked)

MPI_Accumulate: Atomic (at level of basic datatype) update at
target, concurrent accumulates allowed (e/wo) W € (e RCV)
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Communication epoch model

Exposed

target

mem.
Origin must have access to

target: Access epoch .
Target must expose memory:

Exposure epoch

- : ,,.\,%idk - wal b
End of epoch: c ‘ %

Access/exposure completed, data at origin processed (put or
gotten), data on target arrived/accumulates complete

Glob3 Sy uroviadivn [ Holle RNV

Synchronization, epochs

Active (global) synchronization, both origin and target processes
involved

|MPI_Win_fence(assert,win);

Collective operation, all processes in comm of win must call.
Closes previous epoch, opens access epoch to all processes, opens
exposure epoch for all processes

Assertion can control opening/closure behavior, use for tuning

Synchronization, epochs Door st

Sgoid

Active (dedicated) synchronization, both origin and target processes
involved

e Epochen

Dﬁvvg} Ma Can

Al A Aein | gupfiidmn
b 5!&@4 off \verigen

MPI Win start (..,group);
MPI Win complete();

MPI Win post (.., group);

uW@f) welchy  Prosesse Par
Accop B worldl 20N ey i

MPI Win wait(); {

Opens/closes access epoch,
targets as process group
(MPI_Group)

Opens/closes exposure
epoch,origins as process
group (MPI_Group)

Run Celvem

<

b tnen s pudert ks

/
jwealdhe Gru@)pe exporol (s

B weler W A Coe -

“generalized” pairwise synchronization...

Synchronization, epochs Pan Y

Kuluwe ) lockL" ‘:Q,rg_o. >

Passive synchronization, only origin process (logically) involved

5 hot Acces & exponiesic
— 2 SchliePt bade Tpochun

Opens/closes exposure epoch at origin, access epoch at target

MPI Win lock(locktype, target,assertion,win);
MPI Win unlock(target,win);

Note 1: Not a lock (critical section), difficult to use for mutual

exclusion (read-modify-write), weak mechanism -
T&P;& Srelat e Wy

Note 2: Data at target may not be visible before target performs

MPI_Win_lock on itself (and other weirdness)

Active, global synchronization with MP1_Win_fence

Active, dedicated synchronization with MPI_Win_start-post

// prepare neighbor data

MPI Win_ fence (win);
MPI_ Put (up);

MPI Put (down) ;

MPI Put (left);

MPI Put (right);

MPI Win fence (win);

// data from neighbors ready

W wsn
kunt  erihcal &d/im)
Schwar MALTEX

// prepare neighhbor data
MPI_Win_start([l,u,r,d],win);
MPI_Win_post ([1l,u,r,d],win); TN
MPI_Put (up);

MPI Put (down) ; s

MPT Put (left); & nods
MPI_Put (right);

MPI_Win_wait (win);
MPI_Win_complete (win);

// data from neighbors ready




MPI_Win_free (win); (p. N
inolOW 1S lear
Free after use... (like other MPI objects); freeing the memory per

process is NOT handled by MPI > W ('8 (“ d .
base = (void*)malloc(size); WW "

// or: MPI_Alloc_mem(size,MPI_INFO_NULL, &base) ;
MPI_Win_create (base,size,dispunit, , comm, &win) ;

.. // one sided communication epochs
MPI_Win_free (&win) ;—/

free (base);
// or: MPI_free mem(base);

A note on progress

Schounter , dovo  Bpodue. ni fi—
MPI_Put m ﬁ\&/l\/‘f- Q\FM

MPI_Win_fence

Possible that all communicaton happens
here...

Example: Binary search with one-sided communication i1
n
oy “nlp

MPI_Comm_size (comm, &p) ;

. . do
MPI_Comm_rank (comm, &r) ; ‘ SPrl 7 q/\"‘ & o mo= (Ltu)/2;

=n/p

Where is the middle
element, and how

1= -1; u = n; Binary search for key

do { x in array A[0,...,n-1]
m = (l+u)/2;

mA = <get Alm]>

if (x<mA) u

i p
" in at most ceil(log n) ) while (1+1<u); togetit?
if (x<A[m]) u = m; else 1 = m; t u [
} while (1+1<u); steps. Upon e
- ’ termination Array A distributed (roughly) evenly over p MPI processes, process r,
i=1;
Alijsx<A[i+1] 0<r<p, has block of (roughly) n/p elements Process r can compute where A[m] is, but this process cannot know

that r want to read an element: Fits one-sided model
Task: Implement sequential binary search in MPI (distributed

memory, message passing), many processes search simultaneously

Side note: Binary search cannot be sped up (much) by parallel
processing (Snir lower bound)

tix = m%p

tix = m%p i [ = I
cENEEEE N el T

— Solution 1:
=n/p =n/p Open/close access
. . Process - t=m/p aqd exposure epochs
Process r can compute where A[m] is, but this process cannot know - with collective fence
that r want to read an element: Fits one-sided model d: Il" ws o ' Problem:
m = (l+u)/2; ¢ i // index at ta t Fence is collective, all

All processes make their block of A accessible to other processes in

. " ; ; // target proc
communication window

; // index

processes in win
must perform call

MPI_Get (&mA,1,MPI_IN
t,tix, 1,MP

Problem: ‘:7 -
if (x<mA) u

= m; Must ensure that all
A = (int*)malloc(n/p*sizeof (int)); Need to make sure } while (l+l<u); processes do same
.. // init block (see later) if (x<md) U = m; else 1 = m :)hatdata have i=1; number of iterations
) ) ) | while (1+1<u); een received (calls to fence)
MPI_Win_create (A, (n/p) *sizeof (int),sizeof (int), .
MPI_INFO_NULL, comm, &win) ; : .

tix = m%p

~: [ S . =
] o I

=nlp =nlp
Process r: Tuning: Process r: Solution 2:
1= -1; u = n; Use assertions. =-1; u=n; Open/close access
- do { Lewr 2 and exposure
mo= (l+u)/2; i
= (1+u)/2; MPI_NO_PRECEDE o 11t epochs with
Win fence (MPI NO ., win); | asserts that fence EBIRERIIGERY P T_10CK .00, |P
t = m/p; // target pr win);
tix = thpr // Laden at & call does not tix = mip; // index at target Drawback:
. . complete any local MPI_Get (smA,1,MPI_INT, probably slow(er)?
MPI_Get (&mA,1,MPI_INT, Get/Put's - t,tix,1,MPI_INT,win);
t,tix, 1, INT FETRREREERIGER («, vin) ;
MPI Win_ fe ( 3C n); if (x<mA) u = m; else 1 = m; But, recall that
if (x<mA) u else 1 MPI_NO_SUCCEED } while (l+l<u); n»log n
} while (1+1<u); asserts that fence i=1; o
i=1; does not start any

local Put/Get's



Convenience functionality: d-dimensional MPI process naming

For d-dimensional stencil
computation:

MPI processes are organized into a
d-dimensional mesh: Each process
rank needs to be able to compute
efficiently in O(1) operations its 2d
neighbor ranks

By-hand solution: Row-order numbering. Assume d=2, let p=rc (row-
column), rank i, 0<i<p, has coordinate (i/c,i%c), coordinate (a,b),
O<a<r, Osb<c, has rank a*c+b

MPI_Comm_size (comm, &p) ;

r = sqrt(p); ¢ = p/r; // or try MPI_Dims_create
dim[0] = c¢; dim[1] = r;

period[0] = 0; period[l] = 0;

dim[1]

Rank 6:[0,2] Rank7:[1,2] Rank8:[2,2]
dim[0]

reorder = 07
MPI_Cart_create(comm,d,dim,period, reorder, &newcomm) ;

Computing coordinates of u, d, I, r (Solution 1)

dim[1] int icoord[2];
MPI_Cart_coords (newcomm, i, 2,
icoord);

ucoord[0] = icoord[0];

// if icoord[1]#0

ucoord[1l] = icoord[1]+1;

MPI_Cart_rank (newcomm,ucoord,
&u) ;

diml0]  Etc. MPI_Cart_rank requires

coordinate in dimension i to
be in range, when
period[i]==

MPI functionality: Cartesian communicators

MPI Cart_create (comm,d,dim, period, reorder, &newcomm) ; |

creates new communicator with helper functionality for d-
dimensional Cartesian coordinate addressing. Collective operation,
all processes in comm must call

G TPy
Bimennon

Perioobijlﬂl

S Vmpdin e,

d: number of dimensions (1, 2, 3, ...)

dim: d-element array, dim[1i] is size in i'th dimension, must hold
that [1dim[i]<p

period: d-dimensional flag-array, if period[i]==1 (true)the
Cartesian grid is periodic in the i'th dimension

WC—'—)

Here: Let reorder=0 (false), otherwise MPI library may attempt to
rerank processes to let virtual, Cartesian topology fit better with
communication network topoloay

MPI_Comm_size (comm, &p) ;

r = sqrt(p); ¢ = p/r; // or try MPI_Dims_create
dim[0] = c; dim[1l] = r;

period[0] = 1; period[1] = 0;

0 . Periodic in dimension 0,
<: processes on fringe are

neighbors

St Ang

= dim(0]

reorder = 0;
MPI_Cart_create (comm,d,dim, period, reorder, &newcomm) ;

Computing coordinates of u, d, I, r (Solution 2)

dim(1]

r,1,u, d will be MPT_PROC_NULL when
Q_@_O shifting out of range

dim[0]

MPT_Cart_
MPT_Cart_

(newcomm, 0,1, 6r,61) ;

ewcomm, 1,1, 6u, &d) ;

Compute neighbor ranks for one hop in
each dimension
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Collective communication

MPI processes

Communication domain
(communicator)

}ng P. i comm. wwmSS  Qperalion
Mg
* Collective: MPI_Bcast MPI_Bcast MPI_Bcast

o _ _ - Dakn aspiwsih
Communication among many (all) processes in communicator, all .
processes in communicator are explicitly involved, and must invoke - S mn’uﬁ &(Ll

same collective communication operation — a
iV unication operati Y A’\/ Rp“e meu“

=12 .6
loaxum
Collective operations: Motivation 6 Qhéu."ﬂ\g gplCJ’kL OWUMM WW i v ﬁg .

Distributed data structure

I (N L W& “

- Vow ok S
while (!global convergence) { &5 V‘* )
compute locally .

\ '8
check for convergence l le/\( : ‘ u?d‘ br’ﬁ . R SRY’LCAk

}

Distributed data structure

I N B \lokoly Ron vy a1t dhed
while (\global convergence) { - C‘Lw L S‘O -kd\ W‘a’\ U‘\“

compute locally
check for local convergence

Collective operation: h y
All processes: All processes take part - l(& /1 p N w‘— h
globalflag = AlilD(IocaIfIags) in AND-computation
} (reduction with
associative operation) é no m ”] a, UAL ‘A

3!‘* V\W|
wtan ALLE
qehen!
DAL U v i \une

Distributed data structure pnd/\Mk\ Wikl = MM wh | Aa/% (L
QL 1 | W 4,, it tos it

while (!global convergence) { NJI\
compute locally
redistribute data

check for local convergence

All processes:
globalflag = AND(localflags)

At) 2 hw W\; <\— Distributed data structure: Redistribute

Distributed data structure: Compute aft“cw Powbe/ - | | | | I:l Semv
a luw‘/@h while (!global convergence) { :

- compute locally Collective operation:
hile (!global
Wcolri;(nis Ic?c;?ynvergence) { WOQ(S} redistribute data ¢ | All-to-all communication;
redistribute data check for local convergence each process may have

check for local convergence S\ data for each other

~ All processes: process; all processes
All processes: globalflag = AND(localflags) take part in exchange
globalflag = AND(localflags) }

Distributed data structure: Initial distribution

| o | — A—uﬂaﬂw ok Amdald

distribute data from “master” Collective

while (global convergence) { communication .
compute locally operations (non- é \ PQ ‘ m kw
redistribute data symmetric), or a W‘
check for local convergence collective 1/0

All processes:
globalflag = AND(localflags)

collect result, write to file
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roceQ MPI Scan
\ count = 1;
( l/. MPI_Scan(sendbuf, recvbuf, count, MPI_INT, MPL_SUM,
MPI_COMM_WORLDY);
tiche 0 tiche 1 tiche 2 tiche 3

Collective operations: Motivation, why these?

Fit many applications (MPI_Allreduce for convergence tes

MPI_Scan for load balancing, MPI_Bcast for initialization, ...

Parallel, dense linear algebra
constructed from exactly these operations

ts,

)

(matrices, vectors) algorithms can be

Good symmetry and completeness properties (MPI_Gather,

MPI_Scatter)

vkt 41 Ay Jir Oxhrck Alqplora

Example: MPI_Reduce

Collective operations: Motivation

Difficult to implement, need:

p3 [3]B3]c3|p3]

vattich fie Ladvertal

2 Ekmmmg
() G (2] [t

"

« Good performance on any given network, MPI library must work

for any network and system

(communicators, datatypes, etc.)

« (Correctness, correct results for all possible (allowed) inputs,

- Safety, different collective operations must never interfere with

each other and other communication

For many/most of the MPI collective operations, good algorithms

exist, at least for fully connected networks

Implementing them well is not trivial

\ Reduction

( [ 1] ‘/I

MPT_Reduce (void *sendbuf,

MPI Op op,

void *recvbuf,
int count, MPI Datatype datatype,
int root, MPI_Comm comm) ;

/,

A

+ MPI Op: different operators (+, -, *

MPI DOUBLE,

. even user-defined), must
be associative (but not necessarily commutative)

* MPI Datatype: Many different basic datatypes (MPI INT,

..), even user-defined for user-defined op

G of
Fek

+ Any process can be root, communicator arbitrary
* count: Input per process is a vector, operation applied element-

wise
Better idea: Use properties of “+” to improve performance
Since “+” is associative
Xo Xy ¥t o+ Xy =Y
can be computed as
(Xg*Xq)*(Xp*X3) +

L F X =Y

cee (Ko * Xpp)

and

((xo+Xq)H(Xp¥%3)) + y

etc.

Complexity of collective operations (fully connected network)

[T ST imporiantto find

MPI_Barrier 0(log p) algorithms with small
MPI_Bcast 0O(n+log p) constants: See HPC
MPI_Gather/Scatter O(n+log p) [Sctire

MPI_Allgather O(n+log p)

MPI_Alltoall O(n+p) (*) (*) interesting tradeoffs
MPI_Reduce O(n+log p) possible

MPI_Allreduce O(n+log p) MPI_Bcast complexity is
MPI_Scan/Exscan O(n+log p) NOT O(n log p)

* p MPI processes (on p processors), n is total amount of data per
process
« Strong (fully connected) network, linear communication cost

Step1: in parallel
x0+x1 x2+x3 x4+x5 X6+x7
Step2:  in parallel lwmh/\

((x0+x1)+(x2+x3)) ((x4+X5)+(x6+x7))

P4 p6

Sietd o
S W

Step 3: in parallel
((x0+x1)+(x2+x3))+((x4+x5)+(x6+x7))

Complexity of collective operations (general)

Important to find

MP|_Barrier o(d) algorithms with small

MPI_Bcast o(n+d) constants: See HPC
lecture

MP|_Gather/Scatter O(n+d)

MPI_Allgather O(n+d)

MPI_Alltoall O(n+p) (*) (*) interesting tradeoffs

MPI_Reduce O(n+d) possible

MPI_Allreduce O(n+d)

MPI_Scan/Exscan O(n+d)

p MPI processes (on p processors), n is total amount of data per
process
d = max(log p, diameter of network), determines latency

<’"ﬁ>
(@) (@) @ (@ (ﬂ/ (=)

ﬂ\U’V\bﬂfb woardin  dusrc
r ool ok

Binomial tree
_ mox- Ms@@lv(hﬂ

Observation:
Root node 0 active in each
communication round

Same idea as round-optimal broadcast: “divide processes in two
equal-sized sets, local reduction to local root in each, send result
from one set to the set in which the global root is...”



Collective operation semantics

N
Requirement: %(j\,( Vo O+
If a process calls collective MPI_<A> on communicator C, then

eventually all other processes in C must call MPI_<A> and no other qx/f W

collective inbetween (on that communicator)

Collective operations are safe: Collective communication on
communicator C will not interfere with other communication on C

Requirement:

Collective operations must be called with consistent arguments:
same root, same op, exactly matching amounts of data (see
individual functions)

Correct:

Collective operation semantics N

Process i:

If a process calls collective MPI_<A> on communicator C, then
eventually all other processes in C must call MPI_<A> and no other

collective inbetween (on that communicator) B ' WQ] IJ Process j:
Collective functions are‘blocking. A process returns when locally “— MPI_Beast (buffer, .., root, comm) ;

complete; buffers etc. can be reused.Completion semantics are
non-local (most likely dependent on what other processes do) (*)

MPI_Bcast (buffer, .., root, comm) ;

MPI_Bcast is blocking:

Process local time root: does not return before data have left

buffer
Collective functions are'not synchronizing. A process may leave Non-root: does not return before data from
MPI_<A> as soon as it is locally complete (required local data sent root have been received in buffer

and received)

Exception: MPI_Barrier (comm) ; ‘ Correct:

)
from MPI 3.0

g collectives

Process i:

MPI_Bcast (buffer,.., root, comm) ;

Incorrect:

Process j:

Process i:

MPI_Bcast (buffer, .., root, comm) ;

MPI_Bcast (buffer,.., root, comm) ;
MPI_Reduce (sbuf, rbuf,.., root, comm) ; MPI_Bcast is not synchronizing:

root: may return as soon as data have left
buffer (independent of non-roots)

Non-root: may return as soon as data from

~
MPI_Reduce (sbuf, rbuf, .., root, comm) ; mu M ‘”"W root have been received in buffer
MPI_Bcast (buffer,.., root, comm) ; E W (independent of other non-roots)

- Process local time
Process j:

Process local time

Note: C ) P
orrect: comm1: {i,
“incorrect” means that MPI may crash, deadlock, give wrong comm2: Ei Jk}}

results! Or even work (for small counts): unsafe

Process i
- Q Q‘i (Lﬂ, MPI Beast (buffer,.., root, comm2) ;
M\ f\ m MPI_Gather|(sendbuf,..,comml) ;
Process i:
. Q .
MPI_Bcast (buffer,.., root, comm2) ; ge’ M M/D 66@ |
)i '

Unsafe: comm?: {i]
comma2: {i,j,k}

MPI Gather (sbuf,.., root, comml MPI Beast (buffer,..,root,comm2) ;

Process j:

- .
MPT_Bcast (buffer, .., root, comm2) ; Q\%}\‘Dm \ A_ Process local time e e . )
- a er(sen ur,.., comm. ;

" Process j:
Process local time N
lpedt oF wo 17 ¥ oMMy

MPI_Gather (sbuf, .., root, comml) ;

Unsafe:

MPI_Bcast (buffer,.., root, comm2) ; ©
May work for small = OP Lom M (
von J

counts, hang for large

Ho“QW\‘ W% AV\ dw mw - O Fg ’Q{{&’ Process involvement in/blocking behavior of collective call MPI_<A>

is implementation dependent
Safe:

Process i:
Unsafe collective programming: Relying on synchronization
MPI Beast)(buffer,.., root, comn) ; :

MP_Recv (recvbuf, .., j, SOMETAG, comm, &status) ; pmpertles

Process j:

MPIgTsend(sendbuf, .., i, SOMETAG,
comm) ; Observation:

MPT_Bcast (buffer, ., root, comm) ; Explicit MPI_Barrier calls are never (should never be) needed for
correctness of MPI programs

Process local time

Point-to-point and one-sided and
collective communication does not

interfere If it seems so, there's probably something wrong




Not suitable for timing.
Example: A (legal) barrier implementation 'MPI libraries do

something better...
Phase 1: “gather”

for (i=1; i<p; i++)
MPI_Recv (NULL,0,MPI BYTE,..,comm) ;

° ° | MPI_Send (NULL, O, .., comm) ;

Phase 2: “scatter”

for (i=1; i<p; i++)
MPI_Send (NULL,O,..,comm);

o ° ° |MPIiRecv(NULL,O,...,comm) ;

Not suitable for timing.
Example: A (legal) barrier implementation 'MPI libraries do

something better...
Phase 1: “gather” g

for (i=1; i<p; i++)
MPI_Recv (NULL, 0,MPI_BYTE,..,comm) ;

0 0 [ MPI_Send(NULL, O, .., comm) ;

Phase 2: “scatter”

for (i=1; i<p; i++)
MPI_Send (NULL,O,..,comm);

o a ‘ MPI_Recv (NULL, 0, .., comm) ;

MPI “collectives” classification

Bk muy ©—=0 UV?LSQJ’E—L

Symmetric vs. non-symmetric: all processes have the same role in
collective vs. one/some process (root) is special

Symmetric, no data MPI_Barrier

Rooted MPI_Bcast

Rooted MPI_Scatter MPI_Scatterv

Rooted MPI_Gather MPI_Gatherv

Symmetric, non-rooted MPI_Allgather MPI_Allgatherv

Symmetric, non-rooted MPI_Alltoall MPI_Alltoallv,
MPI_Alltoallw

Rooted MPI_Reduce

) Non-rooted MPI_Reduce_scatter_block MPI_Reduce_scatter

Symmetric, non-rooted MPI_Allreduce
Non-rooted MPI_Scan

Non-rooted MPI_Exscan

(*) MPI_Reduce_scatter_block: MPI 2.2 extension

Reqular vs. irreqular: each process contributes or receives the same
amount of data from/to each other process vs. different pairs of
processes may exchange different amounts of data
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| MPI Bcast (buffer, count,datatype, root,comm) ;

| MPI_Bcast (buffer, count,datatype, root, comm) ;

Example: root==
Example: root==

=

i
THT

buffer buffer buffer buffer
Semantics: Data from root buffer is transferred to buffer of all non-

Semantics: Data from root buffer is transferred to buffer of all non- root processes

root processes ) )
Use: All processes broadcast with same root, buffer with same type
Use: All processes broadcast with same root, buffer with same type signature (e.g., same count for basic datatypes like MPT_FLOAT)

signature (e.g., same count for basic datatypes like MPI FLOAT)

MPI requirement

Collective functions MUST be called with consistent arguments:

+ Same root

» Matching type signatures (in particular: pairwise same size)

+  Note: Number of elements sent and received must match exactly
(unlike Send-Recv: sent<recv and Get/Put)

* Same op (MPI_Reduce etc.)

int matrixdims[3]; // 3 dimensional matrix
if (rank==0) {

MPI Bcast (matrixdims, 3,MPI INT,0,comm) ;
} else { mh
// do something on non-root first
MPI Bcast (matrixdimsj2,MPI_INT, 0, comm) ; -
// (uhuh, Bcast probably works, but later..
}

| MPI Gather (sbuf, scount, stype, rbuf, rcount, rtype, root, comm) ; I

Example: Distributing initial array, collecting result

n
~ —

A0
[ ]
2: |:> |:| @ MPI Scatter(A,..);
om [ ]
oM [ ]

3: .
=: [ I I
4: |
buf buf o
sbu rou MPI_Gather (B,..)s
Semantics: Each process contributes a block of data to rbuf at root,

blocks end up stored consecutively in rank order at root o |

Block from process i is stored at rbuf+i*rcount*extent(rtype)
Note: rcount is count of one block, not of whole rbuf

MPI_Gather/MPI_Scatter: All blocks same size

Further differences to (point-to-point communication:

Challenge: Scattering submatrices of large input matrix + Collective communication functions do not have tag argument
+ Amount of data from process i to process j must equal amount of
1. Describe submatrix as data expect'ed by process j from process i
vector, block of d + Buffers of size 0 do not have to be sent
elements, stride n
ﬁ . Process i
2. MPI Scatter will not
Extent of vector datatype, WOI‘IZ.. (why?) MPI_Bcast (buffer,0,MPI_CHAR,.., root, comm) ;
next submatrix would start
here, not what is needed! 3. MPI_Type create res Process j:
ize With MPTI Scatterv MPI Bcast (buffer,0,MPI CHAR,..,root,comm) ;

can solve this problem

Correct! May be implemented as no-op, nothing broadcast
Advanced datatype use in
HPC lecture



IMPI_Allgather(sbuf,scount,stype,rbuf,rcount,rtype,comm);

sbuf rbuf

Semantics: Each process contributes a block of data to rbuf at all
processes, blocks end up stored consecutively in rank order

Block from process i is stored at rbuf+i*rcount*extent(rtype)
Fact:

Much better algorithms for MPI_Allgather than
MPI_Gather+MPI_Bcast exist

A good MPI implementation will ensure that “best possible” algorithm
is implemented, and that indeed MPI_Allgather always (all other
things being equal) performs better than

MPI_Gather+MPI_Bcast

| Golden MPI rule |

» Use collectives for conciseness and performance whereever
possible

+ Complain to MPI library implementer if performance anomalies
are discovered

MPI_Gatherv (sbuf, scount, stype, rbuf, rcount, rdisp, rtype,
root, comm)

1: rouf: address
rcount: count vector
2: |:> rdisp: displacement vector
) rtype: same receive type for all
> [ processes
4: :
- rdisp[0] rcount[3]
sbuf rbuf ‘_1_\
o [ ar J[ae] [NNAGHN SN

Block from process i stored at rbuf+disp[i]*extent(rtype)

Displacement in extent(rtype) units; same for all
processes (one rtvne onlv) P

M Block— o
Irregular collectives O(/IW (o [Nl

buffer, sendbuf, recvbuf argument:
Start address of buffer for all data to be transferred (sent or received)

Segments to be transferred to/from different ranks may have
different size (count]i]), and different displacement (displ[i]) relative to
start address. Displacement is in datatype units

|MPI_Allgather(sbuf,mrbuf,rcount,rtype,mcomm);

is equivalent to

MPI Gather (sbuf,.., rbuf,.., 0, comm) ;
MPI Bcast(rbuf, size*rcount, rtype,.., 0, comm) ;

and

for (i) { // all-to-all broadcast

if (i==rank) (MPI_Bcast (sbuf,..,i,comm); else

MPI Bcast (rbuf+i*rcount*extent (rtype),..,i,comm) ;
}

memcpy (rbuf+rank*rcount*extent (rtype) , sbuf,..) ;

But: Performance of library function should be better!

| MPI_Alltoall (sbuf, scount, stype, rbuf, rcount, rtype, comm) ; |

* Transpose

1: | BO I B1 I B2 | B3 I B4 I + All-to-all
personalized
2 co [ et [ c2 [ ea [ c4a | communi

cation

Irregular (vector, v-) collectives:
Possibly different amounts of data destined to different processes

vnkerscde. Grole Blsde

* MPI Gatherv, MPI Scatterv
* MPI Allgatherv
* MPI Alltoallv,MPI Alltoallw

Data sizes and signatures must match pairwise, amount destined to
a process must match what is required by that process

Processes can use different datatypes (data need not have the same
structure, but signature must match)

MPI_Gatherv (sbuf, scount, stype, rbuf, rcount, rdisp, rtype,
root, comm)

rcount: count vector

|:> rdisp: displacement vector
rtype: same receive type for all
processes

LA ]

1: rbuf: address
s
oM

rcount[3]

j rdisp[0]
rbuf f_______l_______W

Received data must not overlap. Displacement and count vectors
significant only at root. Size/signature match pairwise
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Reduction collectives
(Reduce-scatter)

YO

Y1

+ + 2
3

4

» Each process has vector of data X (same size, same type)
» Associative operation + (MPI builtin, MPI_SUM,..., user def)
» Element-wise reduction result Y=X0+X1+X2+ ... + X(p-1) is
stored at

Root: MPI Reduce
. All processes: MPI_Allreduce
3. Scattered in blocks (YOto 0, Y1to 1, ...):

MPI_ Reduce_Scatter

+
<

+
<

<

N =

| MPI Reduce (sbuf, rbuf, count, type, op, root, comm) ;

Example: root==0

(A1)

=

THE
i

sbuf rbuf

Semantics: All processes contribute sbuf (vector) of same size,
elementwise result stored in rbuf at root. With MPI IN PLACE as
sbuf, input is taken from rbuf

| MPI Reduce scatter block (sbuf, rbuf, count, type, op, comm) ;

sbuf rbuf

Semantics: All processes contribute sbuf (vector) of same size,
elementwise result is scattered in same sized blocks and stored in
rbuf at each process. With MPI_IN_ PLACE as sbuf, input is taken

from rbuf

[MPLOp ___function ___| Operand type

MPI_MAX max Integer, Floating
MPI_MIN min Integer, Floating
MPI_SUM sum Integer, Floating
MPI_PROD product Integer, Floating
MPI_LAND logical and Integer, Logical
MPI_BAND bitwise and Integer, Byte

MPI_LOR logical or Integer, Logical
MPI_BOR bitwise or Integer, Byte

MPI_LXOR logical exclusive or Integer, Logical

MPI_BXOR bitwise exclusive or

MPI_MAXLOC max value and
location of max

MPI_MINLOC  min value and
location of min

Integer, Byte
Special pair type

Special pair type

Reductions are performed elementwise on the input vectors

oo

+ X + X X +

:
HEEH

+

[]
Y

o ~ [

| MPI Allreduce (sbuf, rbuf, count, type, op, comm) ;

=

sbuf rbuf

Semantics: All processes contribute sbuf (vector) of same size,
elementwise result stored in rbuf at all processes. With
MPI IN PLACE as sbuf, inputis taken from rbuf

| MPI_Reduce_scatter (sbuf, rbuf, counts, type, op, comm) ;

0:
| am| B |c1| D1 |
2|(A| B |c2| p2 | E2 ||:>

sbuf rbuf

Semantics: All processes contribute sbuf (vector) of same size,
elementwise result is scattered in blocks and stored in rbuf at each
process. With MPI IN PLACE as sbuf, input is taken from rbuf.
Since rbuf may have different size at different processes, counts][] is
a vector. All processes provide same counts[] vector

MPI Op_create (MPI_User_ function *function,
int commutative, MPI Op *op);

makes it possible to define/register own, “user-defined”, binary,
associative operators that can even work on derived datatypes

MPI Op_free (MPI_Op *op);

Free it again after use...



Muem Segem wie ve/ AU

Solution 2: Matrix-vector multiplication 1. Locally compute (nxn/p) matrix n/p vector product, MV‘

Assume p divides n, distribute M column-wise, each process has n/p .
partial result n vector
columns of M, n/p elements of V x I

For process k, 0<k<p, columns cSj<c;,, where c; = k(n/p)

W1 = 2eosicaM I VT + 3 cqsiccoM OV + .. +
Zop-nosi<coM TV

Correct since “+” is associative. Here i is index in global matrix, i-ck
index in local column-matrix M’ and local vector V’

Solution: distribute M column-wise, perform local MV, sum partial

results
2. Sum partial result n vectors and scatter n/p blocks 2. Sum partial result n vectors and scatter n/p blocks

partial result buffer artial result buffer

0/ 2: 3: 4: 0/ 2: 3: 4: P
1 1 M1 1 l/ (local) result buffer el M 1 e (local) result buffer

I By B
Each rank stores n/p Each rank stores n/p
+ + + + = |:| rows of result vector + + + + = I:I
rows of result vector
MPI_Reduce_scatter_block(partial,result,n/p,MPI_FLOAT, ‘ s (1207 i<, iit) com

MPI SUM, comm) ; MPI Reduce scatter (partial,result,counts,MPI FLOAT,

MPT SUM. comm) : —_—

for (i=0; i<p; i++) counts[i] = n/p; ‘

Folklore: Blockwise algorithm

Process (ij) computes C;; as (A g,A; 1,---A )X(Bg By -+, Bg),
notation q = \Vp-1

> B
T WA

Main algorithm

1. MPI_Allgather A;. on rows
2. MPI_Aligather B.; on columns By Cc=0
3. Locally compute C;; = ¥.,"'A B, “—— for \p rounds, I=0,...,\p-1

1. Broadcast A; to all processes on row i from process (i,l)
2. Broadcast By; to all processes on column j from process (1,)

Sequential subroutine _ / 3. Update C = C+AB

SUMMA: Scalable Universal Matrix-Multiplication Algorithm Main algorithm, round 1

Idea: Pipeline allgather (Recall: allgather = “p times bcast”) Broadcast roots for columns

Al §. Bl m-
To compute C;; = Z,=0VP‘1A”BLJ-, Vp communication rounds, in round I, ~ g
0<I<p, broadcast of A, on row communicator, broadcast of B; on

column communicator r- - .\
AN J

Note: This algorithm performs all sums in order, does not exploit
commutativity of matrix addition Broadcast roots for rows




0: 1: 2: 3: 4:
X X o[ X 5[ X 4| X
0 1 2 3 4

» Each process has vector of data X (same size, same type)
+ (Associative operation + (MPI builtin, MPI_SUM,..., user def)
« (All prefix sums Yi=X0+...+Xi are computed and stored

* Yiatranki: MPI Scan

* Yiatranki+1: MPI Exscan (rank O undefined)

e vidd
(,/;Mod w(m;(?

QuuduronX

Step 1: Choose pivot, distribute to all processes

[]
n/p
I N 1]

1. Process 0 chooses pivot, MPI Bcast
2. Better, perhaps: Each process chooses pivot, MPI_Allgather,
median of p as pivot

Step 2: Local partition

[ - - B [ I

Step 3: Global partition, pairwise (hypercube) exchange

- @ [N

4

[/ - | §E[:-] =

Even numbered process i sends larger than pivot elements to
process i+1, and receives smaller than pivot elements from process
i+1. Odd numbered process i receives larger than pivot elements
from process i-1 and sends smaller than pivot elements to process i:
MPI_Sendrecv

Implementation: May need to exchange number of elements first

Drawbacks:

* Only for powers-of-two numbers of processors (hypercube
algorithm)

* Load balance might be arbitrarily bad, one process could do all
the work if pivot is bad

Analysis, assuming exact median pivot and Bcast:
T(n,p) = O(log p)+O(n/p)+T(n/2,p/2)

T(n,1) = O(n log n) But what does

MPI_ Comm split

Since (n/2)/(p/2) = nip, and 2°9p = p, we get  COSt?

T(n,p) = O(log?p+(log p)(n/p))+O(n/p log(n/p)) =
O(log?p)+O((log p)(n/p)+(n/p)(log n)-(n/p)(log p)) =
O(log?p)+O(n/p log n)

Speedup: O((n log n)/(n/p log n)) = O(p) for n»p

| MPI Scan (sbuf, rbuf, count, type, op, comm) ;

ZosizoAl
ZosistAl

ZOslsZAi

=

-
%
I

sbuf rbuf

Semantics: Elementwise, inclusive prefix sums over sbuf vectors.
Rank i stores sum from rank 0 to rank i (included)

|MPIiExscan(sbuf,rbuf,count,type,op,comm) ; |

Zosi<oAl
ZosictAl

% oA

g
| LS

sbuf rbuf

Semantics: Elementwise, exclusive prefix sums over sbuf vectors.
Rank i stores sum from rank 0 to rank i (excluded)

Step 4: Split communicator and recurse
(<< - | B[] =

Use MPI Comm_ split with color rank%2: Even numbered
processes will work on smaller than pivot elements, odd numbered
processes on larger than pivot elements

=T T

After log,p steps, each process is in communicator by itself: Sort
locally

()

Lslsi s |

Youran Lan, Magdi A. Mohamed: Parallel Quicksort in hypercubes.
SAC 1992: 740-746

Improved step 3: Global partition by compaction

4

= [ =

Smaller than pivot elements:

» For process i, compute how many smaller than pivot elements
there are at process 0, 1, ..., i-1: MPI_Exscan with result m;

» Elements have to be sent to process m/(n/p) and (possibly)
process my/(n/p)+1

» All processes need to inform their receiving processes (at most
two) how many elements to receive: MPI_Alltoall

o Redictrihition hv MPT 211+~a11+w or cend and receive

A




Step 4: Split communicator and recurse

(= | | [

Use MPI_Comm_split with color=(rank<middle ? 0 : 1)to
divide the processes into those with smaller than and those with
larger than pivot elements

IA

| —

After log,p steps, each process is in communicator by itself: Sort
locally

Same analysis applies, but good better balance irrespective of pivot
choice

Given n integers in range [0,R[ (=[0,1,2,...,R-1]) stored in array A

3. Distribute elements of A into buckets (in new array B)

for (i=0; i<n; i++) B[bucket[A[i]]++] = A[i]; I

4. Copy B back to A, if needed

Note:
As implemented, this bucket-sort is stable: Relative order or
elements in A with same key is preserved

n integers in a given range [0,R], distributed evenly across p MPI
processes: m= n/p integers per process

A=| 01300201.. | | B=

W =N D

Step 1: Bucket sort locally, B[i] number of elements with key i

Example: Integer (bucket, counting) sorting

Given n integers in range [0,R][ (=[0,1,2,...,R-1]) stored in array A

Bucket sort:

1. Count number of elements of each magnitude (“key”)
for (i=0; i<R; i++) bucket[i] = 0;
for (i=0; i<n; i++) bucket[A[i]]++;

2. Compute start index of each bucket: exclusive prefix-sums
operation

for (i=1; i<R; i++) bucket[i] += bucket[i-1];
for (i=R-1; 1i>0; i--) bucket[i] = bucket[i-1];
bucket [0] = 0;

Example: Integer (bucket, counting) sorting in parallel

n integers in a given range [0,R][, distributed evenly across p MPI
processes: m= n/p integers per process

A=| 01300201.. | |
B

i

Input array distributed over p processes, A and B process local
arrays of input elements and bucket sizes

n integers in a given range [0,R], distributed evenly across p MPI
processes: m= n/p integers per process

A=| 01300201.. | | B=

W =N A

’_) Step 1: Bucket sort locally, B[i] number of elements with key i

Step 2: MPI_Allreduce (B,A11B,R,MPI_INT,MPI_SUM, comm) ;

Step 3: MPI_Exscan (B,RelB,R,MPI INT,MPI SUM,comm) ;

Now:

Vector AlIB contains the sizes of all buckets over all processes; RelB
is for process rank the relative position of rank’s elements in the
buckets

n integers in a given range [0,R], distributed evenly across p MPI
processes: m= n/p integers per process

A=| 01300201.. | | B=

W= NS

Step 5: compute number of elements to be sent to each other
process, sendelts][i], i=0,...,p-1

Step 6:
MPI_Alltoall (sendelts,1,MPI INT,recvelts,1,MPI_INT, comm) ;

Step 7: redistribute elements
MPI_Alltoallv (A,sendelts,sdispls,MPI_ INT,C, recvelts,..,
comm) ;

Step 2: MPI_Allreduce (B,A11B,R,MPI_INT,MPI_SUM, comm) ;

Skﬂ)32MPIiExscan(B,RelB,R,MPIilNT,MPIisUM,comm);

Now:

Vector AlIB contains the sizes of all buckets over all processes; RelB
is for process rank the relative position of rank‘s elements in the
buckets

n integers in a given range [0,R[, distributed evenly across p MPI
processes: m= n/p integers per process

A=| 01300201.. | | B=

w =N

:Step 7: Redistribute elements

MPI Alltoallv(A,sendelts,sdispls,MPI INT,C, recvelts,..,
comm) ;

Step 8: Reorder elements from C back to A

Possible optimization: Replace MPI Allreduce by MPI Bcast



Example: Integer (bucket, counting) sorting in parallel

The algorithm is stable |:> Radixsort

Choice of radix R depends on properties of network (fully connected,
fat tree, mesh/torus, ...) and quality of reduction/scan-algorithms

The algorithm is portable (by virtue of the MPI collectives), but tuning
depends on systems: Concrete performance model needed, but
analysis outside scope of MPI

Note: On strong network T(MPI_Allreduce(m)) = O(m+log p)
NOT: O(mlog p)

Quicksort and bucketsort data redistribution

In both cases, the redistribution has special structure, and it may be
possible to do better with special algorithm than with MPI_Alltoallv

Worth trying:
* MPI_ Exscan over block sizes; compute where data goes
* MPI_Win_ lock(MPI_LOCK_SHARED); MPI_Put;

MPI Win unlock to deliver data




