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Workstation

PVM
Can have more than one process daemol
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Applicatio
program
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Application i
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MPI1 implementation we use is similar.
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PVM Message-Passing Routines
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Full list of parameters for the two
previous system calls

Pvm_psend(int dest_tid, int msgtag, char *buf, int len, int datatype)

Pvm_precv(int source_tid, int msgtag, char *buf, int len, int
datatype)

Parallel Programming



blad) sae Cpa :\ﬁy QQLM Sy
Sending Data Composed of Various
Types

Ll ) J8 puffer cése o) 35 (ea Gilidasll a A

S Dapall G 5 LY o 53 e Al Gldanal 4 ja el Jita) o) a ¥ a5y
P PN(IEy RUAWY

Llail e e JS Jal e packing/unpacking routines aall ¢lis asall al i 8 5
ldax
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(Jlia) Jlad] Bae (e ddlge cilidana Jlus )
Sending Data Composed of Various
Types (Example)

FProcess 1 Pftcess

pvm_initsend() ; /— II:I}
. -

s 1]
g —
Receive
\ buffer !
Message v _recvi{process 1 ..);
ovm upkint (.. &X )

nvm:upkstrf . &5 L)
ovm upkfloat (o &y .. )

pvm_pkint{ .. &xX ..); }

pvm_pKstri( .. &8 ..);
pvim_pkfloat | .. &y ..} ;
pvm_send (process_2 ..

.
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Broadcast, Multicast, Scatter, gl
Gather, Reduce

pvm_bcast()

pvm_scatter()
pvm_gather()
pvm_reduce()

le) Al (e de jana &= @\)ﬂ\ 028 Jaxi
pvm_joingroup() &4 aladiul de sene M) acaiy o ¢l aY (Sa

el paW (e de saan e Alee pym_mcast() dalead)
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PVM geebiz o Jlie

#include =stdic.h=
#include «stdlib.h= MESTE‘T’
#includs <pvins .h=
$define ZLEVE *“spsum”
#$defins PRCC 10
$defins MELEM 1000
maini} |
int mytid, tids [PROC] ;
int n = NELEM, nproc = FROC:
int no, 1, who, megbype;
int data [MELEM] , result [EFROC] , tot=0;
char fn[255] ;
FILE *fp:
mytid=pvm mytid(); /*Enrcll in PVM */

a2tart =Zlavae Tasks */
Nioa=
pvm_spawn(SLAVE, (char**)0, 0, ™" nproc, tids) ;
if (no = nproc) |
printf{*Troukle spawning slaves Yn")l;
for (1=0; 1<no; 1++) pvm_kill(tids([1]}); Slave
pvm_exitb () exit(l];
1 #include <stdio.h-
#include “pvmz . L"°
Open Input File and Initilalize Data */ #dafine PROC 10
getrcpy (fn,getenv( “HIME" ) ) ; #dafine NELEM 1000
gtroat (fn, * fpvms Jerc/rand_data.txt™) ;
if (ifp = fopenifn,”r*)) == WULL) | main() |
printfi*Can‘t cpen input file %s'n*, fn); int mytid;
exitil); int tids[PROC] ;
} int n, ma, 1, msgtype:
foriil=0;1zn;i++) fecanf (fp, “%d~  &data (1]} ; int x, nproc, master;
printfi*sd from zd\n", 6 rasult [who], who) ; int data[HMELEM], sum;

Parallel Programming 2.28




(A<) PVM @bz (Ao Jla

Jv Open Input File and Initialize Data +/

£id = m E1di(;
stropy (fn,getenv ("HOME™ ) ) ; o PR

gtroat (En, " fpwm3farc/rand data.txt"); /* Receive data from master #/
magktype = 0;

pvm recv (-1, magtype);

exib 1y pvm_upkint (&nproc, 1, 1);

pvm upkint (cids, nproc, 1);
for(i=0;i<n;i++)facanf (fp, "¥d" &data[i]}; pvm_uphintl&n, 1, 1);

if ((fp = fopen(fn,"r"}) == NULL)
printf("Can't open input file %=Wwn" fn);

pvm upkinkt (data, n, 1);
Broadcast data To slawves+/ — vt i

pvm_initasend(PvmDataDefault); Determine my tid */
ma2gtype = d; for [(1=0; 1<nproc; 1++}
pvm_pkint (&nproc, 1, 1); 1f (mytid==tids[1] }
pvm_pkint (tids, nproc, 1): {me - 1;break;}
pvm_pkint (&n, 1, 1); Broadcast data
pvm_pkint (data, n, 1); J* Add my portion of data +/
pvm_mcast (tids, nproc, magtag); X = 0/O0proc;
low = me * x;
high - low + X;
Get resulkbts from slaves®) for(i - low; 1 < high; 1++)
megtype = S5; sum += data(i];
for (1=0; d<nproc; 1++)
PUN_IEEIl£1L EEQEEPE;; /* Eend result to master */
pvm_uprint [&who, 1, i I o pvm initasend(PvmbDatanefault)
pvm_upkint (&result [whol , 1, 1); Receive results pvm pkint (&me, 1, 1);
printf ("¥d £rom ¥d\n",result [who] ,who pvm_Phintl&guar ir 1h;
} magtype = 5;
master = pvm_parent();

f* Compute global sum */ pvm_send(master, magtype);

for (1=0; 1<nproc; 1++) tobE += result[d1];
printf [("The total 1= ¥d.nwn"™, toth; Exit DUM #,
pvm_exit () ;

pvm_exit (y; /* Program finished. Exit PFVM */ return ()

returnid;;

}
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MPI

(Message Passing Interface)

0 Message passing library standard developed by
group of academics and industrial partners to foster
more widespread use and portabillity.

0 Defines routines, not implementation.

0 Several free implementations exist.




MPI

Process Creation and Execution

| Purposely not defined - Will depend upon
Implementation.

Only static process creation supported in MPI version 1.

All processes must be defined prior to execution and
started together.

Originally SPMD model of computation.

MPMD also possible with static creation - each program
to be started together specified.




Communicators

Defines scope of a communication operation.

Processes have ranks associated with communicator.

Initially, all processes enrolled in a “universe” called
MPI_COMM_WORLD, and each process is given a
unigue rank, a number from O to p- 1, with p
processes.

Other communicators can be established for groups of
processes.




Using SPMD Computational Model

main (int argc, char *argv([])
{
MPI Init(&argc, &argv);

MPI Comm rank (MPI_COMM WORLD, &myrank); /*find process rank */

if (myrank == 0)
master () ;
else
slave () ;

MPI Finalize();
}

where master() and slave() are to be executed by master process and slave process, respectively.




Unsafe message passing - Example

(a) Intended behavior

(b) Possible behavior

Process O

Process 1

7N )

- Source

Crecv(....,o,fj..); )

Process 0

\

send(.._.,l,...);\

Csend(. .:.,1,...);}

M recv(...,0,...);

NI/

Process 1

-/ O

(recv(...i,o,...); )

" recv(...,0,...);

T

NI/




MPI1 Solution
“Communicators”

0 Defines a communication domain - a set of
processes that are allowed to communicate
between themselves.

O Communication domains of libraries can be
separated from that of a user program.

0 Used in all point-to-point and collective MPI
message-passing communications.




Default Communicator MPI COMM WORLD

0 Exists as first communicator for all
processes existing in the application.

0 A set of MPI routines exists for forming
communicators.

0 Processes have a “rank” in a communicator.




MPI Point-to-Point Communication

0 Uses send and receive routines with message tags
(and communicator).

0 Wild card message tags available




MPI Blocking Routines

0 Return when “locally complete” - when location
used to hold message can be used again or
altered without affecting message being sent.

0 Blocking send will send message and return -
does not mean that message has been
received, just that process free to move on
without adversely affecting message.




Parameters of blocking send

MPI_Send(buf, count, datatype, dest, tag, comm)

Address of Datatype of Message tag
send buffer each item

Number of items Rank of destination Communicator
to send process




Parameters of blocking receive

MPI_Recv(buf, count, datatype, src, tag, comm, sta}us)

Status

Address of Datatype of Message tag\ after operation

receive buffer each item

Maximum numb_er
of items to receive

Rank of source  communicator
process




Example

To send an integer x from process 0 to process 1,

MPI Comm rank (MPI COMM WORLD, &myrank); /* find rank */

if (myrank == 0) {
int x;
MPI Send(&x, 1, MPI INT, 1, msgtag,
MPI COMM WORLD) ;

} else if (myrank == 1) ({
int x;
MPI Recv(&x, 1, MPI INT,
0,msgtag,MPI COMM WORLD,status) ;




MPI Nonblocking Routines

0 Nonblocking send - MPI Isend() - will return
“Immediately” even before source location is safe to
be altered.

0 Nonblocking receive - MPI Irecv() - will return even

If N0 message to accept.




Nonblocking Routine Formats

MPI Isend (buf,count,datatype,dest, tag,comm,request)
MPI Irecv(buf,count,datatype,source,tag,comm, request)
Completion detected by MPT Wait () and MPI Test().

MPI Wait () waits until operation completed and returns then.

MPI Test () returns with flag set indicating whether operation completed at
that time.

Need to know whether particular operation completed.
Determined by accessing request parameter.




Example

To send an integer x from process 0 to process 1 and allow process 0 to
continue,

MPI Comm rank (MPI COMM WORLD, &myrank); /* find rank */

if (myrank == 0) {
int x;
MPI Isend(&x,1,MPI INT, 1, msgtag, MPI COMM WORLD, redql);
compute () ;
MPI Wait(reql, status);
} else if (myrank == 1) ({
int x;
MPI Recv(&x,1,MPI INT,O,msgtag, MPI COMM WORLD, status);




Send Communication Modes

Standard Mode Send - Not assumed that corresponding
receive routine has started. Amount of buffering not defined
by MPI. If buffering provided, send could complete before
receive reached.

Buffered Mode - Send may start and return before a
matching receive. Necessary to specify buffer space via
routine MPI_Buffer_attach().

Synchronous Mode - Send and receive can start before
each other but can only complete together.

Ready Mode - Send can only start if matching receive
already reached, otherwise error. Use with care.




0 Each of the four modes can be applied to
both blocking and nonblocking send
routines.

0 Only the standard mode is available for the
blocking and nonblocking receive routines.

0 Any type of send routine can be used with
any type of receive routine.




Collective Communication

Involves set of processes, defined by an intra-communicator. Message
tags not present. Principal collective operations:

MPI Bcast () - Broadcast from root to all other processes
MPI_ Gather () - Gather values for group of processes
MPI Scatter() - Scatters buffer in parts to group of processes

MPI Alltoall() - Sends data from all processes to all processes
MPI_ Reduce () - Combine values on all processes to single value
MPI Reduce scatter() - Combine values and scatter results
MPI Scan() - Compute prefix reductions of data on processes




Example

To gather items from group of processes into process 0, using dynamically
allocated memory in root process:

int data[1l0]; /*data to be gathered from
processes*/

MPI Comm rank (MPI COMM WORLD, &myrank); /* find rank */
if (myrank == 0) ({

MPI Comm size (MPI COMM WORLD, &grp size); /*find
group size*/

buf = (int *)malloc(grp size*1lO*sizeof (int))
/*allocate memory*/
}

MPI Gather(data,10,MPI INT,buf,grp size*10,MPI INT,0,MPI
COMM WORLD) ;

MPI Gather () gathers from all processes, including root.




Barrier routine

O A means of synchronizing processes by stopping
each one until they all have reached a specific
“barrier” call.




#include “mpi.h”
#include <stdio.h>
#include <math.h>
#define MAXSIZE 1000 Sample MPI program
void main (int argc, char *argv)
{
int myid, numprocs;
int data[MAXSIZE], i, x, low, high, myresult, result;
char fn[255];
char *fp;
MPI Init(&argc, &argv);
MPI Comm size (MPI_COMM WORLD, &numprocs) ;
MPI Comm_ rank (MPI_COMM WORLD, &myid) ;
if (myid == 0) { /* Open input file and initialize data */
strcpy (fn,getenv (“HOME”) ) ;
strcat (fn,”/MPI/rand data.txt”);
if ((fp = fopen(fn,”r”)) == NULL) ({
printf (“Can’t open the input file: %s\n\n”, £n);
exit (1) ;
}
for(i = 0; i < MAXSIZE; i++) fscanf (fp,”%d”, &data[il]);
}
MPI Bcast(data, MAXSIZE, MPI_INT, 0, MPI_COMM WORLD); /* broadcast data */
x = n/nproc; /* Add my portion Of data */
low = myid * x;
high = low + x;
for(i = low; i < high; i++)
myresult += data[i];
printf (“I got %d from %d\n”, myresult, myid); /* Compute global sum */
MPI_Reduce (&myresult, &result, 1, MPI_INT, MPI_SUM, 0, MPI_COMM WORLD) ;
if (myid == 0) printf (“The sum is %d.\n”, result);
MPTI Finalize();




due AL gal al) 4l
Evaluation Parallel Programs

[t WS [pg‘:}ﬂ\ 28%) g ) Bale Cuwal
1:0 X [comp * Loomm
gl nll Aasi jall dge 8 Slel 2 Ge ol a) dsbY 28l e 1, Oe N dier S
(sl

Al iyl J sty Jasi o3l Jiba M Jaliiy YUY a3 £ a3l e

AUl dapall el o Ly 48

tcomm o tstartup +n [a’az‘a

e () deds 3l Message latency Al swiasd e £, o3 Jia
Jlata) die S8 5 Jla yY) die lidasall

(word s (e 3 ) sas) s ilbidana 33a 5 Ji (e ) Jiaid £, (e 3 Ll

Il e 3 la dale Sy 43l ja yid

tC‘ omim

Parallel Programming



ldealized Communication Time

Startup time

Number of data items ()




Benchmark Factors

With &, &,np and 4, Can establish speedup factor
and computation/communication ratio for a particular
algorithm/implementation:

EE [
Speedup factor = -

=

5 teamnt lcomm

\ L . m
Computation/communication ratio = il

IIEI!ZIIFI'IT'I‘I

Both functions of number of processors, p, and number
of data elements, n.




Factors give indication of scalability of parallel solution with
Increasing number of processors and problem size.

Computation/communication ratio will highlight effect of
communication with increasing problem size and system
size.




Broadcast/Gather

Hgure 2 9 Brogdeast i 3 Bree-dimensond vpercube

To broadcast to all nodes in an n-dimensional hypercube in log,(n)
steps
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Broadcast/Gather
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Embarrassingly Parallel Computations
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Input data
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Static process creation and master-
slave approach

All processes
started together  Send initial data

Collect results

MPI approach
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Static process creation and master-
slave approach

s callaaa
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Dynamic process creation and master-
slave approach

Start Master initially

spawn { | Send initial data

serdl )

Collect results

PVM approach
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Low level image processing szl Je diwaigdl cBbganl) [

.Mandelbrot Set g vl dc gaan O
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Low level image processing
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Partitioning into regions for individual
X processes (1)

80 Frocess

y -~ 640 > Q
/

a0 I $ o~ F-.-"]Elp

Y

Square region for each process (can also use strips)
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Partitioning into regions for individual
processes (2)

Process

. _

ap

(b) Row region for each process
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Some geometrical operations

:Shifting 4~)3Y) O
X=X+ AX
y =y+ Ay
:Scaling _seaill /yusill O
X = XS,
y =ySy,
:Rotation ¢/Lsd O

X = XCosb + ysing
Yy = -Xsint + Yy Ccosob
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Slave Algorithm

Recv(row, pMaster)
For (oldrow = row; oldrow<(row+10); oldrow++)
for (oldcol = O; oldcol<640; oldcol++) {
newrow = oldrow + delta_x;
newcol = oldcol + delta_y;
send(oldrow, oldcol, newrow, newcol, pMaster);
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Master Algorithm

For (i =0, row = 0; iI<48; I++, row = row +10)
send(row, pi);
For (i = 0; 1<480; i++)
for (j = 0; ]<640; j++)
temp_mapli][j] = O;
For (i = 0; i1<(640*480); i++) {
recv(oldrow, oldcol, newrow, newcol, pAny);
if ! ( (newrow<0) || (newrow>=480) ||
(newcol<0) || (newcol>=640) )
temp_map[newrow][newcol] = map[oldrow][oldcol];
}
For (i = O; i<480; i++)
for (j = 0; j<640; j++)
mapli][j] = temp_map[i][j] ;
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Shared memory multi-processor asll alasiul viall (e 5 L
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Seqguential routine

int cal_pixel(float ¢ _real, float c_imag)

o

nt [, max;

float z_real, z Image, z_real next, lengthsq;

max = ?2;

z real =0,z Imag = 0,

=0 /* number of iterations */

DO {
z real next = (z real *z real) - (z_ Imag *z imag) + c¢_real;
Z Imag = (2 *z _real *z imag) + ¢ _imag, z_real =
Z real next;
lengthsq = (z_real *z real) + (z_imag *z _imag);
[++,

} WHILE (lengthsq < 4.0 AND | < max);
return I,
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QJﬂﬁuthQMﬁ@ﬂ
Parallelizing Mandelbrot Set Computation

:algall ol sl
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Dynamic Task Assignment
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Return results/
request new task
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Partitioning and Divide-and-Conquer
Strategies
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Adding Numbers by partitioning
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e n/m Juy) i (V) da
Solution (1): sending n/m numbers

0 - Master:

s=n/m;

For (1=0, x= 0; I<m; I++, Xx=X+8S)

Send(&number[x], s, Pi);

sum = 0;

For (I=0; I<m; I++) {
recv(&part_sum, Pany);
sum = sum + part_sum,;

}

0 Slave
Recv(numbers, s, Pmaster);
Part_sum =0;
For (1=0; I<s; I++)
part_sum = part_sum + numbers]l];
Send(&part_sum, Pmaster);
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Solution (2): sending the complete list
of numbers

O - Master:
s=n/m;
bcast(numbers, s, Pslave_group);
sum = 0;
For (1=0; I<m; I++) {
recv(&part_sum, Pany);
sum = sum + part_sum;

}

O Slave
bcast(numbers, s, Pmaster);
Start = slave_number * s;
End = start + s;
part_sum =0;
For (I=Start; I<End; [++)
part_sum = part_sum + numbersl];
Send(&part_sum, Pmaster);
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Reducey Scatter aladiul ;(¥) Ja

0 - Master:

s=n/m;

Scatter (numbers, &s, Pgroup, root=master);
Reduce_add (&sum, &s, Pgroup, root=master);

0 Slave
Scatter (numbers, &s, Pgroup, root=master);
Reduce_add (&sum, &s, Pgroup, root=master);
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40 Jadl) ) aladialy slae) Sas pea
Adding Numbers by Partitioning

n/m@ucjkum }u uw\ L.\\.\Lud\ Ade L_\L»;‘_A\CL\;J O
ummn/mlmtg_\.que}mg\um

Alee M-1 2w ) Wil aelaal) il aveat dalee 2l 2 las [0
ilia) dobua
A il (golose o s () e Sl Jomas D
Lomp = W/mM-1+m-1
Lomp = O(/m + m)
L=n+n/m+m-2=0(n+n/m+ m)
.o e A&dﬂdujlelﬁi L
pgsbd bl Gl ) Al Wl O
[,=n-1=0(n).
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40 Jadl) ) aladialy slae) Sas pea
Adding Numbers by Partitioning

cdale 3amy Glual) lilee i Leyis

t0y50) shal IS Aaradall dael) el Jlasl — (1Y) ds )
taoad Jliaals Juo) mils pladaa) s 3 0

[comml = /77( ZLsz‘avn‘u,o F i (n/ /77) [daz‘a)

:reduce s scatter a5 aladin) Als & [0
[

comml . [sz‘an‘up 7N [daz‘a
rae N/M aead Gblua — 2501 Al )

[ =n/m-1

compl
1038 Jhatinly Jl) gl alasin) s & O

[commz - /77( tsz‘arz‘up % [data)

:reduce s scatter s aladan) Alla & [

[commz = [startup +m [daz‘a

t =m-1

comp2
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3 (3 ol
Divide-and-Conquer Strategies

Jioal Jilae ) syl Alal) aond ) Cullad) o2 R
.Recursion L)<

Vo patl) Jaady Al spmd e Joant Lol ool (gas Lovie
k) sale] xie 12 g2 s adil) die

ofiia oillie oo ST ) vl ddee (500 o)) oK
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Int add(int *s)

{
if (number(s) =< 2) return (n1+ n2);
else {

divide(s, s1, s2);

part_suml = add(sl);
part_sum2 = add(s2);

return (part_suml + part_sum?2);

2 (38 Glubus 5 40321l :Parallel Programming



ddlusall M
Dividing a Problem

Initial problem

Divide
problem

C CH\ = g K
e (OO OQO0O0O0OC




Dividing a List into Parts

Original list

+

o
eoegee g

2 (5% il s 45 3230 - Parallel Programmin



Partial Summation

% 2.1
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Process £,

0 - Process P,

Divide(sl, s1, s2);

Send(s2, P4);

Divide(sl, s1, s2);

Send(s2, P2);

Divide(sl, s1, s2);

Send(s2, P1);

Part_sum = *s1;

Recv(&part_suml, P1);

Part_sum = Part_sum + part_suml,
Recv(&part_suml, P2);

Part_sum = Part_sum + part_suml,
Recv(&part_suml, P4);

Part_sum = Part_sum + part_suml,

2 (38 Glubus 5 40321l :Parallel Programming



Process P,

0 -Process P,

Recv(sl, P0);

Divide(sl, s1, s2);

Send(s2, P6);

Divide(sl, s1, s2);

Send(s2, P5);

Part_sum = *s1;

Recv(&part_suml, P5);

Part_sum = Part_sum + part_suml,
Recv(&part_suml, P6);

Part_sum = Part_sum + part_suml,
=Send(&part_sum1, PO);
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Aa J ) A0 Jalas

g Q) Al caga Bipaygyp Ols 152X ) Lo
=2, +V4 L, ... +1/D L.

= N(0-1)/P Lo
tcommZ T /OQ P fa’az‘a

[com = comm1 7 [commz L ’760'1)/,0 [daz‘a 7 /OQ ,0 fa’az‘a = O( /7)
for const. p

[

comml1

:adll) 4aS Luals cableadl dauall W O
=n/p+ logp

[comp
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Pipeline 4! aladiuly clibuall
Pipelined Computations

paaly Lan Cny N algall e Aladis ) Lo Alliee B30 ] Cangs
e mllas g slya) aladinl dege JS 2an (Sar L (531 S

functional adasll sl 28yl Aalull assil) 48yl 4
ohys Ll aleall uinis aidass 3,S8 38lsl . decomposition

cpanll Lgan
.Pipeline Stage - Pipeline 1 daly (e sy S o O

Py P 3 Py
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Jla
Example

A dsae palic Faena Gl
For (i=0; i<n; i++)
sum = sum + afi;

) Ol e Aalud) Adlall 3,68 Ko
sum = sum + af0];
sum = sum + a[1];
sum = sum + a[2];
sum = sum + a[3];

Pipeling Jalye oo dlaye IS5 e 2ol ciladatll e el (e
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Example

a[0] a[1] al2] a[3] al4]

l l 1 1 l

cl ol a d d
Sin - Sout Sin Sout Sin Sout Sin Sout Sin Sout
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DAL Jlia
Another Example

O de gane Cada Jal e Frequency Filter cilaasll 5l [0

fo
fin

fi ot

Signal without
frequency 1y
Signal without
frequency f

fil'l

f1

JF-::lu’[
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jIril'l

f2

Jlrn::lu’[

J1) W 5)\d o (1, 1, 1, etc) claagl
bl e Pipeline ) ) chlay) daxs O

Signal without
frequency f;

Signal without
frequency

jIril'l

f3

f oLt




fPipeline 2 4 aladia (Say Cul
Where pipelining can be used?

s Al 2} aoped Ay oY) a3 Al o3a aalus [
3l clleal)

(type 1) Al e ALl dais (e ST Lol jig 13

Qllat ag lgiallae g Gllasall e Judls ool 355 13)
(type 2) cllee sac un

Y oAbl dslled) ddee (BULY LaPU) il gleall il 1Y)
(type 3) Al dallad) dlsje Jleel 381S o) e
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“Type 1” Pipeline Space-Time Diagram

Js¥) £ il Jilasal a3 Jadadiall

p-1

m

)

Instance

1

[nstance
7

[nstance

-
3

[nstance

1

Instance

2

Instance

I

Instance
2]

[nstance
3

[nstance

4

[nstance

J

Instance
6

[nstance
|

Instance
3

Instance

-
3

[nstance

4

[nstance

J

[nstance
6

Instance

-

[nstance
|

[nstance
7

o

Instance

-
S

Instance

4

[nstance

e

[nstance
6

[nstance

[nstance
|

[nstance
a

[nstance

~
A

Instance

4

Instance

&

[nstance
iy

[nstance

-
7

Instance

]

[nstance
b

i

[nstance

-
A

[nstance

4

Instance

2

Instance
f

[nstance

—_—

Time

JAWG M s Alage P dal e Bala mAp-1 = M) (ga)

) M et Ladie ) (e QS Aal 8y (MAP-1)/M = 248 (0) s
Adls S 3 Al olal cllia ) ey 138 L 30DU)
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S £ il Jileal e 31 Jaladlall
“Type 1” Pipeline Space-Time Diagram

Instance 0 | Py | P4

Instance 1 Po

Instance 2

Instance 3

Instance 4

Time

DSl JSall e s WS (Al Ak L) I Gilaglas e uuell Sy
okl
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S £ gl Silusal e 31 Jadadiall
“Type 2” Pipeline Space-Time Diagram

Input sequence

dgdgd7dedsd dsdod o

P@"

Py

Py

PB"

Py o

P v

Py

Pg

(a) Pipeline structure

p-1

2l () (Nlea)
n+(p-1)=

do

dg
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G £ o) Jilewal e 31 Jadadiall
“Type 3” Pipeline Space-Time Diagram

f

Information
transfer
sufficient to
start next

process Information passed
- to next stage

— - —_
Time Time

(a) Processes with the same (b) Processes not with the
execution time same execution time

Al el o382 Aled U AU Al yal) ) cilegleall 0 gy
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aaaNa
Note

I saalsial Glallad) e e 51 daball axe oIS 13
e IS ) dabye s2e alia) Linie any <Pipeline

Processor 0 Processor 1 Processor 2

O R L A T L L A e L L
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Pipeline 4 ciiuhi 1,45 duals
Computing Platform for Pipelined
Applications

e N Multiprocessor

Host
computer

\. /

o= Line configuration 4aall Jayyll 42k 13 ciladlaall oz i
.Ring configuration aalall L)l w).i:. S Al 3yl Jaaidl

s Jal (0 Blocking send i se Jlasy) cilaalat alodiul s
Pipeline 1| cllaad (gllaall Jadiall
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Pipelining ! 53 g1 g1 ¢e ALial
Example of each type of computation
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sy =i ()) Jlia
Example (1): Adding Numbers

JsYl g5l e Pipeline alac

4
> i

Olorololo:
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sy =i ()) Jlia
Example (1): Adding Numbers

1P ehal Y (el
recv(&accumulation, P, ,);
accumulation = accumulation + number,
send(&accumulation, P, ));
tAlll) doleall asty (GAN) P joa a8 clal) lae L
send(&number, P,);
sl Lo iy Ll asiy (531 P 7 51 el
recv(& accumulation, P, );
accumulation = accumulation + number,
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SPMD gl
SPMD Program

If (process > 0) {
recv(&accumulation, P, ));
accumulation = accumulation + number;

}

If (process < n-1) send(&accumulation, ~,,,);
oY) eyl Al Al Jos
Al dulia Gllee Jal e dallad) Gl Gun alasiul (Sa
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AAlal) 45, Jhlly sl aan
Adding Numbers with Ring Configuration

Master process
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djg\i\ &Jﬂ\ Q.A:ULMA Jalal

3aaly dals 2wt ey Faldlall aae

( comp comm) (m + p _1)
total /m

[tora/

[average_
ae g Ajlsiall cbluall e aaas PIA e il Jei US WS Jolatl) (Ko Y

A gial) Y Lay)
tAlliall e saalg das Al O

l‘comp— 7 (s JS 8 3aa)y dnles Ailac)

comm =2(t, ( startup T tdaz‘a)
z‘ota/ ( 2(t. ( startup 7 l‘data) 7 -Z) P )

tAllal) (e Fwd sac Al O
z‘oz‘a/ ( 2(t ( startup T [data) T -Z) ( m+n '-Z)

[average z‘ota/ /m =2(t ( startup * [daz‘a) +1
saaly pipeline das ; 3K
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ANaey) 38 (V) Jia
Example (2): Sorting Numbers

numbers P P, P P P

Ak e oot Jha
plaBYl Ol
.Insertion Sort
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ey 58 :(Y) Jhia
Example (2): Sorting Numbers

Smaller
numbers

Series of numbers ‘
J'(n—] }(]}([} -

Next largest

Largest number S her

. S8 &l e Pipelinge alasisl Clsl)
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ey 58 :(Y) Jhia
Example (2): Sorting Numbers

P el Ayl
recv(P, , number);
IF (number > x) {
send(P;, . X);
X = number;

} ELSE send(P.,,, number);

i+1?

Juy Cagug 23 7/ biass / ¢lal) Ol caae 7 Wal IS 1))
a3 el ) s /741
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ey 58 :(Y) Jhia
Example (2): Sorting Numbers

Right_procno=n-i-1

recv(P, ,,X);

for (j = 0; j < Right_procno; j++) {
recv(P, ,, number);
IF (number > Xx) {

send(P;,,, X);
X = number;

} ELSE send(P.,,, number);
}

i+1?
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Ziliil) Bale) — alasY) b () Jlia
Example (2): Sorting Numbers

Master process

-
- o
\

-
f

L]

*
b

~ |

o -

4t s ehal o Jd e gl Jlu) e Lg3)oh danyall oda
e AY

Ring sl 4y aladinl bl 7 hasul Load (e
.configuration
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Ziliil) Bale) — alasY) b () Jlia
Example (2): Sorting Numbers

Right_ procno=n-i-1
recv(P;_,,X);
for (j = 0; j < Right_procno; j++) {
recv(P, ,, number);
IF (number > x) {
send(P,,, X);
X = number;
} ELSE send(P,,,, number);
}
Send(P; ;, X);
for (j = 0; j < Right_procno; j++) {
recv(P,,, X);
send(P;_;, X);

}
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il ale) — dlae¥) 38 1(Y) Jhe
Example (2): Sorting Numbers

Sorting phase Returning sorted numbers
et} -

2n -1 n

Shown forn=5

—_—
Time

[

com,o

_J(M;dngah\juLAM)

comm =2( ( startup 7 rdata)
toz‘a/ ( 2(t. ( startup 7 l‘daz‘a) 7 -Z) (2/7 - -Z) (C‘;’t"m sdl'cl L.UJ)

.Pipeline J slaaiuly cbleall :Parallel Programming



Aahall calaal) (e dlaa Ja 3 (T) Jlia

Example (3): Solving a System of Linear Equations

dp.1.0X0 T ap11X1 T ap12X2 ... T ap 1 n1Xn-1 = by 1

dy 0Xg + az 1Xq + az 2Xy
a1,0X0 * a1,1%1

ap.0X0 = bg

B &gl e Pipeline aladsul clual)
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Aahall calaal) (e dlaa Ja 3 (T) Jlia

Example (3): Solving a System of Linear Equations

A2l o gl ol Aald) 2udadll e aledl de geae Ja (S
: UAJ W
: bl J<a) e
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Aahall calaal) (e dlaa Ja 3 (T) Jlia

Example (3): Solving a System of Linear Equations

P: 2 P.-'.

Compute x; Compute x,: Compute x, Compute X; |

A0 Aaleall Gy GG £ 4all (0 Pipeline alasiul clual

L
bz'_ Z ai,j‘xj
ja 0

il i
i1
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daludidl) A 3 ) gAd) — Adadl) e alaall (pe ddaa Ja 3 (¥) Jlia
Example (3): Solving a System of Linear Equations

x[0] = b[0] / a[0][O];
for(i=1;1<n;i++){
sum = 0;
for j=1;<i; j++){

sum += a[l][j]*x ]
x[1] = (b[1] - sum)/afi][j];
}
}
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doe ) dga ) ) sAd) — Apbadl) calaal) (e dlaa Ja 3(V) JEs
Example (3): Solving a System of Linear Equations

for (j=1; j<i; j++) {
recv(P, ., X[]]);
send(P,,,.X[j];
}
sum = 0;
for (j =1, j<i; j++)
sum += a[i][J]*x[J];
x[J] = (b[i] - sum)/ali][j];
send(P,,,, X[j]);
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daa ) ) A Julas — i) e alaall (pe ddaa Ja (V) Jlia
Example (3): Solving a System of Linear Equations

aaa Cua e Pipeline ) oo gsill 138 8 Jilual) a0lis Y
Lo Ly bl

iy P elal) as
Baaly Jla) dlee + 5aaly aunidi dulec

:haty (0</<N-1) Slehal) a6
‘ol ke (2i42) + Jlail Aolee (2i41)

taamy Pn-1 5l chal) a s

calea Dlee (2Nn-1) + Jlail Llee (N+1)
.0(n) = = il danill (1)
O(1F) = Judoall danill (1)
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4ia) Jiall cliloaal)
Synchronous Computations

s yall Cleha) B G il Ao acian Al caliulal) el [
Barriers Lime cillaal die Cilelayl oda G Al sl «le
s G Oall (maail sadiaall dahll @ Barrier (wlil as 0
Aany inall ehaY) el doas o) ama A Adad) die aal) s

Ol )
(o §)) S daai o 22 s 2l o) Sleha) aaead (S
ol s ) el
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4atids cildaad uﬁ Gl Al s ) el o) Jsay
Processes reaching barrier at different times

2 n—1

Processes
Py 1P\ P

Active

(L

Y

Waiting
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Processes
wait until all
reach their
barrier call

Cral A gt 2l g8
Barrier Routines

Pﬁ]

Barrier () ;

)

Processes
P

arrier ()
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Cral A g 2 al o
Barrier Routines

V) Jassy gty laaly Unas 2ol 138 32L :MPI_Barrier() O
O el ddee (as A silud) 28l e .cOmmMmunicator

sl (S oSl bl il il s 4us :PVM_Barrier() O
el Alers ALl cilelal) aae aaas o)) il 12a
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Gl Al da (38
Barrier Implementation

Al Gasd (Sas Linear barrier ball cualnll s 0
(5)S ya dlae Aauls

Processes
P n-1

Ba rrier();
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Gl Al da g8a
Barrier Implementation

s Lea CO:\:\Lﬂ 3\:\231\ uA\)ﬂ\ APRENEVY

el ax ) cleha) daat s seasll dape — Jo¥) Aaydl
Ad) el Gile) ) A Jiad s oyalad Wy

el as laass Gilelaly) jalad 3haleall da e — Al Ads el |

e 5,0l el aal sl gaail gy of i s AiaN
u\.q_.u.b.d\ uA.a..a Q)A %) ).\S‘ 4alaay)
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a3 JUia
Example code

Master:

for (i = 0; i < n; i++) /*count slaves
as they reach barrier*/

recv (Pany) ;

for (i = 0; i < n; i++) /* release
slaves */

send (P1) ;

Slave processes:
send (Pmaster) ;
recv (Pmaster) ;
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il I Jalsi alaS pauda (el i) da g8
Barrier implementation in a message-
passing system

Master Slave processes

Arrival PN Barrier:
for(i=0;i<n;i++) .
hase \ send(Pmaster);
recv(P.n,);
ﬁparture for(i=0;igina;m) - ~recV(Pmaster)
phase send(P;); :72f _. j R Bsaer:_ilgrij )
mastes ,

recV(Pmaster):

1
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Ay i) dgill
Tree Implementation

Faf Bf™ P, §\P5 P Phdl Pga\P;

O /)
Arrival izi
atrrt%arrier Slﬁ‘%grs%'%'éé”g

o batier

Al el sl - Parallel Programming
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—
-
®
af
2
(-
-
()
=
>
af

1st stage
2nd stage
3rd stage
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criaadl Cpal )

Local éynchronization

Frocess B, Frocess B, FrocessF,

e Gl adl Bl el e Y
Al Gy (iS) sl Gans & Deadlock ebasiol deasy o) oS

Akl jall Slleall :Parallel Programming



slariu) joall sendrecv() @l
Deadlock-free blocking sendrecv()
routines

Process P;_,; Process P; Process P;

sendrecv (R) ; -»sendrecv (B _,);
sendrecv (P _ ) ;a=sendrecv(R) ;

MPI1_sendrecv() :cuetll MPl 484l a8 6
cslazia¥) JSlie 3sal MPI_sendrecv_replace() s
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Sludaral) (5 gha Ao o2 i1l Glual)
Data Parallel Computations
A ghina palic ) Al dad 28l

for (1=0; I<n; I++)
ali] = ali] + k;
aladinlyg @l e Al for 3 Aia e 5sasall dadanll 2w (S

.C'_it;nu e

Instruction

Processors

a[0]=a[0]+k;

a[0]
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dia) Fial) cillaal)
Synchronized Computations
tlea cdia)yiall ilbliadl fpa e gd Wal asgs

Al d i Cua Fully synchronous Jelildl gl il ild ableadl O
Bac aladiuly (gHlall Ao dahiaa Gilbdara paling ddasipe doleal) (udd 205 1 (Jla []

NGHPASEN|
o Lo llal) e sl Jan Gy [0
Ayl s [
.Scalability zuall A sen [
clandail) e el W3 [
Jedt Cus Locally synchronous Asall il cild cablead) [
(el a Y] goen A Gudy dujall Clehal) el ddee
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forall 4
forall construct

:forall ) due il daayll Gl (any 8 Wl
forall (i=0; i<n; i++) {
body

}
Gle im (Ko il Adlal) s e Glalatll (e 435 N Slla ) Lalal) o282

Aaall 3ab) i Jpaniall dahie ded Aa IS Jal (e Wl (36So5 .l (a5
Glalleall ) Cuulsall claasia lasiul Data Parallel el guls (e
: JGa

| = myrank;
a[i] = a[i] + k; /* body */
Barrier(mygroup);
(O<=myrank<=n-1) :haYyl 3, 4 myrank &

Al el sl - Parallel Programming 1.15



Gldaral) (6 ghwa Ao gLt Jlia
Data Parallel Example

el aelaa) Al
MaeY) e AailE Lual 4] a5

q;i ¢led Al @A\;A\ WK Qlea wglhaallg
Xot Xy Xgt X+ X5, ...

cagaall LIS cibla 1 e el o maad) cilluall (e psill 138 2D
ey 5l
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4 jad) @A‘A..AJ\ ddlia
Partial Sums Problem
Abeabotl) daa g
for (j=0; j<log(n); j++)
for (i=2'; i < n; i++)

X[i]=x[i]+x[i- 21;

A i) Laa) )9l
for (j=0; j<log(n); j++)
forall (i=0; i < n; i++)
if (i>=2') x[i]=x[i]+x][i- 21];
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Numbers

Step 3
0=2)

Final step
(j=3)
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4y ) sl dda) Fial) cliboaad)
Synchronous lteration

o Vs hSall By 8 Les Lelae el o8 Tai clehia) 5ae (e 1SS JS il
el )l syl lelee (e 2 el gim s ) )<l
for (j=0; j< n; j++) [* for each iteration */
forall (i=0; 1 < N; i++) { /* N procs each using */
body(i); [* specific value of |

for (j=0; j<n; j++) {
| = myrank;
body(i);
Barrier(mygroup);
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dadadl) calaal) (e dlaa Ja
Solving a General System of Linear

Equations

038 o alay) Coslhaally Jsgae N (e (Aales N) Zbadl) NV alaal) (1o Alea ad 3l (o ji
DSl sl aladinly Jaaladdl

An-1,0%0 T Ap-11X1 + Ap1 2X2 - * an1n1%n-1 = Pp-p

a2,0Xp * az,1X1 T az Xy ... tayn1Xp1  =bp
a1,0Xp T a11Xq + a1 2x2 ... tain1Xnq = by

a0,0Xp * @p,1X1 T ap,2X2 ... tagn1Xn1 = bg

Akl jall Slleall :Parallel Programming



dadadl) calaal) (e dlaa Ja
Solving a General System of Linear
Equations

Ja e X Jseaell el Clus Jal (e o)hSal Coslul) alasiud (S
s Al

oSar AT daalaall 2l L X Jseaall dad ALl Alalaal) laa
cdaalaall adl e @ () dsasll HLSAN aladi Gl
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Solving a General System of Linear
Equations — Sequential Code
for (iteration = 0, iteration < limit; iteration++)
for (I =0;1<n; I++)
for (j =0; ] <n; |++) /* compute summation
of a[J[]x[] */

if (i <>j){
sum = a[i][j] * x[J];
x[1] = (b[i] - sum) / a[i][i];
[* Update unknown */

}
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e i1 A ) el — Adadll e alaall fpe ddaa Ja
Solving a General System of Linear
Equations — Parallel Code

for (iteration = 0; iteration < limit; iteration++) {
for(j=1;]<n; j++)
[* compute summation of a[][]x[] */
if (i <>)){
sum = a[i][j] * x[j];
X[1] = (b[i] - sum) / a[i][i]; /* Update unknown */

}

global _barrier();
bcast (X[i]);
gather(x);

}
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Locally Synchronous Computation

:ghadl g5 Al
alazinl 5)hall dagles Calga ld dape Adaial A 3)ha il (S
O<i<n and 0<j<n :33ull daledll

R, iR R T

1
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In this example
Enlarged

~ assumes a square
boundary

4 F & & & & B B B FFPFEFEFNEFYFRENNE YN
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Sequential Code

for (iteration = 0; iteration < limit; iteration++)
for (I=1;1<n; i++)
for j =1;j<n;j++)
gli]l)] = (h[i-1]0] + h[i+1][)] + h[i][}-1] +
h[i][j+1])/4;
for(1=1;i<n;i++)
[* update points */
for(j=1;]<n;j++)

h{i1D] = gliil;
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Parallel Code

do {
continue = FALSE;
for I=0;1<n; i++)
for j =0; ) <n; j++)
it ((9[i]0J] - h[i][]] > precision) ||
(h{i][j] - 9li][j]) > precision)) {
glillj] = (h[i-1]0] + h[i+1][] + h[i][)-1] +
h[i][j+1])/4;
continue == TRUE; /* at least one point visited */
}
for (Ii=1;1<n;i++) [* update points */
for  =1;]<n;j++)
hii][j] = alill];
} while (continue == TRUE);
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Parallel Code

g=10;

for (iteration = 0; iteration < limat; iteration++) {
nsend (Fi-1, pomt); f* non-blocking sends */
nsend{Fi+1, point);
nsend(Fj-1, point);
nsend{Fy+1, point);
recviFi-1, w); I* blocking receives */f
recv(F1+1, x);
recviFi-1, ¥);
recv(Pi+1, 2};
F=(¥+ X+ ¥+ 2)14;

}
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4 _
nsend (F; ;, point);
nsend (P, ;, point);
nsend(P; ;, point);
nsend(P;, 4, peint);
recy(P; ,, ¥)
l'El:"i"(Pi_'_l, XL
recv(Pyy, ¥);
mrrecw(P;,,, z);
g=(¥+X+¥+2)1,

. vy

4 J 4 ] ™ 4 .

nsend(P;_ ;, point); tnsend (P;_;, point); | nsend (P 4, point);
nsend(Pi, 1, point); nsend (P, , peint); \ nsend (P, , point);
nsend(F; ;, point); | nsend(P;;, point); nsend (P; 1, point);
nsend(F;,;, point); nsend (P, ), point];/ nsend (Fy,;, point);

recw(Pi, ¥) recviP;j, ¥) recv(F;1, ¥)
recv(Py,), x); recv(Py,), 2); recv(Py,), 2);
rec¥(P; 1, ¥); rec¥(P;.1, ¥); recv(P;.1, ¥);
rec¥(Fj,1, 2); mrecv(P;,, z); recv(Py,q, 2);
E=(F+X+¥+2z)M; g=("v+=Z+¥7+2)M; g=(¥F+X+¥+z)4;

. S . A . A

@ ]
nsend(F;_;, point};
nsend(F;,, point]);
nsend(P; ;, point);
__nsenﬂ(Pj+1, point);
recv(P; 1, ¥)
recv(Py,), x);
recv(Py1, y);
recv(Pi,, ),

v.tg={v+x+jr+z].'4;
vy
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Partitioning

:45adl)g ) o) s
25 O OSars - lallad) e 3lais eSS i (gram o ordal) (e
.Strips 4,3l 4 blocks € (i e d53all

P[J I::'I p—1

Blocks Strips (columns)
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Block Partition
B A V) Calgall e claglaall Joli (5ya

S e a3 o) oSe A Jlal) Gllee aaa e 3000 Aaleall e
H(0>=9 Wl IS 13 Alalaal) 038 Jg,;) led 5yslaall I,

' )
comms startu o dTm
q p :J,f_)

'

Square blocks
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Strip Partition

Ll o oK ) JuaV) clilee aan e Al Aalead) e

= +
fcommeol ~ 4 (fstartup nt data)
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JiaY) LAl
Optimum
uS.A.\j ).\.\S startup U‘“)j‘ u\S \J\ \5.1; &y\d&aé&‘\_\)ﬂ\ JL\;J.L\:A
oSl Bl LA ) eealll AuSlaal) ALY S
caea 1)) ) B sl Alla L Jlai) clilee aaa 05 o) oS
sl adaledd)

_|_
g(rstamlp — dﬂta) 4(r5tartup " Jata)

p

rstartup 7 ﬂ(l =

(p=9).
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Optimum

Strip partition best

100 1000

—eeee i
Processors, p
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Ghost Points

V) et e dils S i e ilan) e ddlia) dulee aclus

| )
. Process |

| | Array held
' | by process |

One row
of points

Array held
by process i+1

. Process i+1
|
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Load Balancing and Termination
Detection

e dale JKa alilial) ays dal (e Jeall 205 aadiu
&5 G O S 2l Gy ol o el Bk Gilallad
.Dynamically s 3y50a1 5l Statically iz 5)par Joall

clallaall 41 ) bl g gin  Adaall) s Sl el
4&_)}4 g._aw\ L_m\:ﬂ.qr_ u)S.\ Ladie \A.J:LJAJ (e ddasl D9
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Processors ‘ﬂ

—_—l
Time

(a) Imperfect load balancing leading
to increased execution time

Processors

t

-

(b) Perfect load balancing
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Static Load Balancing

o ) A aadiing Leha) (gl 2 8 sl 138 gy O
d’.’m cz\_‘b)a.d\ Qw\
.Round-Robin aw),lsa O
.Randomized Algorithms 4.l séall il jleall [
.Recursive Bisection At adazill [
.Simulated Annealing ¢laay) 3\Slas [
.Genetic Algorithms auall cilbuwyylsall [
rall) QY IKEY) (e ddphall o3 Slas [
o gellae alasinls s3eial) JleeY) aan T 5o o Canaall o L
Caglall e Jlat¥l cllee aaa [
Aels Al Jsagll dassll Clshadll e ddall 2005 Jilisal) (iamy bl []
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Dynamic Load Balancing

Az M\ e.u Mﬂ\ ;.\_u\ \.\S.\.qhm dA;J\ &J}J oJ\.c\ ngu

uj)k.\ AL.\A)AM d.q\yd\ (R LA:J\ J\.\A.CY\ (A J;b U\
. sl

A< i)l ol cad gl e gl A ol gl laa (ga5 O
cdaall el miygill (e (gsan AST e

LS Y s Centralized S 8ysa & of (S O
.Decentralized
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Centralized Dynamic Load Balancing

Work pool

Queue
Tasks| I

Master
process

Send tas

Request task
(and possibly
submit new tasks)
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Centralized Dynamic Load Balancing

28 Al aleadl 3l (S50 Gl (o)l elaY) gl A O
Sl Caa oo 3ile ol 138 < L We \Work Pool
(50 IS (8 Baals dage mi 8 (522 ) Queue

sa5msal) aleall oo et of 2y Al Slbal) ) sl Jls) @
R

:Termination desll dlgs Guwad 5y
)l eyl 3l e 05 Laxie [0
Gage Al adgi e 5)3l) Leaal Gy Aaga callay A g3l culelpa) 38S agit Laricy [0

.B.J:m;
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Decentralized Dynamic Load Balancing

Master, P aster

Initial tasks

Slaves
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Fully Distributed Work Pool
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Task Transfer Mechanisms

algal) @ysil (pipla Ll sy

cllas ¢ha¥) a0 Cus Recelver-initiated Method O
Lﬁ Jgag adc o Jali aae dgad alaadla die saa alge
o2b Jie e 3L 53 cha¥) Hlaal agh & .40 g
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alee e ghn ) dund AT ohal
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Decentralized Selection Algorithm
Requesting Tasks between Slaves

Slave P, Slave P,
Requests Requests

selection selection
algorithm algorithm
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Load Balancing Using a Line Structure

Master
process
Py
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Shifted Actions

If buffer empty,
make request - Request for task

If buffer full,
send task

Receilve task -

from request
q If free, Receive
request task from

task request

/
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Load Balancing Using a Tree Structure

@

Task
when

G‘D O @ =9
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ermination Conditions

) olew) g
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Termination Using Message
Acknowledgments

Parent

Process Final
acknowledgment

Inactive First task

Acknowledgment
» lask

. Other processes
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Ring Termination Algorithm

Token passed to next processor |
when reached local termination condition

Jasll & 55 :Parallel Programming



salad) Ll olel)

ermination Algorithm

Jasll & 55 :Parallel Programming



s ) aanl) eled)
ree Termination Algorithm

Terminated

Terminated
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