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Distributed memory, communicating sequential 
processes
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Overview
• Distributed memory systems
• Communicating sequential 

processes
• Message passing
• The message passing 

interface
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Scaling progression of CPUs

Fetch
Decode
R Read
Execute
R Write

i0

Instructions

Data

Simplest model
CPU fetches and 

executes instructions

Many cycles per 
instruction
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Pipelining

Fetch
Decode
R Read
Execute
R Write

i6
i5
i4
i3
i0

Instructions

Data

Pipelining

Instructions are 
fetched in a stream

Processed in 
a pipeline A long trip 

from memory
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Hierarchical memory

Instructions

Data

F
D
R
E
W

r0
r1
r2
r3
r4
r5
r6
r7

L1
(D)

L1
(I)

L2

Data

Instructions

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

Data

Instructions

Replicate 2X
Cores share 

slower memory

Caches need to be 
kept coherent
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Even more cores
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Replicate 4X
Cores share 

slower memory

Caches need to be 
kept coherent

Include super-
slow DRAM
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Symmetric Multi-Processor (SMP)
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Multiple CPU 
chips

AKA “sockets”

Memory may be 
uniformly shared 
among sockets

Caches still need to 
be kept (somewhat) 

coherent

Uniform memory 
access (UMA)
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Asymmetric
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Bus I/O
Devices

Multiple CPU 
chips

AKA “sockets”

Memory may be non-
uniformly shared 
among sockets

Caches still need to 
be kept (somewhat) 
coherent: CC-NUMA

Non-uniform 
memory access 
(NUMA – most 

common)
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The Next Step
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Put sockets 
on a blade 

Put blades 
in a 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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Need More Power?  Buy More Hardware!
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More 
blades!

More 
chassis! More racks! More 

centers!More cores!
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Top500 November 2018

10M 
cores

1.5M 
cores

2.4M 
cores
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There are no parallel computers
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It’s really just a bunch of computers

Separate 
memory

(Each has its 
own memory)

(Each has its 
own OS)

(Each has its 
own storage)
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There are no parallel programs
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It’s really just a bunch of programs

Separate 
memory

(Each has its 
own memory)

(Each has its 
own OS)

(Each has its 
own storage)

(Each runs its 
own programs)
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Distributed memory
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Data
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Distributed memory
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Distributed memory
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Distributed Memory
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To hereCopy this

And copy this To here
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Distributed memory
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Do we want these 
doing the exact 

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

same thing? 

Remember this 
famous person?

Will there be 
speedup if we do?

What was 
his law?
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Distributed memory
As we add more 

CPUs, we make the 
problem bigger

Remember this 
famous person?

Can we keep all the data on 
every node if we keep 

making the problem bigger?

What was 
his law?

Hint: No

But.  Do we need 
all the data on 
every node?

Hint: No
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Distributed memory

Remember this 
famous person?

What was 
his law?

Hint: No

What about 
the program?

Does it grow with 
problem size?

And we probably 
need all of it
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Distributed memory
Do we need all the 

data on every node?

What do we keep? 
What do we not keep?
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Distributed memory
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Some goes here
Some goes here

“Collectively exhaustive”The union of the two should 
be the whole problem

But, Again. What do we 
keep? What do we not keep?
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Name this famous person

Frederica Darema
(Director, Air Force 
Office of Scientific 
Research)

Single program 
multiple data 

model (SPMD)

Most widely used 
model in distributed 

memory programming
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program

Single 
program

Multiple 
data

Multiple 
data

These are 
the same

These are not 
the same
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Name this famous person

Frederica Darema
(Director, Air Force 
Office of Scientific 
Research)

Single program 
multiple data 

model (SPMD)

Most widely used 
model in distributed 

memory programming
Better model for 
today’s practice 

than Flynn’s

How do you 
pronounce 
“SPMD”?

Recall Flynn: 
SIMD, MIMD

SPMD is pronounced 
“spim dee”
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Distributed memory
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What goes here? 
(On the node)

What goes here? 
(On the node)

Hint: Resource 
allocation

Process

And, back in the day, 
a sequential process
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Distributed memory
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“Sequential” 
process

“Sequential” 
process

Data dependencies are 
probably not disjoint

This data may be needed 
by another node

Can’t access 
it directly
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Distributed memory
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Distributed memory
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What are these sequential 
processes doing?
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Recall this famous person

C.A.R (Tony) Hoare

Programming 
Teclmiques 

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

Communicating 
Sequential Processes 
C.A.R. Hoare 
The Queen's University 
Belfast, Northern Ireland 

This paper suggests that input and output are basic 
primitives of programming and that parallel 
composition of communicating sequential processes is a 
fundamental program structuring method. When 
combined with a development of Dijkstra's guarded 
command, these concepts are surprisingly versatile. 
Their use is illustrated by sample solutions of a variety 
of familiar programming exercises. 

Key Words and Phrases: programming, 
programming languages, programming primitives, 
program structures, parallel programming, concurrency, 
input, output, guarded commands, nondeterminacy, 
coroutines, procedures, multiple entries, multiple exits, 
classes, data representations, recursion, conditional 
critical regions, monitors, iterative arrays 

CR Categories: 4.20, 4.22, 4.32 

1. Introduction 

Among the primitive concepts of computer program- 
ming, and of the high level languages in which programs 
are expressed, the action of assignment is familiar and 
well understood. In fact, any change of the internal state 
of a machine executing a program can be modeled as an 
assignment of a new value to some variable part of that 
machine. However, the operations of input and output, 
which affect the external environment of a machine, are 
not nearly so well understood. They are often added to 
a programming language only as an afterthought. 

Among the structuring methods for computer pro- 
General permission to make fair use in teaching or research of all 

or part of this material is granted to individual readers and to nonprofit 
libraries acting for them provided that ACM's copyright notice is given 
and that reference is made to the publication, to its date of issue, and 
to the fact that reprinting privileges were granted by permission of the 
Association for Computing Machinery. To otherwise reprint a figure, 
table, other substantial excerpt, or the entire work requires specific 
permission as does republication, or systematic or multiple reproduc- 
tion. 

This research was supported by a Senior Fellowship of the Science 
Research Council. 

Author's present address: Programming Research Group, 45, Ban- 
bury Road, Oxford, England. 
© 1978 ACM 0001-0782/78/0800-0666 $00.75 
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grams, three basic constructs have received widespread 
recognition and use: A repetitive construct (e.g. the while 
loop), an alternative construct (e.g. the conditional 
if..then..else), and normal sequential program composi- 
tion (often denoted by a semicolon). Less agreement has 
been reached about the design of other important pro- 
gram structures, and many suggestions have been made: 
Subroutines (Fortran), procedures (Algol 60 [15]), entries 
(PL/I), coroutines (UNIX [171), classes (SIMULA 67 [5]), 
processes and monitors (Concurrent Pascal [2]), clusters 
(CLU [13]), forms (ALPHARD [19]), actors (Hewitt [1]). 

The traditional stored program digital computer has 
been designed primarily for deterministic execution of a 
single sequential program. Where the desire for greater 
speed has led to the introduction of parallelism, every 
attempt has been made to disguise this fact from the 
programmer, either by hardware itself (as in the multiple 
function units of the CDC 6600) or by the software (as 
in an I /O control package, or a multiprogrammed op- 
erating system). However, developments of processor 
technology suggest that a multiprocessor machine, con- 
structed from a number of similar self-contained proc- 
essors (each with its own store), may become more 
powerful, capacious, reliable, and economical than a 
machine which is disguised as a monoprocessor. 

In order to use such a machine effectively on a single 
task, the component processors must be able to com- 
municate and to synchronize with each other. Many 
methods of achieving this have been proposed. A widely 
adopted method of communication is by inspection and 
updating of a common store (as in Algol 68 [18], PL/I, 
and many machine codes). However, this can create 
severe problems in the construction of correct programs 
and it may lead to expense (e.g. crossbar switches) and 
unreliability (e.g. glitches) in some technologies of hard- 
ware implementation. A greater variety of methods has 
been proposed for synchronization: semaphores [6], 
events (PL/I), conditional critical regions [10], monitors 
and queues (Concurrent Pascal [2]), and path expressions 
[3]. Most of these are demonstrably adequate for their 
purpose, but there is no widely recognized criterion for 
choosing between them. 

This paper makes an ambitious attempt to find a 
single simple solution to all these problems. The essential 
proposals are: 
(1) Dijkstra's guarded commands [8] are adopted (with 
a slight change of notation) as sequential control struc- 
tures, and as the sole means of introducing and control- 
ling nondeterminism. 
(2) A parallel command, based on Dijkstra's parbegin 
[6], specifies concurrent execution of  its constituent se- 
quential commands (processes). All the processes start 
simultaneously, and the parallel command ends only 
when they are all finished. They may not communicate 
with each other by updating global variables. 
(3) Simple forms of input and output command are 
introduced. They are used for communication between 
concurrent processes. 

Communications August 1978 
of Volume 21 
the ACM Number 8 

PS: These aren’t 
even what he is 
most famous for

“CSP” 
(pronounced 
see ess pea)
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Distributed memory
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What goes here?
What goes here?

“Collectively exhaustive”The union of the two should 
be the whole problem

What do we keep? What do 
we not keep?
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Back to our trusty example (one of them)
• Find the value of

• Using formula  

⇡

⇡ =

Z 1

0

4

1 + x2
dx
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Example
• Find the value of

• Using formula  

⇡

⇡ =

Z 1

0

4

1 + x2
dx
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0 1 2 3 … i i+1 … N-1
h

Numerical Quadrature

4

1 + x(i)2
=

4

1 + (ih)2

A = h
4

1 + (ih)2
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0 1 2 3 … i i+1 … N-1
h

Numerical Quadrature

⇡ ⇡ h
N�1X

i=0

4

1 + (ih)2
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0 1 2 3 … i i+1 … N-1
h

Numerical Quadrature (Sequential)

double pi = 0;
for (int i = 0; i < N; ++i) {

pi += h * 4.0 / (1 + i*h*i*h);
}

43

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

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

Parallelization Strategy
• How do we go from a problem we 

want to solve 
• And maybe know how to solve 

sequentially
• To a parallel program
• That scales

Finding 
Concurrency

Algorithm 
Structure

Supporting 
Structures

Implementation 
Mechanisms

Timothy Mattson, Beverly Sanders, and Berna Massingill. 2004. Patterns for Parallel Programming(First ed.). Addison-Wesley Professional.44
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Parallelization strategy, SPMD version
Finding 

Concurrency

Algorithm 
Structure

Supporting 
Structures

Implementation 
Mechanisms

Timothy Mattson, Beverly Sanders, and Berna Massingill. 2004. Patterns for Parallel Programming(First ed.). Addison-Wesley Professional.

Decompose problem into pieces 
that can execute in SPMD

By task or 
by data

Manage sharing 
(communication) 

Fundamental 
organizing principle Around tasks or around 

data decomposition or 
around data flowProgramming paradigms 

and data structures: SPMD

Manage processes, 
communication

Not really by task 
(single program)

Not really by task 
(multiple data)
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Finding Concurrency
⇡ =

Z 1

0

4

1 + x2
dx⇡ =

Z 0.25

0

4

1 + x2
dx+

Z 0.5

0.25

4

1 + x2
dx+

Z 0.75

0.5

4

1 + x2
dx+

Z 1

0.75

4

1 + x2
dx
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Finding Concurrency

⇡ =

Z 0.25

0

4

1 + x2
dx+

Z 0.5

0.25

4

1 + x2
dx+

Z 0.75

0.5

4

1 + x2
dx+

Z 1

0.75

4

1 + x2
dx
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Finding Concurrency

⇡ =

Z 0.25

0

4

1 + x2
dx+

Z 0.5

0.25

4

1 + x2
dx+

Z 0.75

0.5

4

1 + x2
dx+

Z 1

0.75

4

1 + x2
dx
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Finding Concurrency

⇡ ⇡ h

N/4�1X

i=0

4

1 + (ih)2
+h

N/2�1X

i=N/4

4

1 + (ih)2
+h

3N/4�1X

i=N/2

4

1 + (ih)2
+h

3N�1X

i=3N/4

4

1 + (ih)2
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Finding Concurrency

h

N/4�1X

i=0

4

1 + (ih)2
h

N/2�1X

i=N/4

4

1 + (ih)2
h

3N/4�1X

i=N/2

4

1 + (ih)2
h

N�1X

i=3N/4

4

1 + (ih)2
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Finding Concurrency

for (int i = 3*N/4; i < N; ++i) {
pi += h * 4.0 / (1 + i*h*i*h);

}

for (int i = N/2; i < 3*N/4; ++i) {
pi += h * 4.0 / (1 + i*h*i*h);

}

for (int i = N/4; i < N/2; ++i) {
pi += h * 4.0 / (1 + i*h*i*h);

}

for (int i = 0; i < N/4; ++i) {
pi += h * 4.0 / (1 + i*h*i*h);

}

for (int i = begin; i < end; ++i) {
pi += h * 4.0 / (1 + i*h*i*h);

}
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Finding Concurrency int main() {
double pi = 0.0; int N = 1024*1024;

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

for (int i = N/4; i < N/2; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

for (int i = N/2; i < 3*N/4; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

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

std::cout << "pi ~ " << pi << std::endl;
return 0;

}

h

N/4�1X

i=0

4

1 + (ih)2

h

N/2�1X

i=N/4

4

1 + (ih)2

h

3N/4�1X

i=N/2

4

1 + (ih)2

h
N�1X

i=3N/4

4

1 + (ih)2
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Finding Concurrency int main() {
double pi = 0.0; int N = 1024*1024;

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

for (int i = N/4; i < N/2; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

for (int i = N/2; i < 3*N/4; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

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

std::cout << "pi ~ " << pi << std::endl;
return 0;

}

Registers

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

}

Task

Registers

Stack

Task
for (int i = N/4; i < N/2; ++i) {

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

Registers

Stack

Task
for (int i = N/2; i < 3*N/4; ++i) {

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

Registers

Stack

Task
for (int i = 3*N/4; i < N; ++i) {

pi += (h*4.0) / (1.0 + (i*h*i*h));
}
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double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

std::thread t0(pi_helper, 0, N/4, h);
std::thread t1(pi_helper, N/4, N/2, h);
std::thread t2(pi_helper, N/2, 3*N/4, h);
std::thread t3(pi_helper, 3*N/4, N, h);

t0.join(); t1.join(); t2.join(); t3.join();

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

return 0;
}

Threads
Registers

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

}

Task

Registers

Stack

Task
for (int i = N/4; i < N/2; ++i) {

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

Registers

Stack

Task
for (int i = N/2; i < 3*N/4; ++i) {

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

Registers

Stack

Task
for (int i = 3*N/4; i < N; ++i) {

pi += (h*4.0) / (1.0 + (i*h*i*h));
}
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Finding Concurrency int main() {
double pi = 0.0; int N = 1024*1024;

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

for (int i = N/4; i < N/2; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

for (int i = N/2; i < 3*N/4; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

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

std::cout << "pi ~ " << pi << std::endl;
return 0;

}

h

N/4�1X

i=0

4

1 + (ih)2

h

N/2�1X

i=N/4

4

1 + (ih)2

h

3N/4�1X

i=N/2

4

1 + (ih)2

h
N�1X

i=3N/4

4

1 + (ih)2
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double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

std::thread t0(pi_helper, 0, N/4, h);
std::thread t1(pi_helper, N/4, N/2, h);
std::thread t2(pi_helper, N/2, 3*N/4, h);
std::thread t3(pi_helper, 3*N/4, N, h);

t0.join(); t1.join(); t2.join(); t3.join();

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

return 0;
}

Threads
Registers

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

}

Task

Registers

Stack

Task
for (int i = N/4; i < N/2; ++i) {

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

Registers

Stack

Task
for (int i = N/2; i < 3*N/4; ++i) {

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

Registers

Stack

Task
for (int i = 3*N/4; i < N; ++i) {

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

Processes
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double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

std::thread t0(pi_helper, 0, N/4, h);
std::thread t1(pi_helper, N/4, N/2, h);
std::thread t2(pi_helper, N/2, 3*N/4, h);
std::thread t3(pi_helper, 3*N/4, N, h);

t0.join(); t1.join(); t2.join(); t3.join();

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

return 0;
}

Processes double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

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

return 0;
}

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 * h * i * h));

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

return 0;
}

Process

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/4; i < N/2; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Process

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 * h * i * h));

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

return 0;
}

Process

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 3*N/4; i < N; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Process
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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 = 3*N/4; i < N; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}
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Communicating sequential processes / SPMD
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#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 3*N/4; i < N; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}
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Threads double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

std::thread t0(pi_helper, 0, N/4, h);
std::thread t1(pi_helper, N/4, N/2, h);
std::thread t2(pi_helper, N/2, 3*N/4, h);
std::thread t3(pi_helper, 3*N/4, N, h);

t0.join(); t1.join(); t2.join(); t3.join();

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

return 0;
}

Registers

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

}

Task

Registers

Stack

Task
for (int i = N/4; i < N/2; ++i) {

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

Registers

Stack

Task
for (int i = N/2; i < 3*N/4; ++i) {

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

Registers

Stack

Task
for (int i = 3*N/4; i < N; ++i) {

pi += (h*4.0) / (1.0 + (i*h*i*h));
}
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Shared Memory Parallelism Process
Task

h

Registers

i

Stack
for (int i = 0; i < N/4; ++i) {

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

Task
h

Registers

i

Stack
for (int i = 3*N/4; i < N; ++i) {

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

Task
h

Registers

i

Stack
for (int i = N/2; i < 3*N/4; ++i) {

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

Task
h

Registers

i

Stack
for (int i = N/4; i < N/2; ++i) {

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

N

h
pi

Because they 
are reading the 

same NThreads have 
the same 

value for N Similarly h

Similarly pi

At least for 
reading

And if these 
are all the 

same values

It is exactly 
equivalent to 

the sequential
(Have to deal 

with race when 
writing)

Very 
Important 

Slide!!

{P1}S1{Q1}, {P2}S2{Q2} interference free

{P1} ^ {P2} cobegin S1||S2 coend {Q1 ^Q2}61
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Distributed Memory Parallelism Process
h

Registers

i

Stack
for (int i = 0; i < N/4; ++i) {

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

N

h
pi

Process
h

Registers

i

Stack
for (int i = N/4; i < N/2; ++i) {

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

Process
h

Registers

i

Stack
for (int i = N/2; i < 3*N/4; ++i) {

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

Process
h

Registers

i

Stack
for (int i = 3*N/4; i < N; ++i) {

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

This N is local to 
this processThis N is local 

to this process Can not read 
from another 

process 
memory

(In some sense 
there is an N 

here)

But we need to 
read some N

These programs 
are all identical

And they all say 
“read N”

How do we get 
the right value

for N here?
62



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

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

Distributed Memory Parallelism Process
h

Registers

i

Stack
for (int i = 0; i < N/4; ++i) {

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

N

h
pi

Process
h

Registers

i

Stack
for (int i = N/4; i < N/2; ++i) {

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

Process
h

Registers

i

Stack
for (int i = N/2; i < 3*N/4; ++i) {

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

Process
h

Registers

i

Stack
for (int i = 3*N/4; i < N; ++i) {

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

N

N

N

To read the 
“right” N

Copy to each 
process

Copy to each 
process

Copy to each 
process
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Distributed Memory Parallelism Process
h

Registers

i

Stack
for (int i = 0; i < N/4; ++i) {

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

N

h
pi

Process
h

Registers

i

Stack
N

h
pi

for (int i = N/4; i < N/2; ++i) {
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

Process
h

Registers

i

Stack
N

h
pi

for (int i = N/2; i < 3*N/4; ++i) {
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

Process
h

Registers

i

Stack
N

h
pi

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

}

Because they 
are reading 
copies of N

Threads have 
the same 

value for N

Similarly h, pi

At least for 
reading

And if these 
are all the 

same values

It is exactly 
equivalent to 

the sequential
Have to make 

consistent when 
writing to 

maintain as if

Very 
Important 

Slide!!

{P1}S1{Q1}, {P2}S2{Q2} interference free

{P1} ^ {P2} cobegin S1||S2 coend {Q1 ^Q2}

It is as if they 
were the same N
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SPMD? 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 * h * i * h));

std::cout << "pi is ~ " << 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 * h * i * h));

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

return 0;
}

Multiple data 
(different limits) 

Multiple program 
(limits hard-coded) 
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Single Program Multiple Data (SPMD)
#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Multiple data 
(different limits) 

Different, provided each process 
has a different begin, end

But this is now exactly 
the same program

Single program
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Single Program Multiple Data
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#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 * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

std::cout << "pi is ~ " << 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 += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}
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Single Program Multiple Data (SPMD)
#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

#include <iostream>

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = begin; i < end; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

How do we set 
N, begin, end?

These are exactly 
the same program

Each program 
computes same thing

We need exactly the 
same N everywhere

But a different begin 
and end everywhere

How do we do 
these two things?
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Single Program Multiple Data

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

We can get N 
from the 

command line

From every 
node?  That’s a 

lot of typing

Better to get it at 
just one node and 

send it around
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Single Program Multiple Data
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int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

This node reads 
from the 

command line

Single program: all 
still read from the 

command line

One sends, the 
others receive
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Single Program Multiple Data

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

How do we get 
the same program 
to different things

While keeping 
them the same?

Hint: multiple data

With, say, an if 
statementWhere have we already seen 

identical functions that need 
to distinguish themselves? fork() How did they distinguish 

each other?71
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Single Program Multiple Data
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int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

int main(size_t argc, char* argv[]) {
size_t N = atol(argv[1]);
double h = 1.0 / (double) N;
double pi = 0.0;

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

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

return 0;
}

Let’s say ”the 
world has P 
processes”

And each 
process knows 
the value of P

And each process 
has an id in the 

range [0, P)
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A better name than MIMD or SPMD

Distinguished 
replicated processes, 

distributed data

(DRPDD)

Pronounced 
“drop dee”

73
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Single Program
int main(size_t argc, char* argv[]) {

size_t partitions = magically_get_P();
size_t my_id = magically_get_id();

size_t N = atol(argv[1]);
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)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Magically get P

Magically get id

Oops

Oops

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

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

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

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

}

return 0;
}

Distinguished Replicated Process

Only one 
node reads N

Only one node 
prints pi 

Is that going 
to be correct?

Compute begin 
and end

Is that going 
to be correct?

No and no.

75

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

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

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

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

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

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

}

return 0;
}

Distinguished Replicated Process

What is this 
value?
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Distinguished Replicated Processes
int main(size_t argc, char* argv[]) {

size_t partitions = magically_get_P();
size_t my_id = magically_get_id();

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}N gets 

set here

my_id == 0 my_id == 1 my_id == 2

Not here Not here 

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

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

}
N = magically_share(N);
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)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

}

return 0;
}

id 0 gets N

id shares N

Get our id and number 
of other nodes

Everyone computes 
their own partial 

id 0 collects all partials, 
adds them, and prints

This pattern is 
ubiquitous

78



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

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

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

size_t intervals = 1024 * 1024;

MPI::Init();

int myrank = MPI::COMM_WORLD.Get_rank();

int mysize = MPI::COMM_WORLD.Get_size();

if (0 == myrank) {

if (argc >= 2) intervals = std::atol(argv[1]);

}

MPI::COMM_WORLD.Bcast(&intervals, 1, MPI::UNSIGNED_LONG, 0);

size_t blocksize = intervals / mysize;

size_t begin = blocksize * myrank;

size_t end = blocksize * (myrank + 1);

double h = 1.0 / ((double)intervals);

double pi = 0.0;

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

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

}

MPI::Finalize();

return 0;

}

id 0 gets N

id shares N

Get our id and number 
of other nodes

Everyone computes 
their own partial 

id 0 collects all partials, 
adds them, and prints

This pattern is 
ubiquitous

Everyone has same N
id 0 is 
root
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The Message Passing Interface (MPI)
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Distributed memory
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Finding Concurrency int main() {
double pi = 0.0; int N = 1024*1024;

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

for (int i = N/4; i < N/2; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

for (int i = N/2; i < 3*N/4; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

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

std::cout << "pi ~ " << pi << std::endl;
return 0;

}
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double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

std::thread t0(pi_helper, 0, N/4, h);
std::thread t1(pi_helper, N/4, N/2, h);
std::thread t2(pi_helper, N/2, 3*N/4, h);
std::thread t3(pi_helper, 3*N/4, N, h);

t0.join(); t1.join(); t2.join(); t3.join();

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

return 0;
}

Processes double pi = 0.0;

void pi_helper(int begin, int end, double h) {
for (int i = begin; i < end; ++i)
pi += (h*4.0) / (1.0 + (i*h*i*h));

}

int main(int argc, char* argv[]) {
int N = 1024 * 1024; double h = 1.0/ (double)N;

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

return 0;
}

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 * h * i * h));

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

return 0;
}

Process

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = N/4; i < N/2; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Process

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 * h * i * h));

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

return 0;
}

Process

int main() {
double pi = 0.0; double h = 1./(double) N;
for (size_t i = 3*N/4; i < N; ++i)
pi += (h * 4.0) / (1.0 + (i * h * i * h));

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

return 0;
}

Process
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Distinguished Replicated Processes
int main(size_t argc, char* argv[]) {

size_t partitions = magically_get_P();
size_t my_id = magically_get_id();

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}

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

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

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

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

}

return 0;
}

N N N

84



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

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

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

size_t intervals = 1024 * 1024;

MPI::Init();

int myrank = MPI::COMM_WORLD.Get_rank();

int mysize = MPI::COMM_WORLD.Get_size();

if (0 == myrank) {

if (argc >= 2) intervals = std::atol(argv[1]);

}

MPI::COMM_WORLD.Bcast(&intervals, 1, MPI::UNSIGNED_LONG, 0);

size_t blocksize = intervals / mysize;

size_t begin = blocksize * myrank;

size_t end = blocksize * (myrank + 1);

double h = 1.0 / ((double)intervals);

double pi = 0.0;

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

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

}

MPI::Finalize();

return 0;

}

id 0 gets N

id shares N

Get our id and number 
of other nodes

Everyone computes 
their own partial 

id 0 collects all partials, 
adds them, and prints

This pattern is 
ubiquitous

Everyone has same N
id 0 is 
root
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The Message Passing Interface (MPI)
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Thank You!
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