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The message passing interface
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Scaling progression of CPUs

CPU fetches and
executes instructions

Simplest model
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Many cycles per
instruction
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Instructions are
fetched in a stream

Pipelining
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Processed in
a pipeline

A long trip

from memory
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Hierarchical memory

Use special, fast
memory to keep data
and instructions close
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Multicore CPUs
Cores share

Replicate 2X slower memory
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Even more cores includ
Cores share nciuae super-
slow DRAM
Replicate 4X slower memory
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Symmetric Multi-Processor (SMP)

Multiple CPU
chips

AKA “sockets”
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Caches still need to
be kept (somewhat)
coherent
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Asymmetric

Multiple CPU
chips

Memory may be non-

N

v 4

AKA “sockets”
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The Next Step

Put sockets Put blades
on a blade in @ chassis

Put chassis
in a rack

Put racks in
a center

Put centers
in the cloud
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Then you have a supercomputer

But how do
you use it?
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Distributed memory

0 Ll

L | v v
Fetch i <Ir}structions | Fetch i <Ir}structions |

- B - B
_] = - =
— Decode | i5 — — Decode | is ;
- RRead | is - — RRead | iz -
— Execute | i3 — — Execute | i3 ;
— R Write | o = — R Write | g E
7 B 7 v
LN A A A I LI

Interconnect

NORTHWEST INSTITUTE for ADVANCED COMPUTING \vf’/ W
Pacific Northwest ‘

NATIONAL LABORATORY

AMATH 483/583 High-Performance Scientific Computing Spring 2019 e
University of Washington by Andrew Lumsdaine oY,

UNIVERSITY of
WASHINGTON




o
M
r
r3
)
s
6
r7

//\
e [][
= g Atk

L3

L2

<Ir}structions |
< Data >

L3

o
r
rn
r3
4
s
e
r7

i

LEL Lt
T
T T

L2 L2

L
0]
<E> (
Data (I;ig
|

L I L I B B A B A B LI A B B B

L1
D)

Interconnect

NORTHWEST INSTITUTE for ADVANCED COMPUTING \V’/ 'W'
Pac'rﬁgNorthwest

IONAL LABORATORY

igh-| ientifi i i ; UNIVERSITY of
AMATH 483/5.83 ngh Performance Scientific Computmg Spring 2019 Pty Ot e A
University of Washington by Andrew Lumsdaine




o

r

2

r3

)

s

r'e

r7

o

r

r

r3

4

s

6

r7

L1
()

L1
()

L2

L3

T T

4]

LI I I I D A B B B A

Distributed memory

A

Data

L2

L3

LI I A |

L2

L1
D)

LI A B B B

<Ir}structions |
< Data >

Interconnect

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

Pacific Northwest
NAT

W

UNIVERSITY of
WASHINGTON

RATORY




o

r

2

r3

ra

s

r'e

r7

o

r

r

r3

4

s

6

r7

Distributed memory

o
w L ! w L1
o r2 (0]
r3
L2 1 ] ” L2 i
L1 — — s L1 — <Ir}structions |
D) = _ 6 (D) =
- — r7 -
3| E I 13| E
L1 — — r L1 —
U] - Data — r ) 3 Data
E 2 |[o] 2 E
L2 ‘ —— L2
E ——
L1 I's L1
5 ] s
r7
| I L D L A A A B Z= | B D B R B B
Interconnect

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

W

UNIVERSITY of
WASHINGTON

Pacific Northwes
NATY RATORY




o

r

2

r3

)

s

r'e

r7

o

r

r

r3

4

s

6

r7

;

5

L2

L3

T T

LI I I I D A B B B A

Distributed Memory
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Distributed memory
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Distributed memoil

Do we want these
doing the exact
same thing?
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Do we want these

Distributed memol " Will there be
doing the exact _
, speedup if we do?
same thing?
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Distribu

ted memorv

As we add more
CPUs, we make the
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Distributed memory

Does it grow with
problem size?

What about

A

the program?
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Distributed memory

Do we need all the
N
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Distributed memJ But, Again. What do we
keep? What do we not keep?
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“Collectively exhaustive”
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PARALL
COMPUTIN

Name this famous person

Parallel Computing

Volume 7, Issue 1, April 1988, Pages 11-24

e VY

ELSEVIER

Frederlca Darema A single-program-multiple-data computational model for
(Director, Air Force EPEX/FORTRAN

Office Of Scientific . Darema, D.A. Gforge, V.A. Norton, G.F. Pfister
E Show mo

Re S e a rC h ) 8)90094-4 Get rights and content
Single program

m U Itl p I e d ata -multiple-data computational model which we have
stem to run in parallel mode FORTRAN scientific
m O d e | (S P M D) mputational model assumes a shared memory
orgerrEeTorrererrs-eseeror! the scheme that all processes executing a program in
parallel remain in existence for the entire execution; however, the tasks to be
executed by each process are determined dynamically during execution by the use
priate synchronizing constructs that are imbedded in the program. We have

M ost w i d e Iy use d trated the applicability of the model in the parallelization of several

. . . jons. We discuss parallelization features of these applications and
m Od e | N d | St rl b u te d ance issues such as overhead, speedup, efficiency.
memory programming
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SPMD
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Name this famous person

Frederica Darema

(Director, Air Force

Office of Scientific
Research)

e VY

ELSEVIER

COMPUTING
Parallel Computing
Volume 7, Issue 1, April 1988, Pages 11-24

A single-program-multiple-data computational model for

EPEX/FORTRAN
F. Darema,ymge VA. NOM

B 8)9) H OW d O yo u and content
Single program pronounce
multiple data |,  “SPMD"? | |
m Od e| (S P M D) sr;epnl]tt;:run Iin p raIIIeI mode FOR:‘TRéN scientific
/ o onee| - Recall Elynn: [T
executed by each process are deter e use

Better model for
today’s practice
than Flynn’s

Most widely used
m Od el i n d ist ri b u tEd ance issues such as overhead, speedup, efficiency.

memory programming SPMD is pronounced

2r ADVANCED COMPUTING
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Distributed memory Hint: Resource

What goes here? allocation What goes here?
LLLLd iyt (OnthenOde) \IIIIIIIIIII (OnthenOdE)
; EI; // i :; structions IZI; i
rz L2 2 a :Z 2 M i
- BE iy | (g)// < |
- . 4 L3 E E - / L3 E
1 | P \\E<ﬂ> 1 9 | & TEP
ri L2 :i L2
o] IL| Process ®

L D R L I L A A A B i/y | D D I D B R B D B : :
/ Interconnect
/

And, back in the day,
a sequential process ulle

v NATY | =
AMATH 483/583 High-Performance Scientific Computing Spring 2019 St i UNIVERSITY of
. . . N for the LS. Department of Energy WASHINGTON
University of Washington by Andrew Lumsdaine




Distributed

“Sequential”
process
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Distributed

“Sequentia
process
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Distributed “Sequential” “Sequential”
process process
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Recall this famous person

Programming S. L. Graham, R. L. Rivest
Techniques Editors

Communicating
equential Processes

C. A. R. Hoare C.AR. Hoare .
The Queen’s University of Belfast,* Northern Ireland The Queen’s University

Belfast, Northern Ireland
o ”
In this paper an attempt is CS P

tions of computer progra

An Axiomatic Basis for

Computer Programming

This paper suggests that input and output are basic

primitives of programming and that parallel

were first applied in the ( p ronounce d composition of communicating sequential processes is a
been extended to other fundamental program structuring method. When
volves the elucidation of se ) combined with a development of Dijkstra’s guarded
whichs can be used in pro S e e e S S p e a command, these concepts are surprisingly versatile.

. st v Their use is illustrated by sample solutions of a variety
programs. Examples are given of such axioms and rules, Smfi of familiar programming exercises.
a formal proof of a simple theorem is displayed. Finally, it is Key Words and Phrases: programming,
argued that important advantages, both theoretical and prac- programming languages, programming primitives,

program structures, parallel programming, concurrency,

tical, may follow from a pursuance of these topics.
C . A . R (TO ny) H O a re input, output, guarded commands, nondeterminacy,
coroutines, procedures, multiple entries, multiple exits,

l classes, data representations, recursion, conditional
critical regions, monitors, iterative arrays

P S . T h e S e a re n Y] t CR Categories: 4.20, 4.22, 4.32
even what he is —
most famous for | Pacific Northwest | W
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Distributed memJ What do we keep? What do
we not keep?

What goes here?

i What goes here?
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The union of the two should
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be the whole problem Inect

“Collectively exhaustive”
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Back to our trusty example (one of them)

4.5 T T T T

 Find the value of 7T

4.0

3.5}

« Using formula 2ol

>
2.5F

1
4 2.0}
T = dx
0 1—|—£U2 1.5} 1
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Example

4.5 T T
* Find the value of 7 .
3.5¢
« Using formula 2ol
>\2.5—

1
4 2.0}
T = dx
0 1—|—£U2 1.5}
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Numerical Quadrature

4.5 . . . .
4.0 4 — 4
| — 1+2(i)2 14+ (ih)?
3.5 |
// \ 4
3.0 A=h Ry
> ,< 1+ (Zh)
/
2.5 0 1 , — i
2.0 . 3 I \
R i+1
1.5 N-1
1.0 v
0.0 0.2 0.4 0.6 0.8 1.0
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Numerical Quadrature

4.5

4.0

3.5

3.0
>

2.5

2.0
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Numerical Quadrature (Sequential)

4.5 | | | !
double pi = O;
4.0 — for (int i = 0; i < N; ++i) { 1
35 4 pi += h * 4.0 / (1 + i*h*ixh);
. —} .
3.0 i
> \
2.5 .
\
2.0 3 T
-~ ! i+1
1.5 N-1
1.0 y
0.0 0.2 0.4 0.6 0.8 1.0
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Parallelization Strategy

 How do we go from a problem PATT ERNS
want to solve FOR PARALLEL
. And maybe know how to solve| | RO GRAMMING

sequentially
» To a parallel program
« That scales

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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Parallelization s
=

Finding
Concurrency

!

\ Manage sharing

Algorithm
Structure

that can execute in SPMD

Decompose problem into pieces

Not really by task
(single program)

(communication)

T~

!

Fundamental

By task or
by data

Supporting
Structures

organizing principle \ Around tasks or around

i

Programming paradigms

data decomposition or

aroEnd data flow

and data structures: SPMD

[

Implementation
Mechanisms

Manage processes,

Not really by task
(multiple data)

communication
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Finding Concurrency
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int i = 0; i < N/4; ++i) {
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pi += h *x 4.0 / (1 + ixhxixh);

;s 1 < N/2; ++i) {
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Finding Concurrency

N/4—1

4
D T

1=0

T~

4
b TEGh

d

T~

int main() {

double pi = 0.

for (int i =
pi += (hx*4.

|___— for (int i =

pi += (h*4.

for (int i =
pi += (h*4.

for (int i =

/ pi += (hx*4.

std: :cout <<

return O;
NORTHWEST INSTITUTE for ADVANCED COM }
AMATH 483/

Uni

O; int N = 1024%1024;

O; 1 < N/4; ++i)
0) / (1.0 + (i*h*ix*h));

N/4; i < N/2; ++i)
0) / (1.0 + (ixhxixh));

N/2; i < 3%N/4; ++1i)
0) / (1.0 + (i*h*ix*h));

3xN/4; i < N; ++i)
0) / (1.0 + (ixh*ixh));

"pi N gL pl << std::endl;

—— —

T




n n f
Eindina CAanniiverand Task

Registers
Stack for (dnt i = 0; i < N/4; ++i) {
pi += (h*4.0) / (1.0 + (ixh*ixh));
é }
Task
Registers
Stack for (int i = N/4; i < N/2; ++i) {
pi += (h*4.0) / (1.0 + (ixhxixh));
é }
—
Task
Registers
Stack for (dnt i = N/2; i < 3*N/4; ++i) {
pi += (h*4.0) / (1.0 + (i*h*ixh));
é }
Task
Registers

Stack

;

for (int i = 3*N/4; i < N; ++i) {
pi += (h*4.0) / (1.0 + (i*h*ixh));

}

int main() {
double pi = 0.0; int N = 1024x1024;

for (int i = 0; i < N/4; ++i)
pi += (h*4.0) / (1.0 + (i*h*ixh));

(int 1 = N/4; i1 < N/2; ++i)
pi += (h*x4.0) / (1.0 + (i*h*ixh));

for (int i = N/2; i < 3*N/4; ++i)
pi += (h*x4.0) / (1.0 + (i*h*ixh));

for,(int i = 3*%N/4; i < N; ++i)
pi += (h*x4.0) / (1.0 + (ixhxix*h));

std::cout << "pi 7 " << pi << std::endl;
return O;

T —




Thrvaade~

(4
Task

i

;

Registers
Stack for (dnt i = 0; i < N/4; ++i) {
pi += (h*4.0) / (1.0 + (ixh*ixh));
é }
Registers
Stack for (int i = N/4; i < N/2; ++i) {
pi += (h*4.0) / (1.0 + (i*hxixh))
E }
Registers
Stack for (dnt i = N/2; i < 3*N/4; ++i) {
pi += (h*4.0) / (1.0 + (i*h*ixh));
é }
Registers
Stack for (int i = 3*N/4; i < N; ++i) {

pi += (h*4.0) / (1.0 + (ixh*i*h));
3

double pi = 0.0;

void pi_helper(int begin, int end, double h) {

for (int i = begin; i < end; ++i)
pi += (h*x4.0) / (1.0 + (ixhx*ixh));

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

t N = 1024 *x 1024; double h = 1.0/ (double)N;
: :thread t0(pi_helper, O, N/4, h);
 :thread t1(pi_helper, N/4, N/2, h);
:thread t2(pi_helper, N/2, 3*N/4, h);

. :thread t3(pi_helper, 3*N/4, N, h);
0.join(); t1.join(); t2.join(); t3.join();

std::cout << "pi is 7 " << pi << std::endl;

return O;




Finding Concurrency

N/4—1

4
D T

1=0

T~

4
b TEGh

d

T~

int main() {

double pi = 0.

for (int i =
pi += (hx*4.

|___— for (int i =

pi += (h*4.

for (int i =
pi += (h*4.

for (int i =

/ pi += (hx*4.

std: :cout <<

return O;
NORTHWEST INSTITUTE for ADVANCED COM }
AMATH 483/

Uni

O; int N = 1024%1024;

O; 1 < N/4; ++i)
0) / (1.0 + (i*h*ix*h));

N/4; i < N/2; ++i)
0) / (1.0 + (ixhxixh));

N/2; i < 3%N/4; ++1i)
0) / (1.0 + (i*h*ix*h));

3xN/4; i < N; ++i)
0) / (1.0 + (ixh*ixh));

"pi N gL pl << std::endl;

—— —

T




Procedses

(4
Task

i

Registers
Stack for (dnt i = 0; i < N/4; ++i) {
pi += (h*4.0) / (1.0 + (ixh*ixh));
é }
Registers
Stack for (int i = N/4; i < N/2; ++i) {
pi += (h*4.0) / (1.0 + (i*hxixh))
é }
Registers
Stack for (dnt i = N/2; i < 3*N/4; ++i) {
pi += (h*4.0) / (1.0 + (i*h*ixh));
é }
Registers
Stack for (int i = 3*N/4; i < N; ++i) {

pi += (h*4.0) / (1.0 + (ixh*i*h));
3

;

double pi = 0.0;

void pi_helper(int begin, int end, double h) {

for (int i = begin; i < end; ++i)
pi += (h*x4.0) / (1.0 + (ixhx*ixh));

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

t N = 1024 *x 1024; double h = 1.0/ (double)N;
: :thread t0(pi_helper, O, N/4, h);
 :thread t1(pi_helper, N/4, N/2, h);
:thread t2(pi_helper, N/2, 3*N/4, h);

. :thread t3(pi_helper, 3*N/4, N, h);
0.join(); t1.join(); t2.join(); t3.join();

std::cout << "pi is 7 " << pi << std::endl;

return O;




Processes I douvte pi = 0.0;
O 1 Process

double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi += (h * 4.0) / (1.0 + ({ * h * i * h));
std::cout << "pi is T " << pi << stc
Process

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*x4.0) / (1.0 + (ixh*ixh));

int main() {
double pi = 0.0; double h = 1./(double) N; iNt main(int argc, charx* argv[]) {

for (size_t i = N/4; i < N/2; ++i) — . — .
pi 4= (b % 4.0) / (1.0 + (1 *h % i * h)); t N = 1024 *x 1024; double h = 1.0/ (double)N;
std::cout << "pi is T " << pi << st
Process
int main() {

double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/2; i < 3*xN/4; ++i)
pi += (b * 4.0) / (1.0 + (i *h * i * h)); /
std::cout << "pi is T " << pi << st
Process
int main() {
double pi = 0.0; double h = 1./(double) N;

for (size_t i = 3%N/4; i < N; ++i) S~ .
pi += (h * 4.0) / (1.0 + (i * h * i * h)); std: :cout << "pl 1S " << Pl << std: :endl;

std::cout << "pi is 7 " << pi << std::endl

return O;
return O;
}

}
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Communicating sequential processes / SPMD

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; 1 < N/4; ++i)
pi += (b *x 4.0) / (1.0 + (i * h x i * h));
std::cout << "pi is T " << pi << std::endl

return O;

3

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/4; i < N/2; ++i)
pi += (b *x 4.0) / (1.0 + (i * h *x i * h));
std::cout << "pi is 7 " << pi << std::endl

return O;

by

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/2; i < 3*xN/4; ++i)
pi += (b * 4.0) / (1.0 + (i * h x i * h));
std::cout << "pi is T " << pi << std::endl

return O;

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 3%N/4; i < N; ++1i)
pi += (b *x 4.0) / (1.0 + (i * h *x i * h));
std::cout << "pi is T " << pi << std::endl

return O;

b
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Communicating sequential

processes /| SPMD

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi += (h *4.0) / (1.0 + (i *x h x i * h));
std::cout << "pi is 7 " << pi << std::endl

return 0;

}

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/4; i < N/2; ++i)
pi += (b * 4.0) / (1.0 + (4 x h x i * h));
std::cout << "pi is T " << pi << std::endl

return 0;

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/2; i < 3*N/4; ++i)
pi+= (h *4.0) / (1.0 + (i *xh x i * h));
std::cout << "pi is 7 " << pi << std::endl

return 0;

}

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 3*N/4; i < N; ++i)
pi += (b * 4.0) / (1.0 + (4 *x h * i * h));
std::cout << "pi is T " << pi << std::endl

return 0;
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Threads

Task
Registers
Stack for (int i = 0; i < N/4; ++i) {
pi += (h*4.0) / (1.0 + (ixh*ixh))
é }
Registers
Stack for (dnt i = N/4; i < N/2; ++i) {
pi += (W*4.0) / (1.0 + (ix*h*ixh));
é }
, Task
Registers
Stack for (int i = N/2; i < 3*xN/4; ++i) {
pi += (h*4.0) / (1.0 + (i*h*ixh));
E }
Registers
Stack for (int i = 3*N/4; i < N; ++i) {

pi += (hx*4.

0) / (1.0 + (i*hxi*h));

% }

double pi = 0.0;
void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)

pi += (h*x4.0) / (1.0 + (ixhx*ixh));

iNt main(int argc, charx* argv[]) {
t N = 1024 *x 1024; double h = 1.0/ (double)N;

: :thread t0(pi_helper, O, N/4, h);

 :thread t1(pi_helper, N/4, N/2, h);

:thread t2(pi_helper, N/2, 3*N/4, h);

. :thread t3(pi_helper, 3*N/4, N, h);
0.join(); t1.join(); t2.join(); t3.join();

std::cout << "pi is 7 " << pi << std::endl;

return O;

fT—




Registers

Task

Process

Stack

Slide!! h

i

for (int i = 0; i < N i) {

Because they

the sequential

ck

¥
for (int i = 3*N/4; i < N; ++i) {
pi += (b*4.0) / (1.0 + (i*h*ixh));

| (
g (P15, {P,39,{Q5} interference free
{P1} N{P>} cobegin Si||Ss Coend{Ql/\Qg}

»»»»»»

pi += (0*4.0) / (1.0 + (ixh*irB))} N —1+— are reading the
}
Threads have E — 21 >~ same N
\
the same — Tas INVERS
- Similarly h
value for N for (int 1= N/4; i < Nf{++i) { \
7] E pi += (h*4.0) / (1.0 + (ixh*xixhf); \\\\\\
. }
And if these 7 Similarly pi
are all the = — /1 [Task
ck "4
same values for (int i = N/2; i < 3xN/4; ++4) { At least for
7] pi += (h*4.0) / (1.0 + (ixhxf*h)); .
: E ! reading
It is exactly -- .
equivalent to == /1 Task (Have to deal

with race when

writing)
I W
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i 7 ——— Process
Distribut== —
B for (int i = 0; i< NAdgimri—t N This N is local to
Wl.o + (i*h*i’?/ h this process
This N is local é‘/ ’ pi
to this process  d——
P o b — Process| Can not read
for (int i = N/4; i < NFZTFFIJ X \ from anOther
But we need to 3 pi += (h*4.0) / (1.0 + (ixhxixh)); \L process
}
read some N D \\ memory
[Begsios | Process
[msc . (In some sense
These programs B for tmt——=N/2; i < 3xN/4; ++i) { \ .
F_) g . | pi += (h*4.0) / (1.0 + (ixhxixh)); \ there IS an N
are all identical } N, here)
L
5 Process\ How do we get
And they all say T : 5
y ) 1|  for (int 1 N/4; i < N; ++i) { the nght value
read N ] pi += (b*4.0) / (1.0 + (ix*h*ixh));
} for N here?
P iic Northwest " . 9




Distribut/

Process

To read the

“right” N

Copy to each
process

Copy to each
process

Registers
Stack
b for (int i = 0; i < N/4; ++i) { N
pi += (h*4.0) / (1.0 + (ixh*ixh)); h
- °fgcess
Registers
Stack 1
? for (amt—1t—= N/4; i < N/2; ++i) { N
pi += (h*4.0) / (1.0 + (ixhxixh));
% }
Registers Pigcess
Stack [
h for (int i = N/2; i < 3*N/4; ++i) { N
1
pi += (hx4.0) / (1.0 + (ixh*i*h));
% }
Registers Prc Cess
Stack
h for (int i = 3*N/4; i < N; ++i) { N v

i

:

}

pi += (h*4.

0) / (1.0 + (ix*hx*i*h));

University of Washington by Andrew Lumsdaine
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[Creoiters | Process Because they
h for (int i = 0; i < N/djsherig—t N are readlng
. pi += (h*4.0) / (1.0 + (i*h*i*h)); ||h )
é } pi copies of N
Threads have = it i th
Focess IS ads | e
the same —T — f they
for Chmei = N/4; i < Nfop—triy—t N were the same N
value for N pi += (h*¥4.0) / (1.0 + (i*h*i*h)); || h ~]
R pi >
are all the ‘\\ Process \
same values for (imt T=N/2; i < aprr—ro—~—1N At least for
T ¢ pi += (h*4.0) / (1.0 + (ixh*i*h)); || h i
_ } pi _ reading
It is exactly \\
equivalent to \\\ Process Have to make
the sequential G (b = DUI/R A @ @ S N consistent when
| = ni 4= (hxd 0) / (1 0 &+ (ixhxixh)); || h e
A {P}S1{Q1},{P>}5{Q5} interference free o writing to
{Pl} /\ {PZ} CObegin Sl | |SQ Coendvu{,Qlw/\ Q,Q}.rew Lumsdaine : alntaln as l




SPMD? Single program multiple data?

Multiple data
#include <iostream> (different ||m|tS)
int main() {
double pi = 0.0; double h 1./(double) N; .
for (size_t i = 0; i < N/4; ++i) Mu_ltlple program
pi += (h * 4.0) / (1.0 + (i * h * i * h)); (limits hard-coded)
std::cout << "pi is 7 " << pi << std::endl //
return O; #include <iostream>
+
int main() {

double pi = 0.0; dogble h = 1./(double) N;
for (size_t i = N/2; i < 3%N/4; ++i)

pi += (A * 4.0) / (1.0 + (i * h * 1 * h));
std::cout << "pi is T " << pi << std::endl

return O;

}

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019 ‘ e e UNIVERSITY of
. . . N for o Enecgy WASHINGTON
University of Washington by Andrew Lumsdaine




Single Program Multiple Data (SPMD)
Multiple data
(different limits)

#include <iostream>

int main() {

double pi = 0.0; double h< 1./(double) N; Different, prOVidEd each process

for (size_t i = begin; i < end; . .
e hea0) o insieny  hasadifferentbegin, end

std::cout << "pi is T " << pi << std::endl

return 0; #include <iostream>

+

int main() {

— double pi = 0.0; double h = 1./(double) N;
But this is now exactly |}© for (size_t i = begin; i < end; ++i)

pi += (b * 4.0) / (1.0 + (i * h * i * h));
the same program std::cout << "pi is 7 " << pi << std::endl

L~ return O;

Single program

NORTHWEST INSTITUTE for ADVANCED COMPUTING

o / ¥
AMATH 483/583 High-Performance Scientific Computing Spring 2019 coge UNIVERSITY of
. B . . [ Enengy WASHINGTON
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Single Program Multiple Data

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi += (h *4.0) / (1.0 + (i *x h x i * h));
std::cout << "pi is 7 " << pi << std::endl

return 0;

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi+= (b *4.0) / (1.0 + (@ * h * i *x h));
std::cout << "pi is T " << pi << std::endl

return 0;

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi += (b * 4.0) / (1.0 + (4 x h x i * h));
std::cout << "pi is T " << pi << std::endl

return 0;

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi+= (b x4.0) / (1.0 + (A * h x i * h));
std::cout << "pi is T " << pi << std::endl

return O;

} } } }
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’<jgmmw ] <ijmM

E < einctons ]

h_ 4e] __ /o Vo
Devices Devices __ Devices
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EOEEm
EFEER
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Single Program Multiple Data (SPMD)

How do we do

I ?
#include <iostream> How dO we set these two thlngs.
e () / N, begin, end?
double pi = 0.0; double h = 1./(double) N; '
for (size_t i = begin; i < end; ++i) We need exact|y the
pi += (h * 4.0) / (1.0 + (i * h *x i * h));
std::cout << "pi is T " << pi << std::endl same N everyWhere

return 0; #include <iostream>

+

int main() {

double pi = 0.0; double h = 1./(double) N;
These are exaCtly | — for (size_t i = begin; i < end; ++i)

pi += (b * 4.0) /\1.0 + (i * h * i * h));
the same program std::cout << "pi is " << pi << std::endl

Each program _— return 0;

: }
computes same thing
NORTHWEST INSTITUTE for ADVANCED COMPUTING

But a different begin
and end everywhere

S
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Single Program Multiple Data

int main(size_t
size_t N
double h =
double pi =

for (size t i

return O;

pi_i += (h x 4.0) / (1.0 + (i * h *

std::cout << "pi is ~

argc, char* argv

We can get N
from the
command line

atol(argv[i]);

1.0 / (double)sﬁ?\\\“‘-\

0.0;

From every
node? That’s a
lot of typing

1

begin; i < end; ++1

| << pl << stdiien  gend it around

Better to get it at
just one node and
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Single Program This node reads g Single program: all

int main(size_t argc, char* argv[]) { int main(s fr0| I l th e main(size_t argc, ti ” r d fr m th har+ argv([]) {
size_t N = atol(argv[il]); size_t NJ ze_t N = atol(zs S ea O e levlil);
double h = 1.0 / (double) N; d h . bl @b = 1.0 / double) N;
double pi = 0.0; double p Command ||ne uble pi = 0.0; CO and Iine
for (size_t i = begin; i < end; Hj/ for (sizéZt T = begin; 1 end; TTi) Tor (size_t i = begi ; 1 < end; ++i)
pi_i += (b * 4.0) / (1.0 + (A * h * 1 * h)); pi_i += (b * 4.0) / (1.0 + (A * h * 1 * h)); pi_i += (h * 4.0) (1.0 + (i * h *x i * h));
std::cout << "pi is 7 " << pi << std::endl; std::cout << "pi is T " << pi << std::endl; std::cout << "pi is T " << pi << std::endl; std::cout << "pi is 7 " << pi << std::endl;
return O; return O; return 0; return 0;
} } } }

El[=]

<iEﬂmde

<|nsmcms ]

—r— P S ——
Devices Devices

<mmmns ]

<\Vj\stmchuns ]

—r— P S ——
Devices Devices

5 &

EREER,

Instructions

<|nsmcmns b

<\Vj\stmchuns

EEREEE

\ 4
\ U
~.—1One sends, the - L

others receive
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Single Program Multiple Data

size_t N =
double h =

double pi = 0.0;

for (size t i

= begin;

int main(size_t argc, char* argv[]) {
atol(argv[i]);

\

How do we get
the same program
to different things

1.0 / (double) N;

/

i < end; ++i)

pi_i += (h x 4.0) / (1.0 + (i *

std::cout << "pi is

return O; /

While keeping
them the same?

£

T " <K pi << std::e

/

Where have we already seen
identical functions that need
to distinguish themselves? £

Hint: multiple data

With, say, an if
statement

iversitd

ing Spring 2019
daine

How did they distinguish
each other?




Single Program Multiple Data

int main(size_t argc, charx argv[]) { int main(size_t argc, charx argv[]) { int main(size_t argc, charx argv[]) { int main(size_t argc, charx argv[]) {
size_t N = atol(argv[il); size_t N = atol(argv[il]); size_t N = atol(argv[1]); size_t N = atol(argv[1]);
double h = 1.0 / (double) N; double h = 1.0 / (double) N; double h = 1.0 / (double) N; double h = 1.0 / (double) N;
double pi = 0.0; double pi = 0.0; double pi = 0.0; double pi = 0.0;
for (size_t i = begin; i < end; ++i) for (size_t i = begin; i < end; ++i) for (size_t i = begin; i < end; ++i) for (size_t i = begin; i < end; ++i)
pi_i += (b * 4.0) / (1.0 + (A * h * 1 * h)); pi_i += (b * 4.0) / (1.0 + (A * h * 1 * h)); pi_i += (b * 4.0) / (1.0 + (4 * h * i * h)); pi_i += (b * 4.0) / (1.0 + (4 * h * i * h));
std::cout << "pi is 7 " << pi << std::endl; std::cout << "pi is T " << pi << std::endl; std::cout << "pi is T " << pi << std::endl; std::cout << "pi is 7 " << pi << std::endl;
return O; return O; return @G return 0;
} ¥ } }

structions

<|nsmcms ]

<mmmns ]

<\Vj\stmcﬂuns ]

il
(],

\ i
) =Ll
And each ‘| And each process | &
| world has P process knows || hasanidin the e
1

processes” the value of P | range [0, P)

Data’

Let’s say "the

©

/N
N/
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A better name than MIMD or SPMD

distributed data

(DRPDD)

\

Pronounced
“drop dee”
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Single Program

size_t my_id

return O;

int main(size_t argc, char* argv[]) {
size_t partitions = magically_get_PQ); I
magically_get_id();

std::cout << "pi is 7 " << pi << std::endl;

—— Magically get P

Magically get id

size_t N = atol(argv[1]);
size_t block_size = N / partitioms; | A\
size_t begin = block_size * my_id;
size_t end = block_size * (my_id + 1);
double h = 1.0 / (double) N; OOpS
I

for (size_t i = begin; i < end; ++i)

pi += (h * 4.0) / (1.0 + (i * h *x i * h)); Oops

This distinguishes
the processes
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Distinguished Replicated Process

N = atol(argv[1])

-

int main(size_t argc, char* argv[]) { No and no.
size_t partitions = magically_get_P(); ]
size_t my_id = magically_get_id();
size_t N = -1; Only one

to be correct?

Is that going

}
size_t block_size
size_t begin
size_t end

double h

N / partitioms;
block_size * my_id;

1.0 / (double) N;

for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i *x h *x i *x h));

if (0 == my_id) {

by

return O;
}

0 et — | node reads N /

block_size * (my_id i,}%f””—

Compute begin
and end

ntific Computing Spring 2019

University of Washington by Andrew Lumsdaine

Only one node /

std::cout << "pi is ~ " << pi << std::endl; | prints pl

Is that going
to be correct?

UNIVERSITY of
WASHINGTON
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"
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Distinguished Replicated Process

int main(size_t argc, char* argv[]) {
size_t partitions = magically_get_P();
size_t my_id magically_get_id();

size_t N = -1 What is this

if (0 == my_id) {

N = atol(argv[1]); value?
} /

size_t block_size = N7/ partitions;

size_t begin block_size * my_id;
size_t end block_size * (my_id + 1);
double h 1.0 / (double) N;

for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i *x h *x i *x h));

if (0 == my_id) {
std::cout << "pi is 7 " << pi << std::endl;

by

University of Washington by Andrew Lumsdaine
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DistingJ my_id ==0 Laplicate

SesS

int main(size_t argc,
size_t partitions

size_t my_id

size_t N

ar* argv[]) {
magically_get_P();
= magically_get_id();

= -1;

if (0 == my_id) {
N = atol(argv[1]);

¥

size_t bloc
size_t begi
size_t end
double h

for (size_t i

pi += (h * 4Y0) / (1.0 + (i * h * i * h));

N / partitions;
block_size * my_id;

1.0 / (double) N;

begin; i < end; ++i)

if (0 == my_id) \{

std::cout << "

return O;

N gets

block_size * (my_id + 1);

idis 7 " << pi << std::endl;

int main(size_t argc, #har* argv[]) {
£ magically_get_P();
size_t my_id magically_get_id();
size_t N = =ilg
if (0 == my_id) {

N = atol(argv[i]);

o
O
IW
w
pes
N
o
I

= N / partitions;

size_t bggin = block_size * my_id;
block_size * (my_id + 1)
1.0 / (double) N;

double h

for (size_
pi += (h

i = begin; i < end; ++i)
4.0) / (1.0 + (A *h *x i *x h));

if (0 == my{id) {
std::cout {< "pi is ~

return O

3

" << pi << std::endl;

int main(size_t argc
size_t partitio:

size_t my_id

har* argv[]) {
= magically_get_PQ);
= magically_get_id();

size_t N = -1;
if (0 == my_id) {
N = atol(argv[i]);

¥
size_t bldck_size = N / partitions;
size_t beglin = block_size * my_id;
| size_t end = block_size * (my_id + 1)
double h = 1.0 / (double) N;

for (size_t | = begin; i < end; ++i)

int main(size_|
size_t parti
size_t my_id|

size_t N

if (0 == my_
N = atol(a

¥

size_t block
size_t begin
H size_t end
double h

for (size_t

set here [

L2

&

DevIice

I

TTTTTTTTTTT

!

T

Not here

DevIce

CEEL

TTTT T

I

o =]t
[&] L2 & [5]
T - I
©) ©)

TTTTTTTTTTT

!

UL

pi += (h *\4.0) / (1.0 + (i * h * i * h)); pi += (h ¥
if (0 == my_id) { if (0 == my_
std::cout <<\"pi is 7 " << pi << std::endl; std: :cout
} }
return O; return O;
} }
1 Not here —7 T——
il
[
[o]
E L
e
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r 4

FinaIIy Get our id and number

of other nodes 4 size_t my_id

int main(size_t argc, char* argv[]) {
size_t partitions = magically_get_P();
magically_get_id();

id O gets N

size_t N = -1;

This pattern is

ubiquitous A 'd shares N

+_ if (0 == my_id) {
\\\\‘N = atol(argv[1])

b
T magically_share(N);

Everyone computes
their own partial

size_t block_size = N / partitions;

size_t begin = block_size * my_id;
block_size * (my_id + 1);
1.0 / (double) N;

size_t end
double h

\\\‘for (size_t i = begin; i < end; ++i)
pi += (b x 4.0) / (1.0 + (i * h x i * h));

id O collects all partials,
adds them, and prints

if (0 == my_id) A
pi = magically_combine(pi);
std::cout << "pi is T " << pi << std::endl;

}

NORTHWEST INSTITUTE for ADVANCED COMPUTIN

AMATH 483/583 High-Pe
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MPI Get our id and number
of other nodes

id O gets N

Z

This pattern is
ubiquitous | id shares N

L

Everyone has same N

Everyone computes

int main(int argc, char* argv[]) {
size_t intervals = 1024 * 1024;

MPI::Init();

MPI: :COMM_WORLD.Get_rank() ;
MPI: :COMM_WORLD.Get_size();

int myrank
int mysize

if (0 == myrank) {
if (argc >= 2) intervals = std::atol(argv[i]);
}

[ MPI::COMM_WORLD.Bcast (&intervals, 1, MPI::UNSIGNED_LONG, O0);

/ size_t blocksize

intervals / mysize;

size_t begin = blocksize * myrank;

size_t end = blocksize * (myrank + 1); . .
double h = 1.0 / ((double)intervals); |(j () IS
double pi = 0.0; root
for (size_t i = begin; i < end; ++i) {

their own partial

id O collects all partials, |
adds them, and prints

pi+=4.0/ (1.0 + (i * h *x i * h));

MPI: :COMM_WORLD.Reduce(&mypi, &pi, 1, MPI::DOUBLE, MPI::SUM, 0);

//// if (0 == myrank) {

std::cout << "pi is approximately " << pi << std::endl;

}

NORTHWEST INSTITUTE for ADVANCED COMPL

AMATH 483/583
Univers|

MPI: :Finalize();

return O;

}




The Message Passing Interface (MPI)

BOLENTIVW

AN

MPI

—The Complete Refer
Volume 1, The MPI Coi Volume 2, The MPI Extens

seconda edition
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Distrib
Code is replicated

Independent
memory space
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The union of the partitions
should be the whole problem
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~ /

MItOTOUUTIMIg

Data are partitioned
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Finding Concurrency

N/4—1

4
D T

1=0

T~

4
b TEGh

d

T~

int main() {

double pi = 0.

for (int i =
pi += (hx*4.

|___— for (int i =

pi += (h*4.

for (int i =
pi += (h*4.

for (int i =

/ pi += (hx*4.

std: :cout <<

return O;
NORTHWEST INSTITUTE for ADVANCED COM }
AMATH 483/

Uni

O; int N = 1024%1024;

O; 1 < N/4; ++i)
0) / (1.0 + (i*h*ix*h));

N/4; i < N/2; ++i)
0) / (1.0 + (ixhxixh));

N/2; i < 3%N/4; ++1i)
0) / (1.0 + (i*h*ix*h));

3xN/4; i < N; ++i)
0) / (1.0 + (ixh*ixh));

"pi N gL pl << std::endl;

—— —

T




Processes I douvte pi = 0.0;
O 1 Process

double pi = 0.0; double h = 1./(double) N;
for (size_t i = 0; i < N/4; ++i)
pi += (h * 4.0) / (1.0 + ({ * h * i * h));
std::cout << "pi is T " << pi << stc
Process

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*x4.0) / (1.0 + (ixh*ixh));

int main() {
double pi = 0.0; double h = 1./(double) N; iNt main(int argc, charx* argv[]) {

for (size_t i = N/4; i < N/2; ++i) — . — .
pi 4= (b % 4.0) / (1.0 + (1 *h % i * h)); t N = 1024 *x 1024; double h = 1.0/ (double)N;
std::cout << "pi is T " << pi << st
Process
int main() {

double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/2; i < 3*xN/4; ++i)
pi += (b * 4.0) / (1.0 + (i *h * i * h)); /
std::cout << "pi is T " << pi << st
Process
int main() {
double pi = 0.0; double h = 1./(double) N;

for (size_t i = 3%N/4; i < N; ++i) S~ .
pi += (h * 4.0) / (1.0 + (i * h * i * h)); std: :cout << "pl 1S " << Pl << std: :endl;

std::cout << "pi is 7 " << pi << std::endl

return O;
return O;
}

}

TTIverSIy ooy




Distinguished Replicated Processes

N

int main(size_t argc, char* argv[]) { int main(size_t argc, charx argv[]) { int main(size_t argc, charx argv[]) { int main(size_|

size_t partitions = magically_get_P();

size_t partitions = magically_get_P();

size_t partitions = magically_get_P();

size_t parti

size_t my_id = magically_get_id(); size_t my_id = magically_get_id(); size_t my_id = magically_get_id(); size_t my_id|

size_t N = -1; size_t N = -1; size_t N = -1; size_t N

if (0 == my_id) { if (0 == my_id) { if (0 == my_id) { if (0 == my_
N = atol(argv[1]); N = atol(argv([i]); N = atol(argv[i]); N = atol(a

} } } }

size_t block_size = N / partitions;

size_t begin = block_size * my_id;
size_t end = block_size * (my_id + 1);
double h 1.0 / (double) N;

for (size_t i = begin; i < end; ++i)

size_t block_size = N / partitions;

size_t begin = block_size * my_id;
size_t end = block_size * (my_id + 1)
double h 1.0 / (double) N;

for (size_t i = begin; i < end; ++i)

3

size_t block_size = N / partitions;
size_t begin = block_size * my_id;

size_t end = block_size * (my_id + 1);

double h

1.0 / (double) N;

for (size_t i = begin; i < end; ++i)

H

size_t block
size_t begin
size_t end
double h

for (size_t

pi+= (h * 4.0) / (1.0 + (i * h * i * h)); pi += (b * 4.0) / (1.0 + (i * h * i * h)); pi += (b x 4.0) / (1.0 + (i * h * i * h)); pi += (h *
if (0 == my_id) { if (0 == my_id) { if (0 == my_id) { if (0 == my_
std::cout << "pi is T " << pi << std::endl; std::cout << "pi is T " << pi << std::endl; std::cout << "pi is 7 " << pi << std::endl; std: :cout
} } } }
return O; return O; return O; return O;
} } } }

DevIice T | Device T | Device

>
>
P>

ElEER

7
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MPI Get our id and number
of other nodes

id O gets N

Z

This pattern is
ubiquitous | id shares N

L

Everyone has same N

Everyone computes

int main(int argc, char* argv[]) {
size_t intervals = 1024 * 1024;

MPI::Init();

MPI: :COMM_WORLD.Get_rank() ;
MPI: :COMM_WORLD.Get_size();

int myrank
int mysize

if (0 == myrank) {
if (argc >= 2) intervals = std::atol(argv[i]);
}

[ MPI::COMM_WORLD.Bcast (&intervals, 1, MPI::UNSIGNED_LONG, O0);

/ size_t blocksize

intervals / mysize;

size_t begin = blocksize * myrank;

size_t end = blocksize * (myrank + 1); . .
double h = 1.0 / ((double)intervals); |(j () IS
double pi = 0.0; root
for (size_t i = begin; i < end; ++i) {

their own partial

id O collects all partials, |
adds them, and prints

pi+=4.0/ (1.0 + (i * h *x i * h));

MPI: :COMM_WORLD.Reduce(&mypi, &pi, 1, MPI::DOUBLE, MPI::SUM, 0);

//// if (0 == myrank) {

std::cout << "pi is approximately " << pi << std::endl;

}

NORTHWEST INSTITUTE for ADVANCED COMPL

AMATH 483/583
Univers|

MPI: :Finalize();

return O;

}




The Message Passing Interface (MPI)

BOLENTIVW

AN

MPI

—The Complete Refer
Volume 1, The MPI Coi Volume 2, The MPI Extens

seconda edition
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Thank You!
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