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Preface

This book explains how to build and operate a powerful eight or 16-node Pi2 or Pi3
supercomputer. You will be provided detailed systematic instructions on installing the
Linux/Ubuntu operating system on your PC, and its use in configuring, communicating
with, and ultimately operating your Pi supercomputer.

Initially, you will learn how to write and run a serial and a Message Passing Interface
(MPI) 1t code on your PC, which is then used as a one-node supercomputer. Armed with
this knowledge, you will then configure a Pi one-node, 4-core supercomputer on which you
subsequently run the previous mentioned MPI 7t code. Next, you will assemble a two-node,
8-core Pi supercomputer on which, again, you will execute said MPI = code, and finally,
you will construct an eight or 16-node Pi supercomputer, which you will employ to solve
complex calculations incorporating the MPI construct.

What this book covers

Chapter 1, Getting Started with Supercomputing, provides an overall perspective on the
concept of supercomputing. The chapter discusses Von Neumann'’s architecture, Flynn's
classical taxonomy, a historical perspective on supercomputing, serial and parallel
computing techniques, and justifications — including an analytical perspective — for greater
processing speeds.

Chapter 2, One Node Supercomputing, discusses how to do supercomputing on one node, in
this instance, your PC. You will be instructed how to install Linux/Ubuntu on your PC,
which you will then use to run a serial and MPI 7t code. Next, you will learn about the
critical for loop construct that is used to assign tasks among the cores/processes. Finally,
you will write/copy, and run/generate 7= from the MPI Euler, Leibniz, and Nilakantha
infinite series.

Chapter 3, Preparing the Initial Two Nodes, discusses how to build a two-node Pi
supercomputer. Initially, you will be presented with a list of parts. You will then learn
about the origin of the Pi microcomputer, and its technical specs. Next, you will be

shown how to configure the master node in preparation for transferring the requisite MPI
test codes from your PC to the master node. Finally, you will configure the first slave node
in preparation for the creation a two-node (master and slavel) supercomputer.



Preface

Chapter 4, Static IP Address and Hosts File Setup, discusses how to configure the static IP
address of the master, slavel, and network switch. Next, you will learn how to set up the
hosts file.

Chapter 5, Creating a Common User for All Nodes, discusses how to create a new user for the
master node, how to create a password for the new user on the master node, how to create a
new user for the slavel node, and how to create a password for the new user on the slavel
node. In addition, you will learn how to generate a special key on the master node, which is
required for seamless transitioning between the nodes without using a password. You will
then learn how to copy the special key from the master node to the slavel node. Next, you
will edit the .bashrc file on the master node to facilitate seamless special key access to all
the nodes. Finally, you will learn how to use the which command.

Chapter 6, Creating a Mountable Drive on the Master Node, discusses how to use the mkdir
command to make a directory/folder, the chown command for changing ownership of the
export drive from the root user to a new user, and the rpcbind command, which allows
the master Pi to export the export drive on the master to slave nodes. You will learn how
to edit the exports file, which at facilitates exporting the export drive on the master node
to the slave nodes, use the nfs-kernel-server command; edit the bootup script
rc.local, which will make the export drive on the master node mountable for use by the
slave nodes; use the mount command to manually mount the export drive containing the
MPI codes; use the cat command to display the content of a file; use the cp —a command
to copy files/codes to the export drive; and use the -H command to task any or all nodes;
and cores to work on a given problem.

Chapter 7, Configuring the Eight Nodes, discusses how to configure the eight or 16-node Pi
supercomputer. You will be shown how to edit the £stab file on the slavel node to set up
an automatic mount command, the rc.local file on the slavel node to automatically
mount the export drive containing the MPI test code folder, the hosts files on the master
and slavel nodes to reflect the temporary IP address, and host names on the remaining six
or fourteen slave nodes. You will then be shown how to use the SD formatter for
Windows to format the remaining slave SD cards, and win32 Disk Imager to copy the
slavel SD card image to the remaining slave nodes in the cluster. You will then edit/update,
once again, the hosts file on the master and slaves to reflect their actual IP addresses, edit
the interfaces file on the super cluster nodes, and finally, update the MAC and IP
address on the network switch for the remaining slave nodes.

[2]
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Chapter 8, Testing the Super Cluster, discusses how to use the shutdown -h now command
to shut down your Pi computer, the -H command to solve the MPI n function in record
time, and create convenience bash files to enhance the user experience while operating the
supercomputer.

Chapter 9, Real-World Math Application, discusses how to write and run serial and MPI
Taylor series, sine, cosine, tangent, and the natural log functions.

Chapter 10, Real-World Physics Application, discusses how to write and run the MPI code for

a vibrating string.

Chapter 11, Real-World Engineering Application, discusses how to write and run a serial and
MPI sawtooth Fourier series code.

What you need for this book

You will need Linux/Ubuntu OS installed on your PC with the option to access the
Windows OS, and a basic working knowledge of the C language.

Who this book is for

This book targets hobbyists and enthusiasts who want to explore building supercomputers
with microcomputers. Researchers will also find this book useful. Prior programming
knowledge is necessary; knowledge of supercomputers is not.

Conventions

In this book, you will find a number of text styles that distinguish between different kinds
of information. Here are some examples of these styles and an explanation of their meaning.
Code words in text, database table names, folder names, filenames, file extensions,
pathnames, dummy URLSs, user input, and Twitter handles are shown as follows: "How to
use the shutdown -h now command to shut"

Any command-line input or output is written as follows:

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1lvl,S1lvl,Slvl,Slvl,Slv2,S1lv2 MPI_08_Db

[3]
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New terms and important words are shown in bold. Words that you see on the screen, for
example, in menus or dialog boxes, appear in the text like this: "On a Windows 7 machine,
click on Systems & Security, then click on System, then Device Manager, and click on
Processor."

0 Warnings or important notes appear in a box like this.
8 Tips and tricks appear like this.

Reader feedback

Feedback from our readers is always welcome. Let us know what you think about this
book —what you liked or disliked. Reader feedback is important for us as it helps us
develop titles that you will really get the most out of. To send us general feedback, simply
e-mail feedback@packtpub.com, and mention the book's title in the subject of your
message. If there is a topic that you have expertise in and you are interested in either
writing or contributing to a book, see our author guide at www.packtpub.com/authors.

Customer support

Now that you are the proud owner of a Packt book, we have a number of things to help you
to get the most from your purchase.

Downloading the example code

You can download the example code files for this book from your account at http://www.p
acktpub.com. If you purchased this book elsewhere, you can visit http://www.packtpub.c
om/support and register to have the files e-mailed directly to you.

[4]
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You can download the code files by following these steps:

Log in or register to our website using your e-mail address and password.
Hover the mouse pointer on the SUPPORT tab at the top.

Click on Code Downloads & Errata.

Enter the name of the book in the Search box.

Select the book for which you're looking to download the code files.
Choose from the drop-down menu where you purchased this book from.
Click on Code Download.

NN

Once the file is downloaded, please make sure that you unzip or extract the folder using the
latest version of:

e WinRAR / 7-Zip for Windows
e Zipeg /iZip / UnRarX for Mac
e 7-Zip / PeaZip for Linux

The code bundle for the book is also hosted on GitHub at https://github.com/PacktPubl
ishing/Build-Supercomputers-with-Raspberry-Pi-3. We also have other code bundles

from our rich catalog of books and videos available at https://github.com/PacktPublish
ing/. Check them out!

Downloading the color images of this book

We also provide you with a PDF file that has color images of the screenshots/diagrams used
in this book. The color images will help you better understand the changes in the output.

You can download this file from
http://www.packtpub.com/sites/default/files/downloads/BuildSupercomputerswithRa
spberryPi3_ColorImages.pdf.

[5]
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Preface

Errata

Although we have taken every care to ensure the accuracy of our content, mistakes do
happen. If you find a mistake in one of our books—may be a mistake in the text or the
code—we would be grateful if you could report this to us. By doing so, you can save other
readers from frustration and help us improve subsequent versions of this book. If you find
any errata, please report them by visiting http://www.packtpub.com/submit-errata,
selecting your book, clicking on the Errata Submission Form link, and entering the details
of your errata. Once your errata are verified, your submission will be accepted and the
errata will be uploaded to our website or added to any list of existing errata under the
Errata section of that title.

To view the previously submitted errata, go to https://www.packtpub.com/books/conten
t/supportand enter the name of the book in the search field. The required information will
appear under the Errata section.

Piracy

Piracy of copyrighted material on the Internet is an ongoing problem across all media. At
Packt, we take the protection of our copyright and licenses very seriously. If you come
across any illegal copies of our works in any form on the Internet, please provide us with
the location address or website name immediately so that we can pursue a remedy. Please
contact us at copyright@packtpub.com with a link to the suspected pirated material. We
appreciate your help in protecting our author and our ability to bring you valuable content.

Questions

If you have a problem with any aspect of this book, you can contact us at
questions@packtpub.com, and we will do our best to address the problem.
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Getting Started with
Supercomputing

The prefix super in the moniker supercomputer may, to the ill-informed, conjure up images
of the electronic supervillain HAL 9000 in Arthur C. Clarke's classic movie 2001: A Space
Odyssey or the benevolent superhero Clark Kent, aka Superman, who inhabits the DC
comic universe. However, the tag supercomputer is, in fact, associated with a non-fictional
entity that has no ill-will towards humans — at least not at this moment in time.
Supercomputing and supercomputers are the subject matter of this book.

In this chapter, we introduce the reader to the basics of supercomputing, or more precisely,
parallel processing. Parallel processing is a computational technique that is currently
enjoying widespread usage at many research institutions, including universities and
government laboratories, where machines routinely carry out computation in the teraflops
(1 billion floating point operations per second) and petaflops (1,000 teraflops) domain.
Parallel processing significantly reduces the time needed to analyze and/or solve complex
and difficult mathematical and scientific problems, such as weather prediction, where a
daunting myriad of physical atmospheric conditions must be considered and processed
simultaneously in order to obtain generally accurate weather forecasting.



Getting Started with Supercomputing

Supercomputing is also employed in analyzing the extreme physical conditions extant at
the origin of the much-discussed Big Bang event, in studying the dynamics of galaxy
formation, and in simulating and analyzing the complex physics of atomic and
thermonuclear explosions — data that is crucial to the military for maintaining and
designing even more powerful weapons of mass destruction — holy crap!! This doesn't bode
well for humanity. Anyway, these are just a few examples of tasks germane to parallel
processing. Following are images of events that are being studied/simulated by scientist
employing supercomputers:

Galaxy Formation Planetary Movments Climate Changé

The enhanced processing speed, so central to parallel computing, is achieved by assigning
chunks of data to different processors in a computer network, where the processors then
concurrently execute similar, specifically designed code logic on their share of the data. The
partial solution from each processor is then gathered to produce a final result. You will
indeed be exploring this technique later when you run example codes on your PC, and then
on your Pi2 or Pi3 supercomputer.

The computational time compression associated with parallel computing is typically on the
order of a few minutes or hours, rather than weeks, months, or years. The sharing of tasks
among processors is facilitated by a communication protocol for programming parallel
computers called Message Passing Interface (MPI). The MPI standard, which came to
fruition between the 1980s and early 1990s, was finally ratified in 2012 by the MPI Forum,
which has over 40 participating organizations.

You can visit https://computing.llnl.gov/tutorials/mpi/ for a brief history and tutorial
on MP], and https://computing.llnl.gov/tutorials/parallel_comp/ for parallel
computing. You can also visit http://mpitutorial.com/tutorials/ for additional
information and a tutorial on MPI programming.

[8]
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Getting Started with Supercomputing

In this chapter, you will learn about the following topics:

e John von Neumann's stored-program computer architecture

Flynn's classical taxonomy

Historical perspective on supercomputing and supercomputers

Serial processing techniques

Parallel processing techniques

The need for greater processing speed

Additional analytical perspective on the need for greater processing speed

Von Neumann architecture

Dr. John von Neumann:

John von Neumann circa the 1940s

[9]



Getting Started with Supercomputing

Any discussion concerning computers must include the contributions of the famed
Hungarian mathematician/genius Dr. John von Neumann. He was the first to stipulate, in
his famous 1945 paper, the general requirements for an electronic computer. This device
was called a stored-program computer, since the data and program instructions are kept in
electronic memory. The specification was a departure from earlier designs where computers
were programmed via hard wiring. Von Neumann's basic design has endured to this day,
as practically all modern-day processors exhibit some vestiges of this design architecture
(see the following figure):

—

Control Arithmetic
Unit - Logic

Unit

e 2

Von Neumann architecture

Von Neumann's design basic components are tabulated as follows:

e The four main elements:
e A memory component

¢ A controller unit
¢ A logic unit for doing arithmetic
¢ An input and output port

¢ A means for storing data and program instructions termed read/write random
access memory
e The data is information utilized by the program
e The program instructions consist of coded data that guides the
computer to complete a task

¢ Controller Unit acquires information from memory, deciphers the information,
and then sequentially synchronizes processes to achieve the programmed task

e Basic arithmetic operations occur in the Arithmetic Logic Unit

[10]
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¢ Input and Output ports allow access to the Central Processing Unit (CPU) by a
human operator

¢ Additional information can be obtained at
https://en.wikipedia.org/wiki/John_von_Neumann

So, how does this architecture relates to parallel processors/supercomputers? You might
ask. Well, supercomputers consist of nodes, which are, in fact, individual computers. These
computers contain processors with the same architectural elements described previously.

Flynn's classical taxonomy

Parallel computers can be classified in at least four ways:

Single Instruction stream Single Data stream (SISD)
Single Instruction stream Multiple Data stream (SIMD)

Multiple Instruction stream Single Data stream (MISD)
Multiple Instruction stream Multiple Data stream (MIMD)

These classifications are discussed in more detail in the Appendix:

SISD SIMD

Single Instruction stream Single Instruction stream
Single Data stream Multiple Data stream

MISD MIMD

Multiple Instruction stream | Multiple Instruction stream
Single Data stream Multiple Data stream

Michael J. Flynn proposed this classification in 1966, and it is still in use today. The Cray-1
and the CDC 7600 supercomputer discussed in the following sections are of the SISD class.
Use the following link to learn more about Flynn:
https://en.wikipedia.org/wiki/Flynn's_taxonomy

[11]
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Historical perspective

The descriptor super computing first appeared in the publication New York World in 1929.
The term was in reference to the large, custom-built IBM tabulator installed at Columbia
University. The IBM tabulator is depicted following:

IBM Tabulators and Accounting Machine

The burgeoning supercomputing field was later buttressed with contributions from the
famed Seymour Cray, with his brainchild, the CDC6600, that appeared in 1964. The
machine, for all intents and purposes, was the first supercomputer. Cray was an applied
mathematician, computer scientist, and electrical engineer. He subsequently built many
faster machines. He passed away on October 5, 1996 (age 71) but his legacy lives on today in
several powerful supercomputers bearing his name.

[12]
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The quest for the exaflop machine (a billion, billion calculations per second) commenced
when computer engineers in the 1980s gave birth to a slew of supercomputers that only had
a few processors. In the 1990s, machines that had thousands of processors began appearing
in the United States and Japan. These machines achieved new teraflop (1,000 billion
calculations per second) processing performance records, but this achievement was only
fleeting, as the end of the 20th century ushered in petaflop (1,000,000 billion calculations per
second) machines that had large-scale parallel architecture. These machines comprise
thousands (over 60,000, to give an estimate) of off-the-shelf processors similar to those used
in personal computers. Indeed, progress in performance is relentless, and inexorable —
maybe? I guess only time will tell. An image of an early trailblazing supercomputer, the
Cray-1, is depicted in the following figure:

A Cray-1 supercomputer preserved at the Deutsches Museum
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The relentless drive for ever-greater computing power began in earnest in 1957 when a
splinter group of engineers left the Sperry Corporation to launched the Minneapolis, MN
based Control Data Corporation (CDC). In the subsequent year, the venerable Seymour
Cray also left Sperry. He teamed up with the Sperry splinter group at CDC, and in 1960 the
48-bit CDC1604 - the first solid state computer — was presented to the world. It operated at
100,000 operations per second. It was a computational beast at the time, and certainly a
unicorn in a world dominated by vacuum tubes.

Cray's CDC1604 was designed to be the apex machine of that era. However, after an
additional 4 years of experimentation with colleagues Jim Thornton, Dean Roush, and 30
other Cray engineers, the 60-bit CDC6600 was born. The machine debuted in 1964. The
development of the CDC 6600 was made possible when the company Fairchild
Semiconductor delivered to Cray and his team the much faster compact germanium
transistors, which were used in lieu of the slower silicon-based transistors. These faster,
compact, germanium transistors, however, had a drawback, namely excessive heat
generation. This problem was mitigated with refrigeration, an innovation pioneered by
Dean Roush. Because the machine outperformed its contemporaries by a factor of 10, it was
dubbed a supercomputer, and after selling 100 computers, each costing a stratospheric $8
million, the moniker has now become permanently etched in our collective consciousness
for decades hence.

The 6600 achieved speed acceleration by outsourcing mundane work to associated
computing peripherals, thus freeing up the CPU for actual data processing. The machine
used the Minnesota FORTRAN compiler designed by Liddiard and Mundstock (both men
were affiliated with the University of Minnesota). The compiler allowed the processor to
operate at a sustained 500 kiloflops, or 0.5 megaflops, on sustained mathematical
operations. The subsequent CDC7600 machine regained the mantle as the world's apex
machine in 1968; it ran at 36.4 MHz (approximately 3.5 times faster than the 6600). The
speed gain was achieved by using other technical innovations. Only 50 of the 7,600
machines were sold. The 7600 is depicted following:
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CDC7600 serial number 1 (this figure shows two sides of the C-shaped chassis)

In 1972, Cray separated from CDC to embark on a new venture. However, two years after
his departure from the company, CDC introduced the STAR-100, a computational
behemoth at the time, capable of executing 100 megaflops of processing power. The Texas
Instruments ASC machine was also a member of this computer family. These machines
ushered in what's now known as vector processing, an idea inspired by the APL
programming language of the 1960s.

[15]
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In 1956, researchers at Manchester University in Great Britain began experimenting with
MUSE, which was derived from microsecond engine. The goal was to design a computer
that could achieve processing speeds in the realm of microsecond per instruction,
approximately 1 million instructions per second. At the tail end of 1958, the British electrical
engineering company Ferranti collaborated with Manchester University on the MUSE
project that ultimately resulted in a computer named Atlas; see the following figure:

The University of Manchester Atlas in January 1963

Atlas was commissioned on December 7, 1962, approximately three years before the CDC
6600 made its appearance as the world's first supercomputer. At that time, the Atlas was the
most powerful computer in England and, some might argue, the world, having a processing
capacity of four IBM 7094s, about 2 MHz. Indeed, a common refrain then was that half of
Britain's computing capacity would have been lost had Atlas gone offline at any time.

Additionally, Atlas ushered in the use of virtual memory and paging — technologies used to

extend its memory. The Atlas technology also gave birth to the Atlas Supervisor, which was
the Windows or MAC OS of the day.

The mid-1970s and 1980s are considered the Cray era. In 1976, Cray introduced the 80 MHz
Cray-1. The machine affirmatively established itself as the most successful supercomputer
in history. Cray engineers incorporated integrated circuits (with two gates per chip) into the
computer architecture. The chips were also capable of vector processing, which introduced
innovations such as chaining, a process whereby scalar and vector registers produce a
short-term result, which is then immediately used, thus obviating additional memory
references, which tends to lower processing speeds. In 1982, the 105 MHz Cray X-MP was
introduced. The machine boasts a shared-memory parallel vector processor with enhanced
chaining support, and multiple memory pipelines. The X-MP's three floating point pipelines
execute simultaneously. In 1985, the Cray-2 (see the following figure) was introduced. It
had four liquid cooled processors that were fully submerged in Fluorinert, which boiled
during normal operation, as heat was removed from the processors via evaporative cooling;:
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A liquid-cooled Cray-2 Supercomputer

The Cray-2 processors ran at 1.9 gigaflops, but played a subordinate role to the record
holder, the Soviet Union's M-13, which operated at 2.4 gigaflops; see the following figure:

M13 Supercomputer, 1984

[17]



Getting Started with Supercomputing

The M13 was dethroned in 1990 by the 10-gigaflop ETA-10G, courtesy of CDC. See the
following figure:

CDC, ETA-10G Supercomputer

The 1990s saw the growth of massively parallel computing. Leading the charge was the
Fujitsu Numerical Wind Tunnel supercomputer. The machine had 166 vector processors
that propelled it to the apex of computational prowess in 1994. Each of the 166 processors
operated at 1.7 gigaflops. However, the Hitachi SR2201, which had a distributed memory
parallel system, bested the Fujitsu machine by chiming in at 614 gigaflops in 1996. The
SR2201 used 2,048 processors that were linked together by a fast three-dimensional crossbar
network.
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The Intel Paragon, which was a contemporary of the SR2201, had 4,000 Intel i860 processors
in varied configuration, and was considered the premier machine, with lineage dating back
to 1993. Additionally, the Paragon used Multiple Instructions Multiple Data (MIMD)
architecture, which linked processors together by way of a fast two-dimensional mesh. This
configuration allows processes to run on multiple nodes (see the Appendix), using MPI. The
Intel Paragon XP-E is shown here:

Intel Paragon XP-E single cabinet system Cats
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The progeny of the Paragon architecture was the intel ASCI Red supercomputer (see the
following figure). Advanced Simulation and Computing Initiative (ASIC). The Red was
installed at the Sandia National Laboratories in 1996, to help maintain the United States'
nuclear arsenal pursuant to the 1992 memorandum on nuclear testing. The computer
occupied the top spot of supercomputing machines through the end of the 20th century.
The computer was massively parallel, bristling with over 9,000 computing nodes, and had
more than 12 terabytes of data storage. The machine incorporated off-the-shelf Pentium Pro
processors that had widely inhabited personal computers of the era. This computer
punched through the 1 teraflop benchmark, ultimately reaching the new 2 teraflops
benchmark:

ASCI Red supercomputer

Human desire for greater computing power entered the 21st century unabated. Petascale
computing has now become the norm. A petaflop is 1 quadrillion floating point operations
per second, which is 1,000 teraflops, which is 1,000,000,000,000,000 floating point operations
per second, or 1% 10°¢ flops. What?! Is there an end somewhere to this madness? It should
be noted that greater computing capacity usually means greater consumption of energy,
which translates to greater stress on the environment. The Cray C90, which debuted in 1991,
consumed 500 kilowatts of power. The ASCI Q gobbled down 3,000 kW and was 2,000
times faster than the C90 a 300-fold performance per watt increase. Oh well!
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In 2004, NEC's Earth Simulator supercomputer (see the following figure) achieved 35.9

35.9 x 1,000.000,000,000 39.5 x 10

teraflops, or flops, that is, flops, using 640 nodes:

NEC Earth Simulator

IBM's contribution to the teraflop genre was the Blue Gene supercomputer (see the
following figure):

Blue Gene/P supercomputer at Argonne National Laboratory
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The Blue Gene supercomputer debuted in 2007, and operated at 478.2 teraflops. Its
architecture was widely used in the former part of the 21st century. Blue Gene is,
essentially, an IBM project whose mission was to design supercomputers with an operating
speed in the realm of petaflops, but consuming relatively low power. At first glance, this
might seem an oxymoron, but IBM achieved this by employing large numbers of low-speed
processors that can then be air-cooled. This computational beast uses more than 60,000
processors, which are stacked 2,048 processors per rack. The racks are interconnected in a
three-dimensional torus lattice. The IBM Roadrunner maxed out at 1.105 petaflops.

China has seen rapid progress in supercomputing technology. In June 2003, China placed
51st on the TOP500 list. This list is a worldwide ranking of the world's 500 fastest
supercomputers. In November 2003, China moved up the ranks to 14th place. In June 2004,
it moved to fifth place, ultimately attaining first place in 2010 with the Tianhe-1
supercomputer. The machine operated at 2.56 petaflops. Then, in July 2011, the Japanese K
computer achieved 10.51 petaflops, thereby attaining the top spot. The machine employed
over 60,000 SPARC64 V111fx processors encased in over 600 cabinets. In 2012, the IBM
Sequoia came online, operating at 16.32 petaflops. The machine's residence is the Lawrence
Livermore National Laboratory, California, USA. In the same year, the Cray Titan clocked
in at 17.59 petaflops. This machine resides at the Oak Ridge National Laboratory,
Tennessee, USA. Then, in 2013, the Chinese unveiled the NUDT Tianhe-2 supercomputer,
which had a clock speed of 33.86 petaflops, and in 2016, the Sunway TaihuLight
supercomputer came online in Wuxi, China. This machine now sits atop the heap with a
processing speed of 93 petaflops. This latest achievement, however, must be considered
fleeting, as historical trends dictate that more powerful machines are waiting in the wings
to emerge soon. Case in point, on July 29, 2015, President Obama issued an executive order
to build a super machine that will clock in at a whopping 1,000 petaflops, or one exaflop,
approximately 30 times faster than Tianhe-2, and approximately 10 times faster than the
newly minted Sunway TaihuLight supercomputer. Stay tuned, the race continues. The
following figures show the five fastest machines on the planet to date. These images are
presented in ascending order of processing speed, starting with the K computer. The
following figure depicts the fifth fastest supercomputer, the K computer:
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K computer

The following figure depicts the fourth fastest supercomputer, the IBM Sequoia:

IBM Sequoia
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The following figure depicts the third fastest supercomputer, the Cray Titan:

Cray Titan

The following figure depicts the second fastest supercomputer, the Tianhe-2:

NUDT Tianhe-2
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The following figure depicts the fastest supercomputer, the Sunway TaihuLight:

Sunway TaihuLight

Now, you might be asking yourself, so what is the process behind parallel computing? We
briefly touched on this topic earlier, but now we will dig a little deeper. Let's examine the
following figures, which should help you understand the mechanics behind parallel
processing. We begin with the mechanics of serial processing.

[25]
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Serial computing technique

The following figure shows a typical/traditional serial processing sequence:

problem

instructions

General serial processing

Serial computing traditionally involves the following:

Breaking up the problem into chunks of instructions

Sequentially executing the instructions
¢ Using a single processor to execute the instructions

Executing the instructions one at a time

The following figure shows an actual application of serial computing. In this case, the
payroll is being processed:

do_payroll()

l instructions
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Example of payroll serial processing
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Parallel computing technique

The following figure shows a typical sequence in parallel processing, where there is
simultaneous use of multiple compute resources employed to solve a given problem:

problem instructions

N 13 2 il

General parallel processing

Vb

Parallel computing involves the following:

¢ Breaking up the problem into portions that can be concurrently solved

¢ Breaking down each portion into a sequence of instruction sets

e Simultaneously executing each portion's instruction sets on multiple processors
¢ Using an overarching control/coordination scheme
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e The following figure shows an actual application of parallel computing wherein
the payroll is being processed:

problem instructions
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Example payroll parallel processing

One thing to note is that a given computational problem must be able to do the following;:

¢ Be broken into smaller discrete chunks to be solved simultaneously
¢ Execute several program instructions at any given moment

¢ Be solved in a smaller time period, employing many compute resources, as
compared to using a lone compute resource

Compute resources usually consist of the following:

¢ A sole computer possesses several processors or cores
¢ Any number of computers/processors linked together via a network
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Modern computers contain processors with multiple cores (see Appendix), typically four
cores (some processors have up to 18 cores, such as the IBM BG/Q Compute Chip), making
it possible to run a parallel program using MPI on a single computer/PC or node — if it is
part of a supercomputer cluster (see appendix). This one-node supercomputing capability
will be explored later in the book when you are instructed on running a simple parallelized
T code. These processor cores also have several functional units, such as L1 cache, L2 cache,
prefetch, branch, floating-point, decode, integer, graphics processing (GPU), and so on. The
following figure shows a typical supercomputing cluster (see Appendix) network:

NETWORK

Example of a typical supercomputing network

These clusters can comprise several thousand nodes. The Blue Gene supercomputer
discussed earlier has over 60,000 processors. The diminutive Raspberry Pi supercomputer
has eight nodes comprising 32 cores (4 cores per Pi), or 16 nodes comprising 64 cores of
processing capability. Since each node provides 4 GHz (4.8 GHz for Pi3) of processing

power, your machine possesses 32 GHz (3 2Xx1 09) or (76.8 GHz for Pi3) of processing
capacity. One can argue that this little machine is indeed superior to some supercomputers
of yesteryear. At this point, it should be obvious why the technique of parallel processing is
superior, in most instances, to serial computing.
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The need for greater processing speed

The world/universe is an immensely parallel entity, wherein numerous complex,
interconnected events are occurring simultaneously, and within a temporal sequence.
Serially analyzing the physics/mechanics of these events would indeed take a very long
time. On the other hand, parallel processing is highly suited for modeling and/or simulating
these types of phenomena, such as the physics of nuclear weapons testing and galaxy
formation mentioned earlier. Depicted here are additional events that lend themselves to
parallel processing:

Drive-thru Lunch

Rush Hour Traffic Iate Tectonics Weather

We have already discussed, in general, some of the reasons for employing parallel
computing. Now we will discuss the main reasons. Let's start with saving money and time.
It is, by and large, a truism that applying more resources to a task tends to accelerate its
completion. The technique of parallel processing does indeed buttress this notion by
applying multiple nodes/cores to the problem at hand — many hands make light work, to
reprise an old adage. Additionally, parallel machines can be constructed from relatively
cheap components.
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Next up is the issue of needing to solve large, difficult, and complicated problems. Some
problems are so enormously complicated and seemingly intractable that it would be
foolhardy to attempt a solution with the processing power of a single computer,
considering the computer's limited memory capacity. Some of the grand challenges for
supercomputing can be found at this link:
https://en.wikipedia.org/wiki/Grand_Challenges. These challenges require petaflops
and petabytes of storage capacity. Search engines such as Google, Yahoo, and so on employ
supercomputers to aid with processing millions of Internet searches and transactions
occurring every second.

Concurrency produces greater processing speed. A lone computer processes one task at a
time. However, by networking several lone computers, several tasks can be performed
simultaneously. An example of this ethos is Collaborative Network, which offers a global
virtual space for people to meet and work.

Next, non-local resources can play an important role in parallel processing. For example,
when compute resources are inadequate, one can leverage the capacity of a wide area
network, or the Internet. Another example of distributive computing is SETI@home,
nttp://setiathome.berkeley.edu/. The network has millions of users worldwide, who
provide their computer resources to help in the Search for Extraterrestrial Intelligence
(SETI). Incidentally, the author has been a member of SETI for several years running.
Whenever he is not using his PC, it automatically lends its processing power to the
organization. Another parallel computing organization is Folding@home,
http://folding.stanford.edu/. Members provide their PC processor resource to help
with finding a cure for Alzheimer's, Huntington's, Parkinson's, and many cancers.
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Another, and final, reason for needing parallel computing is to effectively leverage the
underlying parallel hardware for improved performance. The current crop of PCs,
including laptops, house processors that have multiple cores that are configured in a
parallel fashion. Parallel software, such as OpenMP], is uniquely designed for processors
with multiple cores, threads, and so on. You will be using OpenMPI later during the testing
and running of your Raspberry Pi supercomputer. Running serial programs on your PC is
essentially a waste of its computing capability. The following figure depicts a modern
processor architecture by Intel:

o

ore’

Intel Xenon processor with six cores and six L3 cache units

What does the future hold? You might ask. Well, historical trends dictate that even more
powerful supercomputers will emerge in the future — a trend that is guaranteed to continue
— as chip-making technology unceasingly improves. In addition, faster network switches are
evolving somewhat concurrently with the chips/processors. Switches are used for
interconnecting the nodes in the supercomputer. The theoretical upper limit of processing
speed on a supercomputer is impacted not only by the communication speed between the
cores in the chip, but also by the communication speed between the nodes, and the network
switch connecting the nodes. Faster network switching translates to faster processing.
Parallelism as a concept is here to stay, and the associated technology is getting better and
stronger as we go forward. The following figure depicts the supercomputing performance
trend. The race for exaflop computing continues unabated:
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The question you might be asking now is, who is using this awesome technology? Well, the
short answer is tons of organizations and people. The group that are firmly on this list are

scientist and engineers. Among the problem areas being studied/modeled by these

eggheads are the following:

e Environment, earth, and atmosphere

¢ Applied physics: nuclear, particle, condensed matter, high pressure, fusion, and

photonics

Genetics, bioscience, and biotechnology

Molecular science and geology
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Mechanical engineering

Microelectronics, circuit design, and electrical engineering

Mathematics and computer science
e Weapons and defense

The preceding list represents a few additional example applications of parallel computing.
The following figure depicts additional applications of parallel processing in science and
engineering:

Images of engineering and scientific problems being modeled by supercomputers

The industrial sector is also a big user of supercomputing technology. Companies process
huge amounts of data to improve product yield and efficiency. Some examples of this
activity are as follows:

¢ Data mining, databases, big data

¢ QOil exploration

e Web-based business services and web search engines

¢ Medical diagnosis and medical imaging

e Pharmaceutical design

¢ Economic and financial modeling

¢ Management of national and multinational corporations
¢ Advanced graphics and virtual reality

e Multimedia technologies and networked video

¢ Collaborative work environments

[34]



The following figure depicts a few additional examples of industrial and commercial

Getting Started with Supercomputing
applications:

|

sao|nagans|Bo
|IBjay
lap|aoigiaulauy)
elpap(eyBig
lojanpuoajag
BuisesaloJiayjeaps
AAAN

ol easayajew||ouayieang
uoljepodsuel]
LEETERN
alEm}j0s

auag

yoleasay

1a4io

aulalpapy
a0Ualaga )N
ao|uagBuissan olduolewl o ju|
201AASLONELL 0 U]
alempleH
solshydoag
asuelld

jJuaLlu ol ALg
ABiaug
so|U0I3a8|g
asuajag
aseqeie
Buiynsuog
KBojolg
Bupewyauag
anjow oy
aoedsolay

Images of commercial application of supercomputers

Top500 HPC Application Areas

_;-'-.--..

L~

160

140 1
120
00
80

60 1
40
20
0

1

[35]

Worldwide use of supercomputing resources

Globally, parallel computing is used in a wide variety of sectors; see the following graph:
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Additional analytical perspective

Another perspective on why we need more computing power, goes as follows: let us
supposed we want to predict the weather over an area covering the United States, and
Canada. We cover the region with a cubical grid that extends 20 km over sea level, and
examine the weather at each vertex of the grid. Now, suppose we use a cubic component of
the grid that is 0.1 kilometer on the sides, and since the area of the United States, and
Canada is approximately 20 million square kilometers. We therefore would need at least

2.0 X 107km?* X 20 km X 10° cubes per km®> = 4 X 10'grid points |4¢ s also assume we
need a minimum of 100 calculations to ascertain the weather condition at a grid point, then

the weather, one hour hence, will require % % 10* x 107 =4 x 10" 4]cylations. Now, to
predict the weather hourly for the next 48 hours, we will need

4 x 10*3 calculations x 48 hours =~ 2 x 10** calculations Assuming our serial computer

can processmq (one billion) calculations per second, it will take approximately

(2 X 10*° calculations) / (10° calculationsper second) = 2 X 10° seconds ~ 23 days! Clearly
this is not going to work to our benefit if the computer is going to predict the weather at a
grid point in 23 days. Now, suppose we can flip a switch that turbocharges our computer to

perform 102 (1 trillion) calculations per second; it would now take approximately half an

hour to determine the weather at a grid point, and the weather guy can now make a
complete prediction in the next 48 hours.

Outside of weather prediction, there are numerous other conditions/events occurring in the
real world/universe that require a higher rate of calculation. This would require our
computer to have a much higher processing speed in order to solve a given problem in a
reasonable time. It is this nettling fact that is driving engineers and scientist to pursue
higher and higher computational power. This is where parallel computing/supercomputing,
with its associated MPI codes, excels. However, obstacles to widespread adaption of
parallelism abound, courtesy of the usual suspects: hardware, algorithms, and software.

With regards to hardware, the network intercommunication pathway, aka switches, are
falling behind the technology of the modern processor, in terms of communication speed.
Slow switches negatively impact the theoretical upper computational speed limit of a
supercomputer. You will observe this phenomenon when running your Pi supercomputer,
as you bring successive nodes online that transition the input ports on the HP switch.
Switch technology is improving, though not fast enough.
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Processing speed is dependent on how fast a parallel code executes on the hardware, hence
software engineers are designing faster and more efficient parallel algorithms that will
boost the speed of supercomputing. Faster algorithms will boost the popularity of
parallelism.

Finally, the most impactful obstacle to widespread adoption of parallelism is inadequate
software. To date, compilers that can automatically parallelize sequential algorithms are
limited in their applicability, and programmers are resigned to providing their own parallel
algorithm.

Sources for reference

® https://computing.llnl.gov/tutorials/mpi/

® https://computing.llnl.gov/tutorials/parallel_comp/

® https://en.wikipedia.org/wiki/History_of_supercomputing

® http://www.columbia.edu/cu/computinghistory/tabulator.html
® https://en.wikipedia.org/wiki/CDC_1604

® http://www.icfcst.kiev.ua/MUSEUM/Kartsev.html

® http://www.icfcst.kiev.ua/MUSEUM/PHOTOS/M13.html

® https://en.wikipedia.org/wiki/IBM_7090#IBM_7094

® https://en.wikipedia.org/wiki/ETA10

® https://en.wikipedia.org/wiki/Intel_Paragon

® https://www.top500.0rg/featured/systems/asci-red-sandia-national-labor
atory/

® https://en.wikipedia.org/wiki/Earth_Simulator
® https://en.wikipedia.org/wiki/Blue_Gene
® https://www.youtube.com/watch?v=0U68MstXsrI

Pacheco, P. S. Parallel Programming with MPI, San Francisco: University of San Francesco,
California: Morgan Kaufmann Publishers (1997).
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Getting Started with Supercomputing

Summary

In this chapter, we learned about John von Neumann's stored-program computer
architecture, and its subsequent implementation in physical processors and chips. We also
learned how supercomputers are classified using Flynn's classical taxonomy, depending on
how the instruction and data stream are implemented in the final design. A historical
perspective was provided to contextualize the genesis of supercomputers, and the current
quest for even greater supercomputing power. We learned the mechanics behind serial
processing and parallel processing, and why parallel processing is more efficient at solving
complex problems — if the problem can be logically paralyzed employing MPI. We justified
the need for greater processing speed by providing several examples of real-world
scenarios such as auto assembly, jet construction, drive-thru lunch, rush hour traffic, plate
tectonics, and weather, to list a few examples. Finally, an additional analytical perspective
was provided to buttress the need for greater processing speed.
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This chapter discusses one node supercomputing. Initially, you will install the Linux
(Ubuntu) OS on your PC (one node). Next, you will be instructed on how to access your PC
processor's specs within the Windows environment. This information is critical for
determining how many cores and/or threads (see Appendix) are available for Message
Passing Interface (MPI) processing when using the ~H command (this command is
discussed in detail later in the book). You will then write and run a simple serial 7t equation
code, and then write and run the MPI version of the serial 7 code. This coding exercise
provides an initial feel for converting serial coding to MPI coding. The critical structure of
the MPI mt code's for statement is discussed, and finally, you will employ the MPI
technique to generate 77 from the Euler, Leibniz, and Nilakantha infinite series expansions.

In this chapter, you will learn about the following topics:

e How to install Linux (Ubuntu) on your PC

¢ The microprocessor in modern PCs

e How to access the technical details of the processor on your PC
e How to write, and run a simple serial 7= code

¢ The general structure of MPI

e How to write and run a basic MPI code to call on the cores/processes in the multi-
core processor in your PC

e How to write (using the call-processor algorithm) and run a MPI t code version
of the previously mentioned serial 7= code

e The critical structure of the MPI 7t code involving the for loop statement
e How to write an MPI program to run/generate 7t from the Euler infinite series
e How to write an MPI program to run/generate 7t from the Leibniz infinite series

e How to write an MPI program to run/generate 7t from the Nilakantha infinite
series
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Linux installation

Before we embark on our digital odyssey, the reader is advised to install the Linux OS on
their main PC as we will be using command-line instructions to communicate remotely
with your Pi2 or Pi3, via Secure Shell (SSH) protocol (more on this later). You may visit the
Ubuntu website: http://www.ubuntu.com/download/desktop/install-ubuntu-desktop for
tutorial/instructions, and download a free version of the OS. In addition, when installing
Ubuntu, select the option that allows you to access the Windows OS as you also will
eventually be using Windows apps such as win32 Disk imager, and an SD card formatter
(we will discuss their download and applications later when you begin configuring your
eight-node Pi2 or Pi3 super cluster).

PC processor

The processor in modern PCs has multiple cores. Earlier PC models had two cores, but later
PCs typically have four cores, each running at GHz speeds, thus making it possible for you
to test/debug the same MPI programs you will be running on your eight-node, 32-core Pi
supercomputer. Initially, you will utilize the CPU in your main PC as a one node
supercomputer. This step will give you a quick introduction to and demonstration of the
MPI protocol. Incidentally, the author's PC has an i7, four-core processor, each core running
at 4 GHz, and can run two processing threads per physical core. The initial MPI runs
included in this book were done using this 4 GHz machine.

Accessing processor technical details

You can access the technical details of your processor via the Control Panel on your
computer. On a Windows 7 machine, click on Systems & Security, then click on System,
then Device Manager, and click on Processor. On the other hand, if you have a Windows 10
OS, proceed as follows. Click on the Windows icon at the bottom left of the taskbar, and
then click on the File Explorer icon, then click on the This PC icon. Next, click on the
Computer tab at the top left of the displayed window, then click on System properties.
Note the information displayed in the window. Next, click on Device Manager, and then
click on Processors. You should now see the total number of processors/compute threads in
the cores in your PC.
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Write/run serial 1T code

Using your PC as a one-node supercomputer is quite easy, and can be quite a fun exercise
as you command the cores in the processor to do your digital bidding. From here on, it will
be assumed that the reader has a working knowledge of the C language. So, the first step on
your digital journey will be to write and run a simple C code to compute n. This code will
perform numeric integration (using 300,000 iterations) on an x function representation of 7.
You will then convert this code's logic into its MPI version, run it on one core of the
processor, and then gradually bring online the remaining cores. You will observe
progressively improving processing speed as you activate successive cores. Let's start with
the simple 7 equation:

_f $
™= |}1+x: *

This equation is one of many that are available for obtaining an approximate value of 7. In
later sections, we will explore a few more complex and famous equations that will give
your supercomputer a more rigorous digital workout. The following code is the requisite
serial C code representation of the equation depicted previously:

C_PI.c:

#include <math.h> // math library
#include <stdio.h>// Standard Input/Output library

int main (void)
{
long num_rects = 300000;//1000000000;
long ij;
double x,height,width, area;
double sum;
width = 1.0/ (double)num_rects; // width of a segment

sum = 0;
for(i = 0; 1 < num_rects; i++)
{
X = (140.5) * width; // x: distance to center of

i(th) segment
height = 4/(1.0 + x*x);
sum += height; // sum of individual segment heights

}

// approximate area of segment (Pi value)
area = width * sum;
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printf ("n");

printf (" Calculated Pi = %.16fn", area);

printf (" M PI = %.16fn", M_PI);

printf ("Relative error = %.16fn", fabs(area - M_PI));

return 0;

}

This code was written using the vim editor in the Linux terminal environment (click on the
black monitor icon to open the terminal window). First, change the directory to the
Desktop folder by entering the command cd Desktop. Now create a blank C filename
C_PI.c (feel free to name your code anything you desire within the terminal window) by
entering the command vim C_PI.c.Pressi to initiate editing. Type or copy in the code as
shown previously. Save the file by entering Esc :wgq, which returns you to the $ prompt.

You remain in the Desktop directory. Compile the code using the mpicc
C_PI.c -o C_PI command. This procedure generates an executable
filename C_P1I located in the Desktop folder.

Finally, run the code using the time mpiexec C_PI command. The code will generate

the output depicted in the following run. You may see four similar outputs, each emanating
from a core in the four-core processor:

Calculated Pi = 3.1415926535906125
M_PI = 3.1415926535897931
Relative error = 0.0000000000008193

usér Ofn(.);03Gs
sys  0m0.000s

Feel free to modify the code by changing the value of num_rects (whose current value is
300,000), and observe the change in the accuracy of the calculation. The code's calculation
time should change accordingly. Note that this calculation ran on only one core. The
calculation or task was not shared/divided among the four cores. The run time of
(0m0.039s), highlighted in red, is a function of the relatively fast 4 GHz processor. Your
processor may have a slower speed, and hence the computation time may be somewhat
elevated. We now proceed to that much vaunted MPI protocol.
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Message passing interface

The general structure of MPI programs is depicted here (please visit the links provided in
the introduction for a more in-depth discussion on the topic). Your MPI codes will have
elements of this structure:

' MPI include file

Declarations, prototypes, etc.
Program Begins

Serial code

'Initialize MPI environment  Parallel code begins

'Dowuk&mmknwﬂmmumﬁhgwm

| Terminate MP| environment  parajlel code ends

Serial code

Program Ends

Basic MPI code

A relatively simple MPI code is shown here. You will notice how the code mirrors the
general structure of MPI programs:

call-procs.c:
#include <math.h> // math library
#include <stdio.h>// Standard Input/Output library

int main(int argc, char** argv)
{
/* MPI Variables */
int num_processes;
int curr_rank;
int proc_name_len;
char proc_name[MPI_MAX_ PROCESSOR_NAME] ;

/* Initialize MPI */
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MPI_Init (&argc, &argv);

/* acquire number of processes */
MPI_Comm_size (MPI_COMM_WORLD, &num_processes);

/* acquire rank of the current process */
MPI_Comm_rank (MPI_COMM_WORLD, &curr_rank);

/* acquire processor name for the current thread */
MPI_Get_processor_name (proc_name, &proc_name_len);

/* output rank, no of processes, and process name */
printf ("Calling process %$d out of %d on %srn",
curr_rank, num_processes,

proc_name) ;

/* clean up, done with MPI */
MPI_Finalize();

return 0;

}

Your typical MPI code must contain, in large part, as the statements highlighted. There are
however, many more statements/functions available for use, depending on the task you
want to accomplish. We will not concern ourselves with those other statements, except for
the following statements/functions:

"MPI_Bcast (&n, 1, MPI_INT, 0, MPI_COMM WORLD);" and
"MPI_Reduce (&rank_integral, &pi, 1, MPI_DOUBLE,
MPI_SUM, 0, MPI_COMM_WORLD);",

You will add these to the 7t version of the code. The basic MPI code depicted previously
was given the filename call-procs.c. Compile the code using the mpicc call-procs.c
-o call-procs command. Run it using the mpiexec -n 8 call-procs command; the -
n designates n threads or processes, followed by the number 8 — the number of threads
or processes you want to use in the calculation. The result is shown here. Here, the author is
using all eight threads in the four cores in his PC processor. The code randomly calls on the
various processes, out of a total of 8, on the host computer gamma on which the code is
running:
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carlospg@gamma:~/Desktop/Master_Pi2$ mpiexec -n 8 call-procs
Calling process 0 out of 8 on gamma
Calling process 1 out of 8 on gamma
Calling process 2 out of 8 on gamma
Calling process 5 out of 8 on gamma
Calling process 7 out of 8 on gamma
Calling process 3 out of 8 on gamma
Calling process 4 out of 8 on gamma
Calling process 6 out of 8 on gamma

MPI 1T code

The MPI 7 code (filename MPI_08_b.c), with its run, is depicted on the following pages:

MPI_08_b.c:

#include <mpi.h> // (Open)MPI library

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library

int main(int argc, char*argvl(])

{
int total_iter;
int n, rank, length, numprocs, i;
double pi, width, sum, x, rank_integral;
char hostname [MPI_MAX_PROCESSOR_NAME];
MPI_Init (&argc, &argv);// initiates MPI
MPI_Comm_size (MPI_COMM_WORLD, &numprocs);// acquire
number of processes
MPI_Comm_rank (MPI_COMM_WORLD, &rank);// acquire current
process id
MPI_Get_processor_name (hostname, &length);// acquire
hostname

if (rank == 0)
{
printf ("n");
printf ("##HHHEFFFHFFEF A FE AR FHFAEFRH A AR FAH A F A AR F S FRHHEH")
printf ("nn");

printf("Master node name: %sn", hostname);
printf ("n");

printf ("Enter the number of intervals:n");
printf ("n");

scanf ("%d", &n) ;
printf("n");
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// broadcast to all processes, the number of segments you
want

MPI_Bcast (¢n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus providing
// additional work for testing computational speed of the processors
for(total_iter = 1; total_iter < n; total_iter++)
{
sum=0.0;
width = 1.0 / (double)total_iter; // width of a segment
// width = 1.0 / (double)n; // width of a segment
for(i = rank + 1; i <= total_iter; i += numprocs)
// for(i = rank + 1; i <= n; 1 += numprocs)
{
x = width * ((double)i - 0.5); // x: distance to
center of i(th) segment
sum += 4.0/(1.0 + x*x);// sum of individual segment
height for a given
// rank
}
// approximate area of segment (Pi value) for a given rank
rank_integral = width * sum;

// collect and add the partial area (Pi) values from all processes
MPI_Reduce (&rank_integral, &pi, 1, MPI_DOUBLE, MPI_SUM,
0, MPI_COMM_WORLD) ;

}// End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)
{
printf ("nn");
printf ("*** Number of processes: %dn",numprocs);
printf ("nn");
(
(

printf (" Calculated pi = %.30fn", pi);
printf (" M PI = %.30fn", M_PI);
printf (" Relative Error = %$.30fn", fabs(pi-M_PI));

// printf ("Process %d on %s has the partial result of
$.16f n",rank, hostname,
rank_integral);

// clean up, done with MPI
MPI_Finalize();

return 0;
}// End of int main (int argc, char*argv([])

[46]




One Node Supercomputing

Compile and run this MPI ¢ code. The result is depicted following. Notice the t ime
parameter used for displaying the execution time beneath the program result. You will
notice the gradual reduction in execution time as successively more processes/threads are
brought online:

nlh

carlospg@

TR TR R TRTR R TR R TN TR TT IR T RTFIRTRTRTRTIIN] L piae m s
T

Master node name: gamma
Enter the number of intervals:

300000

Calculated pi = 3,1415526535907133
M_PI = 3.14155926535897931
Relative Error = 0.0000000000009202

rea *ma7 5
user 2m27.356s
SYS (Om0.008s

aster_Pi2$ time mpiexec -n 4 MPI_08_b

A R R R TR R TR R e T
Master node name: gamma
Enter the number of intervals:

300000

Calculated pi = 3.1415926535907128
M_PI = 3.1415926535897931
Relative Error = 0.0000000000009197

real 1m20.045s
user  4mb3.660s
sys 0m0.060s
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B e R R s e s e s e s naad
Master node name: gamma
Enter the number of intervals:

300000

Calculated pi = 3.1415926535907150
M_PI = 3.1415926535897931
Relative Error = 0.0000000000009219

user SmZAE'?.zs
SyS 1m25.868s

Critical MPI for loop structure

We will now discuss the most critical structure of the MPI version of the serial 7t code — the
for (i = rank + 1; i <= total_iter; i += numprocs) statement. This construct
assigns the data among the various processes. The variable numprocs has the value 8 - the
author chose all eight threads (two per core) to do his digital bidding. So, for the eight
processes/ranks, thatis, 0, 1, 2, 3, 4, 5, 6, 7, and the gem segment (total 300,000) of the area
under the T function curve, is assigned as follows:

Rank Loop 1 Loop 2 Loop 3 Loop 4 Loop 5 Loop 6 Loop 7 Loop 8 Loop 9
0 1 9 17 25 33 41 49 57 65
1 2 10 18 26 34 42 50 58 66
2 3 11 19 27 35 43 51 59 67
3 4 12 20 28 36 44 52 60 68
4 5 13 21 29 37 45 53 61 69
5 6 14 22 30 38 46 54 62 70
6 7 15 23 31 39 47 55 63 71
7 8 16 24 32 40 48 56 64 72
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Rank 0 is assigned the 1st, 9th, 17th, 25th, 33rd, 41st, 49th, 57th, 65th, and so on segments;
rank 1 is assigned the 2nd, 10th, 18th, 26th, 34th, 42nd, 50th, 58th, 66th, and so on segments;
and so on and so forth. This table extends to the 300,000th iteration/loop. So, for each rank,

the distance x to the center of the i segment as follows: width of a segment (width)

X (i = 0.5) This x value is now used to calculate the height of the 1'ﬂtsegment within its
rank or processor core. The calculated heights for a given rank are continuously summed
(sum += 4.0/ (1.0+x*x)) with each iteration/loop, and stored in that process temporary
memory. Note that even though the sum variable is used by each process, it is a unique
memory location for that process, so the data from one process will not contaminate the
data in another process within a core, even though the processes use the same variable
name. The author appreciates how perplexing this may seem to you; however, as they say
in street parlance, that's how MPI rolls. After the 300,000th iteration/loop, the partial sum
from each process/core is then combined/summed by the MPI_Reduce function to give the

overall value for . Note that we ask the 0 rank or process to print/display the result. This is
standard operating procedure.

With regards to the outer for loop, it is used to extend the computational time for the
simple pi calculation — the astute reader would have noticed that the computational time for
one core, using the MPI protocol, is slower than the serial code using the same core; that is,
2m37.693s, as opposed to 0m0 . 039s. This occurs because the outer for loop incrementally
increases the value of the upper limit total_iter —the maximum number of iterations —
as the code executes. This intentional increase in processing time is to aid in making any
improvement in the computational time compression perceptible, as you successively add
more cores. Otherwise, for this simple 7 calculation, computation would be over in a very
short time when using the maximum number of cores — not much fun if you are a novice in
supercomputing — you want to observe your eventual newly minted Pi2 or Pi3
supercomputer producing digital sweat by working hard. You can always remove this
artificial limitation (restrained mode) when you desire maximum computing power while
performing legitimate work. Feel free to experiment by commenting out the outer for
statement and replacing the inner for statement with for (i = rank + 1; i <= n; i
+= numprocs), where the value of n is the maximum number of iterations you entered at
the initial run of the code (don't forget to also comment out width =

1.0/ (double) total_itar, while uncommenting the statement immediately following).
You should now notice a substantial drop in computational time for 7.
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Note how the run time shrinks with the activation of additional threads, processes, and
cores. We now have undisputed evidence of the advantages of parallel processing. Be
audacious, and improve your coding skills by modifying your codes, or writing new codes
with other MPI functions listed on the websites provided in the introduction.

Now that you've had a taste of running MPI, lets now write and run three more exotic 7t
equations that were discovered by the famous mathematicians Euler, Leibniz, and
Nilakantha. Let's tackle first the Euler (Swiss mathematician, physicist, astronomer,
logician, and engineer) equation:

(X1

T il
6 Lak?
k=1

Copy or create the file using the; vim Euler.c command. Compile the file using mpicc
Euler.c -o Euler -1lm. The -1mlinks the math library header, <math.h>. Run the
program using; time mpiexec -n x Euler, where x is replaced by the number of
threads/cores you want to employ.

MPI Euler code

Here is the code for Euler:

Euler.c:

#include <mpi.h> // (Open)MPI library

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library

int main(int argc, char*argvl(])
{
int total_iter;
int n, rank, length,numprocs, i;
double sum, sum0O, rank_integral, A;
char hostname [MPI_MAX_PROCESSOR_NAME];

MPI_Init (&argc, &argv);// initiates MPI
MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire
number of processes
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MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire
current process id

MPI_Get_processor_name (hostname, &length);// acquire
hostname

if (rank == 0)

{
printf ("n");
printf('#######################################################")'
printf ("nn
printf("Master node name: %$sn", hostname);
printf ("n");
printf ("Enter the number of intervals:n");
printf ("n");

scanf ("%d", &n) ;

printf ("n");

// broadcast the number of iterations "n" in the

infinite series
MPI_Bcast (&n, 1, MPI_INT, 0O, MPI_COMM_WORLD) ;

// this loop increments the maximum number of
iterations, thus providing
// additional work for testing computational speed of
the processors
for(total_iter = 1; total_iter < n; total_iter++)
{
sumO0 = 0.0;
for(i = rank + 1; i <= total_iter; i += numprocs)
{
A = 1.0/ (double)pow(i,2);
sum0 += A;

rank_integral = sumO;// Partial sum for a given rank

// collect and add the partial sum0O values from all
processes

MPI_Reduce (&rank_integral, &sum, 1, MPI_DOUBLE,
MPI_SUM, O,

MPI_COMM_WORLD) ;

} // End of for(total_iter = 1; total_iter < n;
total_iter++)

if (rank == 0)

{
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printf ("nn");

printf ("*** Number of processes: %dn",numprocs);
printf ("nn");

printf (" Calculated pi = %.30fn", sgrt(6*sum));
printf (" M PI = %.30fn", M_PI);

printf (" Relative Error = %.30fn",

fabs (sqrt (6*sum) -M_PI));
}

// clean up, done with MPI
MPI_Finalize();

return 0;

}// End of int main (int argc, char*argv([])

Let's check out the code run for Euler now:

carlospg@gamma:~/Desktop$ time mpiexec -n 1 Euler
FHEFFE S F A AR AR R R R R
Master node name: gamma

Enter the number of intervals:

300000

**%* Number of processes: 1

Calculated pi 3.141589470484041246578499340103
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003183105751869419464128441

Real 3m51.168s

user 3m45.792s

sys O0m0.012s

carlospg@gamma:~/Desktop$ time mpiexec -n 2 Euler
SR i

Master node name: gamma

Enter the number of intervals:
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300000
*** Number of processes: 2
Calculated pi = 3.141589470484066115574250943610

M_PI = 3.141592653589793115997963468544
Relative Error 0.000003183105727000423712524935

real 2m0.190s

user 3mb55.128s

sys Om0.020s

carlospg@gamma:~/Desktop$ time mpiexec -n 3 Euler

ER o
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 3

Calculated pi = 3.141589470484025703456154587911
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003183105767412541808880633

real 1m32.108s

user 4m27.736s

sys Om0.01l6s

carlospg@gamma:~/Desktop$ time mpiexec -n 4 Euler

ER o
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 4
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3.141589470484047019738227390917
3.141592653589793115997963468544
0.000003183105746096259736077627

Calculated pi
M _PI
Relative Error

real 1ml14.463s
user 4mb51.544s
sys Om0.040s

The execution time drops as we bring more cores online.

Let's write and run Leibniz (German polymath, inventor of differential and integral calculus
along with Sir Isaac Newton, and philosopher):

n_1+1 1+1
4 3 5 7 9

T = - —_—
— 2kE+1

Copy or create the file using the command; vim Leibniz.c. Compile the file using; mpicc
Leibniz.c -o Leibniz -1m. The -1m links the math library header <math.h>. Run the
program using the command; time mpiexec -n x Leibniz, where x is replaced by the
number of threads/cores you want to employ.

MPI Leibniz code

The Gregory-Leibniz code is follows:

Leibniz.c:

#include <mpi.h> // (Open)MPI library

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library

int main(int argc, char*argvl(])
{
int total_iter;
int n, rank,length,numprocs;
double rank_sum,pi, sum,A;
unsignedlong i, k;
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char hostname [MPI_MAX_PROCESSOR_NAME] ;

MPI_Init (&argc, &argv); // initiates MPI

MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of processes
MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire current process id
MPI_Get_processor_name (hostname, &length);// acquire hostname

if (rank == 0)

{

o

(
(
(
printf ("Master node name: %$sn", hostname);
(
(
(
|

printf ("n");
scanf ("%d", &n) ;
printf ("n");

// broadcast the number of iterations "n" in the infinite series
MPI_Bcast (&n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus providing
// additional work for testing computational speed of the processors

for (total_iter = 1; total_iter < n; total_iter++)

{

sum = 0.0;

for(i = rank + 1; i <= total_iter; i += numprocs)
{

k = i-1;

A = (double)pow(-1,k)* 4.0/ (double) (2*k+1);

sum += A;

rank_sum = sum;// Partial sum for a given rank

// collect and add the partial sum values from all
processes

MPI_Reduce (&rank_sum, é&pi, 1, MPI_DOUBLE, MPI_SUM, O,
MPI_COMM_WORLD) ;

} // End of for(total_iter = 1; total_iter < n;
total_iter++)

if (rank == 0)
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printf ("nn");

printf ("*** Number of processes: %dn",numprocs);
printf ("nn");

printf (" Calculated pi = %.30fn", pi);

printf (" M PI = %.30fn", M_PI);

printf (" Relative Error = %.30fn", fabs(pi-M_PI));

}

// clean up, done with MPI
MPI_Finalize();

return 0;

}

Now, let's go through the code run for Gregory-Leibniz:
carlospgl@gamma: ~/Desktop$ time mpiexec -n 1 Gregory_Leibniz
FHEFFHEFF A AR F AR A R R R
Master node name: gamma
Enter the number of intervals:

300000

**%* Number of processes: 1

Calculated pi = 3.141595986934242024091190614854
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003333344448908093227146310

real 25ml13.914s

user 25m8.500s

sys Om0.012s

carlospgl@gamma: ~/Desktop$ time mpiexec -n 2 Gregory_Leibniz
SR i
Master node name: gamma

Enter the number of intervals:

300000
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*** Number of processes: 2

Calculated pi = 3.141595986933658934958657482639
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003333343865818960694014095

real 13mb5.893s

user 26m5.500s

sys Om0.052s

carlospg@gamma:~/Desktop$ time mpiexec -n 3 Gregory_Leibniz
ER o
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 3

Calculated pi = 3.141595986934202056062304109219
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003333344408940064340640674

real 8mb57.444s

user 26m46.880s

sys Om0.040s

carlospg@gamma:~/Desktop$ time mpiexec -n 4 Gregory_Leibniz
ER o
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 4
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Calculated pi = 3.141595986934321516059753776062
M_PI = 3.141592653589793115997963468544
Relative Error 0.000003333344528400061790307518

real 7ml14.118s
user 28m31.732s
sys Om0.116s

The execution time drops as we bring more cores online.

Let's now write and run Nilakantha (brilliant Indian mathematician and astronomer):

+ 4 4 + 4 4 +
2x3Ixd 4x5OxE 6xXTxd B8x9x10

m=3

Y (k+12 4
=3+ ;{_13' j({2k+2]{2k+3]{2k++]]

Copy or create the file using; vim Nilakantha.c command. Compile the file using mpicc
Nilakantha.c -o Nilakantha -1m. The -1mlinks the math library header, math.h
Run the program using; time mpiexec -n x Nilakantha, where x is replaced by the
number of threads/cores you want to employ.

MPI Nilakantha code

The code for Nilakantha is given as follows:

Nilakantha.c:

#include <mpi.h> // (Open)MPI library

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library

int main(int argc, char*argvl(])
{
int total_iter;
int n,rank,length,numprocs, i, k;
double sum, sum0O, rank_integral,A,B,C;
char hostname [MPI_MAX_PROCESSOR_NAME];

MPI_Init (&argc, &argv);// initiates MPI
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MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of processes
MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire current process id
MPI_Get_processor_name (hostname, &length);// acquire hostname

if (rank == 0)

{

)

(
(
(
printf ("Master node name: %sn", hostname);
(
(
(
Al

// broadcast to all processes, the number of segments you want
MPI_Bcast (&n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus providing
// additional work for testing computational speed of the processors
for (total_iter = 1; total_iter < n; total_iter++)

{

sumO0 = 0.0;
for(i = rank + 1; i <= total_iter; i += numprocs)
{

k = i-1;

A = (double)pow (-1,k+2);

B = 4.0/ (double) ((k+1)* (k+2)* (k+3));

C = A * B;

sum0 += C;

rank_integral = sumO;// Partial sum for a given rank

// collect and add the partial sumO values from all processes
MPI_Reduce (&rank_integral, &sum, 1, MPI_DOUBLE, MPI_SUM, O,
MPI_COMM_WORLD) ;

} // End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)

{
printf ("nn");
printf ("*** Number of processes: %dn",numprocs);
printf ("nn");
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printf (" Calculated pi = %.30fn", (3+sum));
printf (" M PI = %.30fn", M_PI);
printf (" Relative Error = %.30fn", fabs((3+sum)-M_PI));

}

// clean up, done with MPI
MPI_Finalize();

return 0;

}// End of int main (int argc, char*argv([])

Let's have a look at the code run for Nilakantha;

carlospg@gamma:~/Desktop$ time mpiexec -n 1 Nilakantha
FHEFFH S F AR A R R R
Master node name: gamma

Enter the number of intervals:

300000

**%* Number of processes: 1

Calculated pi 3.141448792732286499074234598083
M_PI = 3.141592653589793115997963468544
Relative Error 0.000143860857506616923728870461

real 24m37.130s

user 24m31.772s

sSys Om0.008s

carlospg@gamma:~/Desktop$ time mpiexec -n 2 Nilakantha

GEEE R

Master node name: gamma
Enter the number of intervals:

300000

*** Number of processes: 2
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Calculated pi 3.141448792732290939966333098710
M_PI = 3.141592653589793115997963468544
Relative Error 0.000143860857502176031630369835

real 12m36.831s

user 25m6.088s

sys Om0.008s

carlospg@gamma:~/Desktop$ time mpiexec -n 3 Nilakantha
ER
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 3

Calculated pi 3.141448792732290051787913398584
M_PI = 3.141592653589793115997963468544
Relative Error 0.000143860857503064210050069960

real 9m0.872s

user 26m30.512s

sys Om0.052s

carlospg@gamma:~/Desktop$ time mpiexec -n 4 Nilakantha
ER o
Master node name: gamma

Enter the number of intervals:

300000

*** Number of processes: 4

Calculated pi 3.141448792732288275431073998334
M_PI = 3.141592653589793115997963468544
Relative Error 0.000143860857504840566889470210
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real 6mb56.071s
user 27ml10.824s
sys Om0.052s

The execution time drops as we bring more cores online. A 4 GHz
processor generated the preceding run times. It is quite likely that your
run times will be different from that of the author's, depending on your
processor speed.

Now that you have sampled the extreme power that awaits you at your beck and call, let's
now proceed to build that much anticipated Pi2 or Pi3 supercomputer.

Summary

In this chapter, we learned how to download and install Ubuntu on the main PC. We wrote
and ran a simple serial 7= code on one core of your PC multi-core processor, and then wrote
and ran the first MPI code to call on the cores/processes in the multi-core processor in your
PC. Armed with this knowledge/technique, we wrote and ran the MPI code version of the
simple serial 7t code, and in the process learned how the for loop distributes the work/task
among the cores in the processor for attaining an ultimate solution. Finally, we employed
the MPI coding technique learned to generate the 7 values from the Euler, Leibniz, and
Nilakantha infinite series. In Chapter 3, Preparing the Initial Two Nodes, we will learn how to
prepare the initial two nodes of your Pi2 or Pi3 supercomputer.
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Building a multi-node Pi2 or Pi3 supercomputer requires configuring, initially, the first two
nodes (master and first slave). The slavel disk image (more on this later) can then be cloned
for producing any number of remaining slave nodes, as you expand the processing capacity
of the super stack. In the ensuing paragraphs, you will be presented with a list of parts. You
will learn about the origin of the Pi microcomputer and its technical specs. Additionally,
you will be instructed on how to configure the master Pi node, in preparation for
transferring the requisite test codes from the main PC to the master node, and finally, you
will configure the first slave node to create a two-node supercomputer.

In this chapter, you will learn about the following topics:

e The list of parts required for the Pi2 or Pi3 supercomputer
¢ The origin of the Pi microcomputer

The critical specs of the Pi processor

How to configure the master node

How to transfer the requisite codes to the master node from the main PC

How to configure the first slave node of the two-node Pi2 or Pi3 supercomputer

Listing of parts

You may acquire all or part of your supplies from Amazon, Adafruit, or any other online
hobby or electronic parts stores. However, the author built his supercomputer from parts
acquired exclusively from Amazon.
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The following is a list of things you will need to build your supercomputer:

Eight Raspberry Pi2 or Pi3 model B computers -> 8 x $39.99 = $319.92.

Addicore Raspberry Pi heatsink set of three aluminum heat sinks -> 8 x $4.95 =
$39.60.

Eight-pack, eight-color (3 feet long) Ethernet patch cables from cable matters -> 1
x $12.99 = $12.99.

Extra Ethernet patch cable for connection to the main PC.

Eight 16-GB SD cards from SanDisk or other, preloaded with NOOBS (optional,
can download from website). Purchase a 10-pack and save -> 1 x $49.43 = $49.43.
Four sets of stackable case (sidewinder) for Raspberry Pi2 model B from HDZ
concepts >4 x $15.98 = $63.92.

One Sabrent 60-watt (12-amp) 10-port family-sized desktop USB rapid charger ->
1x $37.99 =$37.99.

Eight Sabrent 22AWG premium 3ft micro USB cables; you might have to
purchase a six-pack and a three-pack -> 1 x $9.99 = $9.99.

One wireless Edimax EW-7811Un 150Mbps 11n Wi-Fi USB adapter -> 1 x $8.99 =
$8.99.

One HPE networking BTO JG536A#ABA 1910-8 managed switch -> 1 x $85.99 =
$85.99.

One extended Ethernet cable to connect to your router if it is not close to your
work area. The author had to purchase a 50-ft-long cable to reach his workstation
->1x$9.49 = $9.49.

One HI definition monitor with HDMI connector for connecting to the Raspberry
Pi2 board, for example, Sunfounder 7'HD 1024*600 TFT LCD screen display -> 1 x
$59.99 = $59.99.

One C2G/cables to go 43036 4-inch cable ties — 100 pack (black) -> 1 x $3.07 =
$3.07.

One Amazon basics high-speed HDMI cable — 3 feet (latest standard) -> 1 x $4.99
=$4.99.

One Rii Mini K12 keyboard, Fig. 42, or alternatively, one Anker CB310 full-size
ergonomic wireless keyboard and mouse combo ->1 x $39.99 = $39.99.
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The Pi2/Pi3 computer

The Raspberry Pi2 model B (see the following figure) has a few siblings. Some are less
capable than the Pi2, and others, such as the newer Pi3, have greater capability in terms of
processing power. However, in the following endeavor, the author used the Pi2, even
though he could have used the Pi3 (the Pi3 is discussed in the latter sections of chapter g,
Testing the Super Cluster). The Pi technology was invented in the United Kingdom in
February 2012. The device is the progeny of an idea — conceived at the Raspberry Pi
foundation - that places of learning around the UK should be equipped to teach individuals
the basics of computer science. The low-cost technology quickly gained popularity in
England, and subsequently in the US. Contributing affirmatively to the device's rapid
acceptance is its use of an opensource Linux-based operating system. The Linux OS is a
boon to tech geeks around the world, who are now using this Pi microcomputer in ways
that were never imagined by its developers, such as the supercomputer that you will be
constructing shortly. You may visit the Raspberry <ie>Pi</ie> website,
https://www.raspberrypi.org, to see a myriad of other ways in which this capable little
device can be used. Additional technical details about the Pi2 may also be gleaned from the
Adafruit links https://cdn-shop.adafruit.com/pdfs/raspberrypi2modelb.pdf

and https://cdn-learn.adafruit.com/downloads/pdf/introducing-the-raspberry-pi-2
-model-b.pdf, and the Pi organization website,
https://www.raspberrypi.org/products/raspberry-pi-2-model-b/.

The following figure depicts the top view of the Raspberry Pi2 showing the aluminum
cooling fins affixed to the Ethernet controller microchip, and the larger broadcom Central
Processing Unit (CPU) microchip:

Raspberry Pi2 model B, top view
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The following figure depicts the bottom view of the Raspberry Pi2; note the SD card in its
holder/slot located at the center-left of the PC board, and the RAM chip (square black
component) located at the approximate center of the board:
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Raspberry Pi2 model B, bottom view

The Pi2 B has a four-core CPU, capable of running one processing thread per core, and 1 GB
of Random Access Memory (RAM), located approximately at the center of the bottom of
the board. Each CPU core operates at 900 MHz clock speed, that is, the processor executes at
900,000,000 Cycles Per Second (CPS) (the relationship between CPS and Floating Point

Operations Per Second (FLOPS) can be gleaned from the websites
https://en.wikipedia.org/wiki/FLOPS

and https://www.quora. com/How—do—you—convert—GHz—to—FLOPS). Nevertheless, you can
overclock the Pi2 (not the Pi3, its clock speed is fixed at 1.2 GHz) to operate at 1 GHz (you
will be instructed on how to accomplish this speed upgrade later). This higher overclocked
processing speed will produce an elevated temperature within the CPU. You can, however,
mitigate this heating issue by simply attaching cooling fins to the surface of the chips, and
thereby extending the life of the processor. The fins can be purchased from Amazon,
Adafruit, or any other online store that sells the Pi boards. It should be noted that, for the
pending effort, the more advanced, and slightly less expensive Pi3, https://www.raspberr
ypi.org/products/raspberry-pi-3-model-b/, could have been substituted for the Pi2.
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Preparing the Initial Two Nodes

Project overview

For this project, you will perform the following steps:

1.
2.

3.

You will initially configure a Pi2 or Pi3 (one-node), four-core supercomputer.

You will then command (using OpenMPI) all four cores to simultaneously solve
the simple 7T equations discussed previously.

You will then proceed to assemble a two-node Pi2 or Pi3, 8-core supercomputer,
which you will configure to operate in parallel with each other, and again, run
said 7T programs using all eight cores.

Finally, you will construct an eight-node Pi2 or Pi3, 32- or 64-core supercomputer,
which you will then command to rapidly crunch and smash through substantial
equations (see equations in the aAppendix). Some of these equations require as
few as two iterations, while others require hundreds or thousands, and millions
of iterations to produce an excellent approximate 7T value. You will, indeed, be
delighted at observing the gradual reduction in processing time, as you
successively bring online increasing numbers of cores (1 to 32 or 64) to assist with
solving the complex calculations. The following sections discuss the construction
and configuration of an eight-node Pi2 or Pi3 supercomputer.

Super stack assembly

Let's have a look at the hardware we would be using to assemble the super cluster. First up
are the aluminum cooling fins used to cool the microchips on the Pi computer:

Aluminium cooling fins (eight sets needed)
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Next, we see two Pi3s secured in the stackable case as it should appear in your two-node
supercomputer. You will expand on this as you build the 8 or 16-node supercomputer:

Sidewinder stackable case with Pi2/3 secured
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The following are the figures of the Ethernet color-coded cables that you will be using to
connect your cluster to the network switch:

Cable Matters 8-Color Combo, Cat5e Snagless Ethernet Patch Cable 3 Feet.

The following is the Sabrent 60 Watts 10-port USB rapid charger you will be using to power
your super cluster:

Sabrent 60 Watts (12 Amp) 10-Port Family-Sized Desktop USB Rapid Charger
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The following is the HPE BTO JG536A#ABA1910-8 managed network switch for connecting
the nodes in your supercomputer:

HPE Networking BTO JG536A#ABA1910-8 managed switch

The following figure is that of the Rii mini K12 stainless steel cover wireless keyboard for
use with the super cluster; you may use any other keyboard, if that is your desire:

Rii Mini K12 Stainless Steel Cover Wireless Keyboard with wireless adapter
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The following is the figure of the eight-node fully assembled Pi2 or Pi3 supercomputer:

The completely assembled Pi2 or Pi3 super cluster

Carefully unpack and assemble the hardware as depicted in the assembled Pi2 or Pi3 super
cluster figure:

1. Install Ubuntu on the main PC with the option to access Windows OS.

2. Affix aluminum cooling fins to the broadcom CPU on all Pi2 or Pi3s.

3. Construct the Pi2 or Pi3 tower. It is pretty straightforward; see the preceding
figure.

4. Connect the color-coded Ethernet cables between the eight-input port on the
network switch and the Pi2 or Pi3s.

5. Connect the HDMI cable between the designated master Pi2 or Pi3, and the
HDMI monitor.

6. Label and connect the eight power micro USB cables to the Pi2 or Pi3s. The socket
is on the same side as the HDMI socket. Observe the master Pi2 located at the
top-right corner in the preceding tower.

7. Connect only the master Pi2 or Pi3 micro USB cable to the 60 Watts (2 Amp) USB
rapid charger.

8. Connect the extra Ethernet cable between the main PC and the network switch
(see following chapter 4, Static IP Address and Hosts File Setup).

[71]



Preparing the Initial Two Nodes

9. Insert an SD card with NOOBS preinstalled into the master Pi2 or Pi3. Label side

facing outward.

10. Connect the extended Ethernet cable between the network switch and router
(see chapter 4, Static IP Address and Hosts File Setup).

11. Power up and plug in the network switch and the rapid charger; only the master
Pi2 or Pi3 is energized.

12. Select only the Raspbian (see aAppendix) option and then click install. Installation
takes several minutes.

Preparing the master node

During bootup, select the US or (whatever country you reside in) keyboard option located
at the middle-bottom of the screen. After bootup completes, start with the following
screenshot. Click on Menu, and then Preferences. Select Raspberry Pi configuration (see
the following screenshot):

DL EIS
@ Programming >
® orice »
@ Internet &
g Games >
Qﬁ% Accessories >
? Graphics >

@- Help »

T

(;u) Shutdown

Add / Remove Software

_; Appearance Settings

Run

A

‘l%! Audio Device Settings
o:g Keyboard and Mouse
afl

ain Menu Editor

pberry Pi Configuration

Menu options
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The System tab appears (see the following screenshot). Type in a suitable Hostname for
your master Pi. Auto login is already checked:

System tab

Go ahead and Change Password to your preference (see the following screenshot):

System
Filesystem:
Password:
Hostname: [MSIO I
Boot: ® To Desktop © To CLI
Aute login: " Login as user pi’
Metwork at Boot: Wait for network
Splash Screen: * Enable Disable
Overscan: = Enable Disable

Cancel QK

Change password
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Select the Interfaces tab (see the following screenshot). Click Enable on all options,
especially Secure Shell (SSH), as you will be remotely logging into the Pi2 or Pi3 from your
main PC. The other options are enabled for convenience, as you may be using the Pi2 or Pi3
in other projects outside of supercomputing;:

Interfaces

Camera: (=) Enable © Disable
| SSH: (=} Enable

O Disable
VNC: OfF Enable remote access to this Pi via SSH_J
SPI: (=) Enable ) Disable i

12C: *) Enable ) Disable
| Serial: *) Enable Disable
1-Wire: *) Enable Disahle
Remote GPIO: * Enable Disable

Cancel 0K

Interface options

The next important step is to boost the processing speed from 900MHz to 1000 MHz or 1
GHz (this option is only available on the Pi2). Click on the Performance tab (see the
following screenshot) and select 1000MHz. You are indeed building a supercomputer, so
you need to muster all the available computing muscle. Leave the GPU Memory as it is
(default). The author used a 32 GB SD card in the master Pi2, hence the 128 MB default
setting:
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Performance overclock option

Changing the processor clock speed requires reboot of the Pi2. Go ahead and click the Yes
button. After reboot, the next step is to update and upgrade the Pi2 or Pi3 software. Go
ahead and click on the Terminal icon located at the top left of the Pi2 or Pi3 monitor (see the
following screenshot):

Terminal icon
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After the Terminal window appears, enter sudo apt-get update at the $ prompt (see the
following screenshot):

Terminal screen

This update process takes several minutes. After the update concludes, enter sudo apt-
get upgrade; again, this upgrade process takes several minutes. At the completion of the
upgrade, enter at the $ prompt each of the following commands:

e sudo apt-get install build-essential

e sudo apt—-get install manpages-dev

e sudo apt-get install gfortran

e sudo apt—-get install nfs-common

e sudo apt—-get install nfs-kernel-server
e sudo apt—-get install vim

e sudo apt—-get install openmpi-bin

e sudo apt—-get install libopenmpi-dev

e sudo apt—-get install openmpi-doc

e sudo apt—-get install keychain

e sudo apt-get install nmap
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These updates and installs will allow you to edit (vim) and run Fortran, C, MPI codes, and
allow you to manipulate and further configure your master Pi2 or Pi3. We will now transfer
codes from the main PC to the master Pi2 or Pi3.

Transferring the code

The next step is to transfer your codes from the main PC to the master Pi2 or Pi3, after
which you will again compile and run the codes, much like you did earlier. But before we
proceed, you need to ascertain the IP address of the master Pi2 or Pi3. Go ahead and enter
the i fconfig command, in the Pi terminal window (see the following screenshot):

1fconfig
Link encap:Ethernet Hwaddr b8:27:eb:8l:e5:7d
inet addr:192.168.0.9 Bcast:192.168.0.255 Mask:255.255.255.0
inet6 addr: fes0::bae3:6ed4:8bbd:ca91/64 Scope:lLink
UP BROADCAST RUNNING MULTICAST MTU:1500 Metric:l
RX packets:7274 errors:0 dropped:94 overruns:0 frame:0
TX packets:2002 errors:0 dropped:0 overruns:0 carrier:0
collisions:0 txqueuelen:1000
RX bytes:616143 (601.7 KiB) TX bytes:210156 (205.2 KiB)

Link encap:Local Loopback

inet addr:127.0.0.1 Mask:255.0.0.0

inet6 addr: ::1/128 Scope:Host

UP LOOPBACK RUNNING MTU:65536 Metric:l

RX packets:214 errors:0 dropped:0 overruns:0 frame:0
TX packets:214 errors:0 dropped:0 overruns:0 carrier:0
collisions:0 txqueuelen:1

RX bytes:17356 (16.9 KiB) TX bytes:17356 (16.9 KiB)

pigMste: [ ]

IP address

The author's Pi2 IP address is 192.168.0. 9 (see the second line of the
displayed text). The MAC addressis b8:27:eb:81:e5:7d (see the first
line of the displayed text), and the net mask addressis 255.255.255.0.
Write down these numbers, as they will be needed later when configuring
the Pis and switch.
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Your IP address may be similar, possibly except for the last two highlighted numbers
depicted earlier. Return to your main PC, and list the contents in the code folder located in
the Desktop directory; that is, type and enter 1s -1a. The list of the folder content is
displayed. You can now Secure File Transfer Protocol (SFTP) your codes to your master Pi.
Note the example in the following screenshot. The author's processor name is gamma in the

Ubuntu/Linux environment:

If you are not in the correct code folder, change the directory by typing cd Desktop,
followed by the path to your code files. The author's files are stored in the Book_b folder.
The requisite files are highlighted in red (see the preceding screenshot). At the $ prompt,
enter sftp pi@192.168.0.9, using, of course, your own Pi IP address following the

@ character.

~$ cd Desktop/PI_Paper/Master_Pi2/Book_b
+/Desktop/PI_Paper/Master_Pi2/Book_b$ Is -la

carlospg@gamma:
carlospg@gamma:
total 292
drwxrwxr-x 2 carlospg carlospg 4096 Sep 18 19:21 .

drwxrwxr-x 5 carlospg carlospg 4096 Sep 18 19:20 ..

-rwxrwxr-x 1 carlospg carlospg 8944 Sep 18 11:42 call-procs
-TW-TW=-I-~ 1 carlospg caﬂospg 10869 Sep 18 18 38 ca].l-pmcs a.odt

rwerwr 1 carlospg Carlospg 10953 Sep 18 09> 6 ca]l pmcs c.odt
-rw-rw-T-- 1 carlospg carlospg 10958 Sep 18 11:53 call-procs_d.odt
-rw-rw-1-- 1 carlospg carlospg 15909 Sep 18 13:34 call-procs_e.odt
-rw-rw-T-- 1 carlospg carlospg 13163 Sep 18 11:38 call-procs.odt
-rwXrwxr-x 1 carlospg carlospg 8656 Sep 18 18:01 C_PI
-rw-rw-T-- 1 carlospg carlospg 660 Sep 18 18:10 C_Pl.c
-rw-rw-1-- 1 carlospg carlospg 12825 Sep 18 12:29 C_PLodt
-rw-Tw-1-- 1 carlospg carlospg 10598 Sep 17 20:52 hosts3.odt
-rwxrwxr-x 1 carlospg carlospg 13400 Sep 12 16:23 MPI_06
-rw-rw-I-- 1 carlospg carlospg 1751 Sep 12 17:12 MPI_06.c
-rwxrwxr-x 1 carlospg carlospg 13400 Sep 17 17:40 MPI_07
-rw-rw-T-- 1 carlospg carlospg 1938 Sep 17 17:39 MPI_07.c
-rwxrwxr-x 1 carlospg carlospg 13400 Sep 17 19:30 MPI1_08
-rwxrwxr-x 1 carlospg carlospg 13408 Sep 18 10:52 MPI 08_b
-rw-rw-I-- 1 carlospg carlospg 2464 Sep 18 10:49 MPI_08_b.c
-TW-Tw-r-- 1 carlospg carlospg 19789 Sep 18 11:09 MPI_Ome.och
-rw-rw-I-- 1 carlospg carlospg 2406 Sep 17 19:33 MPI_08.c
-rw-rw-I-- 1 carlospg carlospg 13266 Sep 18 18:57 Pi_run_a.odt
-rw-rw-I-- 1 carlospg carlospg 13445 Sep 18 19:01 Pi_run_b.odt
-rw-rw-I-- 1 carlospg carlospg 10272 Sep 18 19:11 Pi_run_c.odt
-IW-TW-] r—— 1 ca.rlospg carlospg 12022 Sep 18 14:11 Pi_run.odt
: Deskmp,P} Paper/Master_Pi2/Book_b$ sftp pi@19.
ord:

Comnected to 192. 168.0.9.

sftp> put MPI_08_b.c
Uploading MPIMDBWb,c to /home/pi/MP]_08_b.c
MPI_08_b.c 100% 2464 2.4KB/s 00:00

11; 1t

carlospg@gamma:~/Desktop/PI_Paper/Master_Pi2/Book_b$

exit

168.0.

9
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You will be prompted for a password. Enter the password for your Pi. At the

sftp> prompt, enter put MPI_08_b.c., again replacing the author's filename with your
own, if so desired. Go ahead and sftp the other files also. Next, enter exit. You should
now be back at your code folder (see the preceding screenshot).

Now, here comes the fun part. You will, from here onward, communicate remotely with
your Pi from your main PC, much like the way hackers do to remote computers. So go
ahead now and log into your master Pi. Enter ssh pi@192.168.09 at the s prompt, and
enter your password. Now do a listing of the files in the home directory; enter 1s -1a (see
the following screenshot):

$ cd Desktop/PI_Paper/Master_Pi2/Book_b
carlosy :~/Desktop/P1_Paper/Master_Pi2/Book_b$ ssh pi@192.168.0.9
pi@192 .168.0.9's password:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /usr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.

Last login: Wed Sep 21 08:52:42 2016

pi@Mst0:~ $ Is -la
total 272
drwxr-xr-x 18 pi pi 4096 Sep 21 12:57 .
drwxr-xr-x 4 root root 4096 Sep 5 00:46 ..
sw-r--r— 1pi pi 69 Sep 4 22:20 .asoundrc
-Tw- 1pi pi 10040 Sep 21 12:55 .bash_history
-rw-r--r-- 1pi pi 220 May 27 07:09 .bash_logout
-rw-r-r— 1pi pi 3512 May 27 07:09 .bashrc
drwxr-xr-x 6pi pi 4096 May 27 07:50 .cache
-rwxr-xr-x 1pi pi 8944 Sep 21 12:52 cale-pi
-Twxr-xr-X 1pi pi 8944 Sep 7 15:21 calc-pil
TW-——— 1pi pi 2188 Sep 7 15:15 calc-pil.c
-TWXI-XI-X 1pi pi 8944 Sep 8 19:04 calc-pi2
1pi pi 2188 Sep 9 17:13 calc-pi2.c
1pi pi 2251 Sep 12 22:37 cale-pi.c
x 1pi pi 6956 Sep 4 23:19 call-procs

-rw-r--r-- 1pi pi 747 Sep 18 11:46 call-procs.c

drwxr-xr-x 9pi pi 4096 Sep 4 22:22 .config

-rwxr-xr-x 1pi pi 6664 Sep 15 20:04 C_PI

w-r--I-- 1pi pi 530 Sep 15 20:04 C_Pl.c

drwx------ 3 pi pi 4096 May 27 07:50 .dbus

drwxr-xr-x 2pi pi 4096 May 27 07:40 Desktop

drwxr-xr-x 5pi pi 4096 Sep 4 22:09 Documents

drwxr-xr-x 2pi pi 4096 May 27 07:50 Downloads

drwxr-xr-x 2pi pi 4096 Sep 4 22:18 .gstreamer-0.10

drwxr-xr-x 3pi pi 4096 Sep 4 22:09 .local

-Twr--r—- 1pi pi 2254 Sep 11 13:28 MPI_03.c

-rwXr-Xr-x 1pi pi 9128 Sep 11 15:25 MPI_04

-Tw-r--T-- 1pi pi 1643 Sep 11 15:17 MPI_04.c

-rwxr-xr-x 1pi pi 9128 Sep 15 16:28 MP1_06
-rw-r--r-- 1pi pi 1751 Sep 12 17:14 MPI_06.c

-TWXI-XI-X 1 p1 pi 9128 Sep 17 19:58 MPI 08

rwxr-xr-x 1 pi ,u 2 } t
rw-r--r-- 1pi pi .C
-rw-r--1-- 1 pi pi 2406 Sep 17 19 34 MPI _08.c
drwxr-xr-x 2pi pi 4096 May 27 07:50 Music
-rw-r-r-- 1pi pi 50 Sep 18 15:18 ntwk_rst.sh
drwxr-xr-x 2pi pi 4096 May 27 07:50 Pictures
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-tw-r-r-- 1pi pi 675 May 27 07:09 .profile
drwxr-xr-x 2pi pi 4096 May 27 07:50 Public
drwxr-xr-x 2pi pi 4096 Sep 4 22:09 python_games
-Tw-r--r-- 1pi pi 183 Sep 17 23:05 reboot.sh
-rw-r--r-- 1rootroot 239 Sep 17 23:05 shutdown.sh
drwx-—-- 2pi pi 4096 Sep 500:15 .ssh
<rw-r--r-- 1pi pi 77 Sep 17 23:06 ssh.sh
drwxr-xr-x 2pi pi 4096 May 27 07:50 Templates
drwxr-xr-x 3pi pi 4096 Sep 4 22:09 .themes
drwxr-xr-x 2pi pi 4096 May 27 07:50 Videos
srwe---=-- 1pi pi 3997 Sep 21 12:54 .viminfo

- 1pi pi 105 Sep 21 08:52 .Xauthority

-rw-——--- 1pi pi 353 Sep 21 08:52 .xsession-errors
-TW-mmm 1pi pi 353 Sep 21 01:22 xsession-errors.old
pi@Mst0:~ $

You should see the files (like the files shown in the preceding screenshot) in your home
directory that you recently sftp over from your main PC. You can now roam around freely
inside your Pi, and see what secret data can be stolen-never mind, I'm getting a little carried
away here.

Go ahead and compile the requisite files, call-procs.c, C_PI.cand MPI_08_b.c, by
entering thempicc [file name.c] -o [file name] -1mcommand in each case. The -
1m extension is required when compiling C files containing the math header file <math.h>,
such as those example C files in later chapters of this book. Execute the call-procs file, or
the filename you created, using the mpiexec -n 1 call-procs command. After the first
execution, use a different process number in each subsequent execution. Your run should
approximate to the following ones depicted. Note that because of the multithreaded nature
of the program, the number of processes execute in random order, and there is clearly no
dependence on one another:

pi@Mst0:~ $ mpiexec -n 1 call-procs
Calling process 0 out of 1 on Mst0
pi@Mst0:~ $ mpiexec -n 2 call-procs
Calling process 0 out of 2 on Mst0
Calling process 1 out of 2 on Mst0
pi@Mst0:~ $ mpiexec -n 3 call-procs
Calling process 2 out of 3 on Mst0
Calling process 0 out of 3 on Mst0
Calling process 1 out of 3 on Mst0
pi@Mst0:~ $ mpie 14 pr
Calling process 0 out of 4 on Mst0
Calling process 3 out of 4 on Mst0
Calling process 1 out of 4 on Mst0
Calling process 2 out of 4 on Mst0
pi@Mst0:~ $

ToC
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From here onward, the run data was from a Pi2 computer. The Pi3
computer will give a faster runtime (its processor clock speed is 1.2 GHz,
as compared to the Pi2, which has an overclocked speed of 1 GHz).

Execute the serial 7T code C_P1, as depicted in the following screenshot:

pi@Mst0;~ $ time mpiexec C_PI

Calculated Pi = 3.1415926535906125
M_PI = 3.1415926535897931
Relative error = 0.0000000000008193

real 0m0.177s
user 0m0.080s
sys  0m0.080s
pi@Mst0:~ $

Execute the MPI 7T code MPI_08_b, as depicted in the following screenshot:

pi@Mst0:~ $ time mpiexec -n 4 MPI_08_b

S L L L L )
Master node name: Mst0

Enter the number of intervals:

300000

*** Number of processes: 4

Calculated pi = 3.1415926535907128
M_PI = 3.1415926535897931
Relative Error = 0.0000000000009197

real 16m35.140s
user 63m3.610s
sys  0m2.630s
pi@Mst0:~ $
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The difference in execution time between the four cores on gamma
(0m59.076s), and the four cores on Mst0, is that each core in gamma is
running at 4 GHz, while each core in MstO0 is running at 1 GHz. Core
clock speed matters.

Preparing the slave node

You will now prepare/configure the first slave node of your supercomputer. Switch the
HDMI monitor cable from the master Pi to the slave Pi. Check to see whether the SD
NOOBS/Raspbian card is inserted in the drive. Label side should face outward. The drive is
spring-loaded, so you must gently insert the card. To remove the card, apply a gentle
inward pressure to unlock the card. Insert the slave power cord into a USB power slot
adjacent the master Pi, in the rapid charger. Follow the same procedure outlined previously
for installing, updating, and upgrading the Raspbian OS on the master Pj, this time naming
the slave node S1v1, or any other name you desire.

Note that the author suggests that you use the same password for all the Pi2s or Pi3s in the
cluster, as it simplifies the configuration procedure.

At the completion of the update, upgrade, and installation, acquire the IP address of the
slavel Pi, as you will be remotely logging into it. Use the i fconfig command to obtain its
IP address. Return to your main PC, and use sftp to transfer the requisite files from your
main computer — much like you did for the master Pi2. Compile the transferred . c files.
Test/run the codes as discussed earlier. You are now ready to configure the master Pi and
slave Pi for communication between themselves and the main PC.

Summary

In this chapter, a list of parts for your Pi2 or Pi3 supercomputer was presented. We then
proceeded to learn about the genesis of the Pi microcomputer, and its all-important
technical specs. Next, we configured the master node, and subsequently transferred the
requisite codes from the main PC to the master node. Finally, the slavel node was
configured to create an initial two-node Pi supercomputer. In chapter 4, Static IP Address
and Hosts File Setup, we will learn how to set up the static IP address and hosts file on the
master and slavel nodes.
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Static IP Address and Hosts
File Setup

Some network switches don't allow the connected computers to set their own static IP
address if they are using a dynamic configuration, so in that case we should reconfigure the
switch and set up the static IP addresses of the nodes in the switch ourselves. Stable
operation of the supercomputer requires that the IP address in the Pi nodes and on the
switch remain unchanged during normal operation. Otherwise, the nodes will be unable to
communicate with each other, thus making the supercomputer's performance less than
optimal. This configuration procedure is accompanied by the setup of the hosts file.

In this chapter, you will learn how to do the following:

¢ Configure the static IP address of the master and slavel Pi
¢ Configure the static IP address of the network switch
e Set up the hosts file
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Configuring static IP address of the master
Pi

Note the IP address for the master (Mst 0) and slave (S1v1) Pi by using the i fconfig
command discussed in chapter 3, Preparing the Initial Two Nodes. Go ahead and ssh into

the master node from the main PC, and edit the network interfaces file. Enter sudo vim
/etc/network/interfaces. The editor opens the file, displaying the following contents:

# interfaces(5) file used by ifup(8) and ifdown(8)

# Please note that this file is written to be used with dhcped
# For static IP, consult /et¢/dhepced.conf and 'man dheped.conff

# Include files from /etc/metwork/interfaces.d:
source-directory /etc/network/interfaces.d

auto lo
iface lo inet loopback

# iface ethQ inet manual

allow-hotplug wlan0
iface wlan0 inet manual
wpa-conf /etc/wpa_supplicant/wpa_supplicant.conf

allow-hotplug wlanl
iface wlan1 inet manual
‘wpa-conf /etc/wpa_supplicant/wpa_supplicant.conf

Insert the text highlighted in red; note the IP address and netmask address. These were
ascertained earlier. The text iface etho inet manuel is commented out with #, and
replaced with iface eth0 inet static;underneath thatis the master Pi IP address, and
next to that is the netmask address. Save the changes by entering Esc : wg, that is, colon wgq,
(colon ( : ), write (w ), and quit (q)). You should now be back at the pi@Mst0:~ $ prompt.
You now want to restart the network interface by entering, at the $ prompt, the sudo
/etc/init.d/networking restart command. Repeat the same procedure for the slave
(slv1) node, updating appropriately its IP address in the interfaces file. The following
narrative walks you through the process of setting the static IP addresses in the switch.
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Configuring a network switch static IP
address

Some network switches don't allow the connected computers to set their own static IP
address if they are using a dynamic configuration, so in that case we should proceed to the
switch's configuration and set up the static IP addresses ourselves. The following procedure
relates to the HP 1910-8 managed switch from your parts list. First, remove your router's
Ethernet cable from the switch (see the following figure); otherwise, you will be prompted
(during attempted login to the switch) for your router's login information:

Router Ethernet cable

Next, connect the other end of the switch's Ethernet cable to the main PC USB port (see the
following figure). This special cable is supplied with the switch:

Switch Ethernet cable
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The following figure shows the extra Ethernet patch cable extending from the main PC
Ethernet port, and connecting to the switch's Ethernet port used for communicating with
the Pis:

Main PC Ethernet cable

Unplug the switch's power cord for a couple of seconds, and then reinsert the plug. This
action causes the switch to reboot. The reboot will last approximately 2 minutes, as the
switch learns/generates the MAC addresses of the two Pis, and allows access to the switch's
configuration window. Once the switch comes back online (as indicated by the green
blinking LED lights on the front panel), go back to your main computer, and open a web
browser (in the Windows environment) of your preference. Enter the switch's IP address in
the browser (consult the user's manual for the login IP address for your device; the author's
switch's IP address was 169.254.76.230). Upon entering the IP address, a login window
appears. Enter admin for the username, and then type the password shown on the right
side of the input field.

The password changes each time you log in to the switch.

You now have access to the switch's configuration window depicted in the following
screenshot. Click on the Network tab. You are now presented with a drop-down menu.
Click on the MAC tab. This opens a window similar in appearance to the screenshot. The
screenshot shows the MAC address settings of the author's eight Pis in his Pi2 super cluster.
Initially, the addresses were learned, and designated dynamic. You should convert these
addresses to the static setting.
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You achieve this by clicking on the Add button and then filling in the appropriate fields to
make each address static. At this point, however, you will see only two MAC addresses, as
you have not yet powered up the remaining six Pi2s or Pi3s for their MAC address to be
learned:

172016 HP 1910-8 Switch Software Version Release 1111

Hp Setup
* Wizard MAC ¥ | Search | Advanced Search
® Stack
= oy MAC VLAN ID Type Port Operafion
b827-eb81-e57d 1 Configstatic  Ethemet1/0M i |
Device b827-eboB-a5ed 1 Configstatic  Ethemet1/0/2 a
Network b827-ebed-4d8d 1 Config static Etherneti/0/3 i |
VLAN b827-eb8a-02d3 1 Config static Ethernet1/0/4 J
VLAN Inter! b827-ebde-4b5b 1 Config static Ethernet1/0/5 i |
Voice VLAN b827-eb07-a4bb 1 Configstatic ~ Ethemnet1/0/6 i |
b827-eb79-18a0 1 Configstatc  Ethemet1/0/7 i |
MSTP b827-eb43-6c1f 1 Configsiatic  Ethemet1/0/8 i |
Link Aggrec 8c5c-Bed3-11ec 1 Configstatc  GigabitEthemet1/0/8 hi |
LACP @records, 15 ¥ perpage | page 111, record 1-9| F Next 1 GO
LLDP Add Refresh Del Selected
ARP Manag
ARP Anti-At
IGMP Snooj
MLD Snoop
IPv4 Routin
IPv6 Routin
DHCP
Service
Diagnostic *

Authentication
Security
QoS

Copyright © 2010-2015 Hewlett-Packard Development Comparny, [P,
hilp:/1189.264.78.230 wcniramerx "

The next step is to type in the static IP address associated with the static MAC address.
Move down the menu to ARP Managed, select this tab. A window appears allowing you
access to the IP settings.
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Again, click on the Add button, and fill in the appropriate fields for making the address
static. Save these settings by clicking on the Save link at the top-right-hand side of the web
page. Wait a few moments while the information is being saved, then click on the Logout
link. If you encounter difficulties, contact HP customer service. They will be more than
happy to assist you:

172016 HP 1910-8 Switch Software Version Release 1111
Network = ARP Manapement Save | Help | Logout
HP Gratuitous ARP
*
Wizard IP Address ¥  Search | Advanced Search
? Stack
IP Address MAC Address ~ VLANID Port Type  Operation
# Summary
e 169.254.20207  9cSc-Bed3-1lec 1 GigabifEthernet! 0 Static R |
Device 192.168.0.8 bs27-ebB1-e57d 1 Ethernet1/0/1 Static o2l |
Network 192.168.0.10 bB27-eb98-a5¢8 1 Ethemet1/0/2 Static g ]
VLAN 192.168.0.18 bB27-ebed-4dsd 1 Ethernet1/0/3 Static [ ]
VLAN Interi 192.168.0.20 b827-eb8a-02d3 1 Ethemst1/0/4 Static 20
Voice VLAN |/ 182.168.0.22 bB27-ebde-dbsb 1 Ethemet1/0/5 Static i |
MAC 192.168.0.24 b827-eb07-adbb 1 Ethemet1/0/8 Static 20
MSTP 192,168,0.25 b827-eb79-18a0 1 Etheret1/0/7 Static [0 |
< 192.168.0.26 b827-eb43-9c1f 1 Ethernet1/0/8 Static £ {
Link Aggrec L
LACP 9 records, 15 ¥ per page | page 1/, record 1-8| F rev Next Last 1 GO
LLDP Add Del Selected Delete Static and Dynamic Delete Static Delete Dynamic
! Refresh
ARP Anti-At
IGMP Snooj
MLD Snoop
IPv4 Routin
IPv6 Routin
DHCP
Service
Diagnostic
Authentication
Security
QoS
2 -
Copyright © 2010-2015 Hewlet-Packard Development Company, L.P.
hitip:fi168.254. 76. 230 wenframed x n
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Close the browser and unplug the switch's power cord. Re-insert the router's Ethernet cable
into the switch, and disconnect the switch's Ethernet cable from the main PC. Re-insert the
switch's power cord. This will reboot the switch, which takes a few minutes. We are now
poised for some intense geeking. Okay, so return now to your main PC, and check that your
Pis are still alive. Open the terminal window in the Linux environment, and enter ping
192.168.0.9 (or your equivalent master IP address) to see whether the master Pi
responds. If it is still alive, you should see a series of statements, as shown in the following
screenshot. Terminate the ping run by entering Ctrl+C. Do this also for the slave Pi:

| * . GalLprocs F.pdF Is-la10b.pdf
“Current Desktop : :

w B

Pi_run_d.odt ls datocodt: !

O™ carlospg@gamma: ~

carlospg@gamma:~$ ping 192.168.0.9 s

PING 192.168.0.9 (192.168.0.9) 56(84) bytes of data.
' 64 bytes from 192.168 cmp_seq=1 ttl=64 time=0.345 ms
i 64 bytes from 192.

MPI_Examples_01 64 bytes from 192. i

. \ 64 bytes from 192. i ttl=64

: \ 64 bytes from 192. & ttl=64

' 64 bytes from 192. i ttl=64

. ;L 64 bytes from 192 | ttl=64
MPI_Examples\ 02 - 64 bytes from 192. cmp_seq=8 ttl=64 time=0.
\\ 64 bytes from 192. cnp_seq=9 ttl=64 tim

Master document

64 bytes from 192. cmp_seq=10 ttl=64 tii

; 64 bytes from 192. cmp_seq=11 ttl=64 ti

64 bytes from 192. cmp_seq=12 ttl=64 ti

pdf \ 64 bytes from 192. cmp_seq=13 ttl=64 ti
64 bytes from 192.
64 bytes from 192.
64 bytes from 192.

Pi_Supercomputer

. ,5€an0007.jpg call-procs_g.pdf

Slave documen

Ping responses displayed in terminal window

=}
B
£
B.
%
a
ﬁ
ﬁ
[

l.
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Once you have determined that the Pis are alive, ssh pi@192.168.0.9 into the master Pi
node. Once you are in the master node, ssh into the slave Pi node using the command you
used before, that is, ssh pi@192.168.0.10; however, because we are using the master
node, and because we are using the pi user, it is not necessary to use pi@ before the IP
address. So instead type ssh 192.168.0.9 and it will log you in from the master node to
the slave node (see command statements highlighted in red in the following screenshot):

carlospg@gamma:~$ ssh pi@192.168.0.9
pi@192.168.0.9's password:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /ust/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.

Last login: Sun Sep 25 10:12:28 2016 from 192.168.0.11

pi@Mst0:~ $ ssh 192.168.0.10

pi@192.168.0.10's password:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /ust/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.
Last login: Sun Sep 25 10:16:22 2016 from mst0

NS v~
;_};.agzb.ﬁ-’i." ]
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Go ahead and list the files on the slave node (see the following screenshot):

pi@Slvli~ §1s -a

total 140

drwxr-xr-x 18 pi pi 4096 Sep 25 01:29 .
drwxr-xr-X 4 root root 4096 Sep 5 09:01 ..
-Tw-I-r-- 1pi pi 69 Sep 4 19:52 .asoundrc
“TWemmmmnm 1pi pi 2817 Sep 22 23:50 .bash_history
-rw-1-r-- 1pi pi 220 May 27 07:09 .bash_logout
rw-I--f-- 1pi pi 3512 May 27 07:09 .bashrc
drwxr-xr-x 6 pi pi 4096 May 27 07:50 .cache
-rwxr-xr-X 1 pi pi 8944 Sep 4 20:55 calc-pi
IW-nmeee 1pi pi 2188 Sep 4 20:54 calc-pi.c
-Twxr-xr-X 1 pi pi 6956 Sep 4 20:56 call-procs
-Tw-I--I-- 1 pl pi 814 Sep 4 20:54 call-procs.c
drwxr-xr-x 9pi pt 4096 Sep 4 19:53 .config
drwx------ 3pi pi 4096 May 27 07:50 .dbus
drwxr-xr-x 2pi pi 4096 May 27 07:40 Desktop
drwxr-xr-x 5pi pi 4096 Sep 4 19:01 Documents
drwxr-xr-x 2pi pi 4096 May 27 07:50 Downloads
drwxr-xr-x 2pi pi 4096 Sep 4 19:50 .gstreamer-0.10
drwxr-xr-x 3pi pi 4096 Sep 4 19:01 .local
drwxr-xr-x 2 pi pi 4096 May 27 07:50 Music
Tw-T—-f-- 1pi pi 50 Sep 18 14:59 ntwk_rst.sh
drwxr-xr-x 2pi pi 4096 May 27 07:50 Pictures
-rw-1--r-- 1pi pi 675 May 27 07:09 .profile
drwxr-xr-x 2pi pi 4096 May 27 07:50 Public
drwxr-xr-x 2pi pi 4096 Sep 4 19:01 python_games
drwx------ 2pi pi 4096 Sep 5 00:13 .ssh
drwxr-xr-x 2pi pi 4096 May 27 07:50 Templates
drwxr-xr-x 3pi pi 4096 Sep 4 19:01 .themes
drwxr-xr-x 2 pi pi 4096 May 27 07:50 Videos

L — 1pi pi 829 Sep 18 15:02 .viminfo

T p— 1pi pi 105 Sep 25 01:29 Xauthority

7 — 1pi pi 353 Sep 25 01:29 .xsession-errors

[ T E—— 1pi pi 353 Sep 24 01:25 .xsession-errors.old

Now ssh back into the master node:

pi@Slvl:~ $ ssh 192.168.0.9
pi@192.168.0.9's password:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /usr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.

Last login: Sun Sep 25 10:17:19 2016 from 192.168.0.11

pi@Mstl:~ $
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Go ahead and list the files on the master node (see the following screenshot):

pi@Mst0:~ 3 Is -la

total 284

drwxr-xr-x 18 pi pi 4096 Sep 25 01:29.
drwxr-xr-x 4 root root 4096 Sep 5 00:46 ..
w-r—-1-- 1pi pi 69 Sep 4 22:20 .asoundrc
sTw----=-= 1pi pi 11211 Sep 25 10:16 .bash_history
aw-r-r-- 1pi pi 220 May 27 07:09 .bash_logout
-rw-r--r-- 1pi pi 3512 May 27 07:09 .bashrc
drwxr-xr-x 6pi pi 4096 May 27 07:50 .cache
-rwxr-xr-X 1pi pi 8944 Sep 21 12:52 calc-pi
-TwXxr-Xr-x 1pi pi 8944 Sep 7 15:21 cale-pil

-rw---—-- 1pl pi 2188 Sep 7 15:15 calc-pil.c
-rwxr-x1-x 1pi pi 8944 Sep 8 19:04 calc-pi2
-rw------- 1pi pi 2188 Sep 9 17:13 cale-pi2.c
-fw-—--— 1pi pi 2251 Sep 12 22:37 calc-pi.c

-rwXr-Xr-x 1pi pi 6956 Sep 4 23:19 call-procs
-rw-r—-r-- 1pi pi 747 Sep 18 11:46 call-procs.c
drwxr-xr-x 9pi pi 4096 Sep 4 22:22 .config
-IwXr-Xr-x 1pi pi 6664 Sep 15 20:04 C_PL
-tw-r-1-- 1pi pi 530 Sep 15 20:04 C_PlLc
Arwxe==ee- 3pl pi 4096 May 27 07:50 .dbus
drwxr-xr-x 2pi pi 4096 May 27 07:40 Desktop
drwxr-xr-x 5pi pi 4096 Sep 4 22:09 Documents
drwxr-xr-x 2pi pi 4096 May 27 07:50 Downloads
drwxr-xr-x 2pi pi 4096 Sep 4 22:18 .gstreamer-0.10
drwxr-xr-x 3pi pi 4096 Sep 422:09 .local
-rw-r--r-- 1pi pi 2254 Sep 11 13:28 MPI_03.c
-rwxr-xr-x 1pi pi 9128 Sep 11 15:25 MPL 04
-Tw-r--r-- 1pi pi 1643 Sep 11 15:17 MPI_04.c
-Twxr-xr-x 1pi pi 9128 Sep 15 16:28 MPI_06
srw-r--r-- 1pi pi 1751 Sep 12 17:14 MPI_06.c
-rwxr-xr-x 1pi pi 9128 Sep 17 19:58 MPI_08
-rwxr-xr-x 1pi pi 9128 Sep 18 14:00 MPI_08_b
-rw-r—-1-- 1pi pi 2464 Sep 21 12:57 MPI_08_b.c
-rw-r-1-- 1pi pi 2406 Sep 17 19:34 MPI_08.c
drwxr-xr-x 2pi pi 4096 May 27 07:50 Music
-rw-r--I-- 1pi pi 50 Sep 18 15:18 ntwk_rst.sh
drwxr-xi-x 2pi pi 4096 May 27 07:50 Pictures
-rw-r-1-- 1pi pi 675 May 27 07:09 .profile
drwxr-xr-x 2pi pi 4096 May 27 07:50 Public
drwxr-xr-x 2pi pi 4096 Sep 4 22:09 python_games
-rw-I-I-- 1pi pi 183 Sep 17 23:05 reboot.sh
-rw-r-r— 1rootroot 239 Sep 17 23:05 shutdown.sh
drwx---— 2pi pi 4096 Sep 500:15.ssh
-Tw-I-T-- 1pi pi 77 Sep 17 23:06 ssh.sh
drwxr-xr-x 2pi pi 4096 May 27 07:50 Templates
drwxr-xr-x 3pi pi 4096 Sep 4 22:09 .themes
-rw-I-1-- 1pi pi 233 Sep 22 13:12 update.sh
-rw-r--r-- 1pi pi 240 Sep 22 13:13 upgrade.sh
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drwxr-xr-x 2pi pi 4096 May 27 07:50 Videos

T — 1pi pi 4297 Sep 22 13:13 .viminfo

L A— 1pi pi 105 Sep 25 01:29 Xauthority

[y T — 1pi pi 353 Sep 25 01:29 .xsession-errors

-- 1pi pi 353 Sep 24 01:25 .xsession-exrors.old

pi@Mstl:~ §

This is great, because you can now access one node from another node, and you will also be
able to do this from any node in the cluster. This also means that you can log in to any of the
nodes in the cluster and reboot, sudo reboot, or shut them down, sudo shutdown -h
now, remotely, without having to plug in any of the nodes into the Pi Monitor. Now,
having to ssh into IP addresses all the time can get rather tedious, so let's try something
new; that is, let's give each node a short name, such as Mst 0 for master and s1v1 for slave
nodel, which will now allow you to ssh into a name instead of an IP address. To
accomplish this, you will need to modify the hosts file.

Hosts file setup

First, open the hosts file, to see what's in there. Use the command highlighted in red:

~ % cat /etc/host

127001  localhost

e localhost ip6-localhost ip6-loopback
ff02::1 ip6-allnodes
ff02::2 ip6-allrouters

127.0.1.1 Mst0
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Let's edit this file. You need to define a host name for a given address so that when you ssh
the name, the Pis will recognize what IP address you are referring to. So, let's modify the
hosts file (see the following screenshot). Enter the command sudo vim /etc/hosts and
update the records with the highlighted text (substituting your own IP address):

127.0.0.1  localhost

| localhost ip6-localhost ip6-loopback
ff02::1 ip6-alinodes

ff02::2 ip6-allrouters

#127.0.1.1 Mst0

Remember to comment out 127.0.1.1 Mst0 with the # character, and
then save the updated files by pressing the Esc key and entering :wq.

Now let's give this new technique a whirl. Enter the command ssh S1v1 and then enter the
password. The prompt should change to pi@s1vi:~ $.This means that we are now in the
slave nodel. Let's edit the same file in the slave node, by entering sudo vim /etc/hosts,
and update the records with the highlighted text shown in the following screenshot, then
save the updated file by entering Esc :wq:

127.0.0.1  localhost

s | localhost ip6-localhost ip6-loopback
f02::1 ip6-allnodes

ff02::2 ip6-allrouters

#127.0.1.1 Slvl

Go ahead and ssh Mst0, and enter the password. This takes you back to the master node:
pi@Mst0:~ $.You can also sudo ping MstO from the slave node to see whether the
master node is alive, and vice versa. The appropriate results from these actions confirm that
the hosts names were set up correctly.
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Summary

In this chapter, we learned how to configure the static IP address on the Pi microcomputer,
and the static IP address in the switch. We also updated the hosts file so you can ssh into a
name instead of an IP address. The chapter 5, Creating a Common User for All Nodes, will
delve into creating a common user for all nodes.
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Nodes

Operating your supercomputer should be an effortless and pleasurable experience as you
wield its massive power to crunch through difficult problems. Therefore, to facilitate this
ease of use, we must create a common user for all nodes. This common user ties all the
nodes together in one fell swoop, allowing you and the nodes to seamlessly communicate
among themselves.

In this chapter, you will learn how to do the following:

Create a new user for the master node
Create a password for the new user on the master node
Create a new user for the slavel node
Create a password for the new user on the slavel node

Generate a special key on the master node for sshing effortlessly between the
nodes in the supercomputer without using a password

Copy the special key from the master node to the slavel node
Edit the .bashrc file on the master node to facilitate seamless special key access
to all the nodes

Use the which command
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Adding a new user for all nodes

We now proceed to implement the task components outlined earlier. First, we will add a
new user to the pi home directory that will have the same user ID for all pi nodes at once.
So, go ahead and list the current content of the home directory: enter 1s -la /home at the $
prompt; see the following screenshot:

pigrvist
total 16
drwxr-xr-x 4 root root 40096 Sep 5 00:46 .
drwxr-xr-x 22 root oot 4096 Sep 5 14:27

& S ar

ar [-XT-X ) [ w0 SED 1

pi@Mst:~ S

You see that it contains only the pi user. Now enter sudo useradd -m -u 1960 alpha.
The parameter —m specifies the home directory, —u is the argument for a new user ID, 1960
is your new user ID (or any integer you desire), and the name alpha (or any name you
desire) is what you want to associate with the user ID 1960. Now check to see whether the
alpha, or the username you chose, was added to the home directory. List the contents as
you did earlier; see the following screenshot:

pi@Mstl:~ 5 Is -la /home

total 16

drwxr-xr-x 4 root root 4096 Sep 5 00:46 .
drwxr-xr-x 22 root root 4096 Sep 5 14:27 ..
drwxr-xr-x 5 alpha alpha 4096 Sep 21 09:32 alpha
drwxr-xr-x 1B pi pi 4096 Sep 22 13:13 pi

pi@Msti:~ §

You see that the alpha user was indeed added to the pi home directory. This is great! The
next thing you want to do is create a password for this newly created alpha user, so enter
the command sudo passwd alpha, and enter a new password; see the following
screenshot:

i@Mstl:~ $ sudo passwd alphs
Enter new UNIX password:
Retype new UNIX password:

passwid: password updated successfully

For convenience, the author used the same password as that used for the
Pi nodes.
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Go ahead now and log in as the newly minted alpha user. Enter su - alpha (note there is
a space before and after the hyphen). Enter your password, and you are now logged in as
the alpha user (see the following screenshot ). Enter exit; you will be returned to the
previous pi user:

Password:
alpha@Mst0:~ $ exil
logout

pi@Mstl:~ 5

Now ssh into the slave node (S1v1) and repeat the steps you just completed. Enter ssh
S1v1, and enter your password (the author used the same password for all his nodes for
convenience).

ID key generation

You now have the alpha user on the slavel node that will be running all the MPI programs.
Let's now generate a special key that will allow you to ssh from one node to the next, or
from the master node to all the slaves in the cluster, without having to insert the password
multiple times. First, enter the command ssh Mst0, and enter the password, or enter exit
to return to the master node, and then log in again as the alpha user; that is, enter the
command su - alpha. At the $ prompt, enter ssh-keygen -t rsa.The -t is the
argument, and rsa is a type of encryption. The first thing it's going to ask you for is a
filename in which to save the key. Just save it in a default location by pressing the Enter key.
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The next step is to enter a passphrase. Type in a passphrase. The author chose atomic;
however, you can use any other name, if you so desire (note the characters are invisible),
and re-enter the passphrase. You should see an image of the encrypted key like the one
depicted in the following screenshot:

alpha@Mst:~ § ssh-keygen -t rsa

Generating public/private rsa key pair.

Enter file in which to save the key (/home/alpha/.ssh/id_rsa):
“reated directory home/alphas.ssh’.

1se (empty for no passphrase):

= Nier same P rase again:
[Your identification has been saved in /home/alpha/.ssh/id_rsa.
Your public key has been saved in /home/alpha/.ssh/id_rsa.pub.
[The key fingerprint is:
1b:d8:a9:f6:b0:60:2c:8e:f1:dc:6a:54:20:d9:af:3d alpha@Mst0
The key's randomart image is:
+---[RSA 2048]----+
| O |
oo |
[. 0 |
00. |

+.5 |

oE .0 |
[ |
| *.+ 0+
N |

R

The next thing you should do is to copy this key over to the slavel node.

ID key transfer

Enter the command ssh-copy-id alpha@Slv1l; alpha is the username that will receive
the key, and s1v1 is the host which it belongs to. Enter the password for s1v1
(see the highlighted commands in the following screenshot):
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alpha@Msi0:~ § ssh-copy-id alpha@Slvl

The authenticity of host 'slvl (192.168.0.10)" can't be established.

ECDSA key fingerprint is c5:00:f7:64:ad:8d:65:22:9d:35:a9:42:0c:55:3d:43.

Are you sure you want to continue connecting (yes/mo)? yes

fusrbin/ssh-copy-id: INFO: attempting to log in with the new key(s), to filter out any that are already
installed

fusribin/ssh-copy-id: INFO: 1 key(s) remain to be installed -- if you are prompted now it is to install the
new keys

alpha@slvl's password:

Permission denied, please try again.

alpha@slvl's password:
MNumber of key(s) added: 1

MNow try logging into the machine, with: "ssh 'alpha@Sivl™
and check to make sure that only the key(s) you wanted were added.

Oops! Entered the incorrect password. That's it! You have transferred the key. Now ssh
into s1v1. It's now asking for a passphrase instead of a password; see the following
screenshot. Enter the passphrase you provided earlier. This is great!

alpha@Mstl:~ $ ssh Slvl

Enter passphrase for key Yhome/alpha/ ssh/id_rsa":

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /usr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.
alpha@slvl:~ 5

Now ssh back into Mst 0, and list the files in the alpha user by entering 1s -1a. We can
see the . ssh folder. Go ahead and list the files in the . ssh folder (see the following
screenshot):

alpha@MstD:~ 5 1s -la

total 28

drwxr-xr-x 3 alpha alpha 4096 Sep 509:38.
drwxr-xr-x 4 root root 4096 Sep 5 00:46 ..

-rw——— 1 alpha alpha 5 Sep 501:02 .bash_history
-rw-r--r-- 1 alpha alpha 220 Oct 18 2014 bash_logout
-rw-r--1-- 1 alpha alpha 3512 May 27 07:09 .bashre
-rw-r--r-- 1 alpha alpha 675 Oct 18 2014 profile
drwx-—-- 2 alpha alpha 4096 Sep 5 09:52 ssh
alpha@Mst0:~ $ Is -la .ssh

total 20

drwx------ 2 alpha alpha 4096 Sep 5 09:52.
drwxr-xr-x 3 alpha alpha 4096 Sep 509:38 ..
T e 1 alpha alpha 1766 Sep 5 09:40 id_rsa
-rw-r=-=- 1 alpha alpha 392 Sep 5 09:40 id_rsa.pub
-rw-r—-r-- 1 alpha alpha 444 Sep 5 09:52 known_hosts
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We now see the authorized keys id_rsa, id_rsa.pub, known_hosts. Now ssh into the
S1lv1 node:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in fusr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.
Last login: Mon Sep 5 10:33:36 2016 from mst0

We see that it is asking for a passphrase. This is not what we are looking for, so we still
must make a few changes to our master node. Enter the passphrase, and enter exit. You
should now have returned to the master node, pi@Mst0:~ $.If you are not now at the
master node, close out the terminal window, and ssh back into the master node, and
proceed; in other words, enter ssh pi@192.168.0.9 and provide the password. Log into
the alpha user by entering, at the $ prompt, su - alpha. You should now be at the alpha
user prompt, alpha@Mst0:~ $. We are now going to edit a file called .bashrc within our
home directory. Enter vim .bashrc, and then i to initiate editing. This opens a large file
shown on the next few pages. Go to the bottom of the file and add the highlighted text, and
then save the updated file by pressing the Esc key and entering : wq:
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# = bashrc: executed by bash{1) for non-login shells.
# see fust/share/doc/bash/examples/startup-files (in the package bash-doc)
# for examples

# If not running interactively, don't do anything
case $- in
**) 5
*) return;;
esac

# don't put duplicate lines or lines starting with space in the history.
# See hash(1) for more options
HISTCONTROL=ignoreboth

# append to the history file, don't overwrite it
shopt -s histappend

# for setting history length see HISTSIZE and HISTFILESIZE in bash{1)
HISTSIZE=1000
HISTFILESIZE=2000

# check the window size after each command and, if necessary,
# update the values of LINES and COLUMNS,
shopt -5 checkwinsize

# If set, the pattern "**" used in a pathname expansion context will
# maich all files and zero or more directories and subdirectories.
#shopt -5 globstar

# make less more friendly for non-text input files, see lesspipe(1)
#[ -x /usr/binlesspipe | 8& eval "$(SHELL=/bin/sh lesspipe)"

# set variable identifying the chroot you work in (used in the prompt below)

if [ -z "§{debian_chroot:-}" ] 8& [ -r fetc/debian_chroot ]; then
debian_chroot=5{cat fetc/debian_chroot)

fi

# set a fancy prompt (non-color, unless we know we "want" color)
case "STERM" in

xterm-color) color_prompt=yes;;
B5aC

# uncomment for a colored prompt, if the terminal has the capability; turned
# off by default to not distract the user: the focus in a terminal window

# should be on the output of commands, not on the prompt
force_color_prompt=yes

if [ -n "$force_color_prompt” ]; then
if [ -x fuse/bindput ] &8 tput setaf 1 >&/dev/null; then
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# We have color support; assume it's compliant with Ecma-48
# (ISOMTEC-6429). (Lack of such support is extremely rare, and such
# a case would tend to support setf rather than setaf.)
color_prompt=yes

else
color_prompt=

fi

fi

if [ "$color_prompt” = yes ]; then
PS1="${debian_chroot:+($debian_chroot) \[\033[01;32m"\ @ b\ [W033[00m"]\[M033[01;34m! Juw 1S4
[033[00m\] '
else
P51="8{debian_chroot:#($debian_chroot) \u@h:w'$ '
fi
unset color_prompt force_color_prompt

i If this is an xterm set the title to user@host:dir
case "STERM" in
Xterm*freve™)
PS1="\[\e]0;%{debian_chroot:+($debian_chroot) }\u@th: 'wia\|$PS1"
)

esac

# enable color support of s and also add handy aliases
if [ -x justibin/dircolors J; then
test -r ~/.dircolors 8&& eval "$(dircolors -b ~/.dircolors)" || eval "$(dircolors -b)"
alias 1s="1s --color=auto’
#alias dir="dir --color=auto’
#alias wdir="vdir --color=auto’

alias grep="grep --color=auto’

alias fgrep="fgrep --color=auto’

alias egrep="egrep --color=auto’
fi

# colored GCC wamings and ermors
#export GCC_COLORS="error=01;31:warning=01;35:note=01;36:caret=01:32:locus=01:quote=01'

# some more Is aliases
#alias 11=7s '

#alias la=1s -A'

#alias 1='ls -CF

# Alias definitions.
# You may want to put all your additions into a separate file like
# ~/.bash _aliases. instead of adding them here directlv.

# See fusr/share/doc/bash-doc/examples in the bash-doc package.

if [ -f ~/.bash_aliases ]; then
.~ bash_aliases
fi

# enable programmable completion features (vou don’t need to enable
# this, if it's already enabled in /etc/bash.bashre and /etc/profile
# sources /etc/bash.bashrc).
if ! shopt -oq posix; then
if [ -f fusr/share/bash-completion/bash_completion ]; then
. fust/share/bash-completion/bash_completion
elif [ -f /etc/bash_completion J; then
. fete/bash_completion
fi
fi

# Logic for keychain
fusribin/keychain SHOME/ ssh/id_rsa
source SHOME/ keychain/SHOSTNAME-sh
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The highlighted text is where the keychain logic that you are going to be using resides.
The keychain component calls the keychain command located in the keychain file. The
. ssh component passes in the parameter/path of the location of the ID file id_rsa. The
source $HOME/.keychain/$HOSTNAME-sh command runs the SHOSTNAME-sh file. You
should now recompile the .bashrc file. So enter source.bashrc and provide the
passphrase one more time (see the following highlighted text):

alpha@Mst0:~ § vim .bashre

alpha@Mst:~ § source .bashrc

* keychain 2.7.1 ~ hitp:/iwww. funtoo.org

* Starting ssh-agent...

* Starting gpg-agent...

* Adding 1 ssh key(s): /home/alpha/.sshfid_rsa

* gsh-add: Identities added: home/alpha/ sshvid_rsa

You can enter which keychain to uncover the path to keychain.

Go ahead and enter ssh S1vi:

alpha@Mst:~ % ssh Slvl

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /usr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.
Last login: Mon Sep 5 10:46:38 2016 from mst0

y K
Ip 31y

This time you were not prompted for the passphrase. Excellent!
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Summary

In this chapter, we learned how to create a common user for all nodes. We achieved this by
initially creating a new user for the master node, and then creating a password for that new
user. We then employed a similar procedure for the slavel node. Next, we generated a
special key on the master node, copied the special key to the slavel node, and then edited
the .bashrc file on the master node to facilitate seamless special key access to all nodes in
the super cluster. Finally, we used the which command to uncover the path to keychain.
Chapter 6, Creating a Mountable Drive on the Master Node, discuss how to create a mountable
drive on the master node. Go ahead and exit to the pi user pi@Mst0:~ $.If you are not
now at the master node, close out the terminal window, ssh back into the master node.
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This chapter discusses how to create a mountable drive on the master node. Effective, error-
free operation of the Pi supercomputer requires that the slave nodes have the ability to
mount the master node export drive/folder that contains the MPI code, so that each node
will have their own identical code for carrying out a given task. In addition, you will be
introduced to the powerful ~H command, which can be employed to willfully task any or all
threads, nodes, and cores to solve a given problem.

In this chapter, you will learn:

How to use the mkdir command to make an export drive (used as an MPI code
repository) on the master node.

How to use the chown command to change ownership of the export drive from
the root user to a new user.

How to use the rpcbind command, which will allow the master Pi to export the
export drive on the master node to the slave nodes.

How to edit the exports file that will facilitate exporting the export drive on
the master node to the slave nodes.

How to use the nfs-kernel-server command.

How to edit the bootup script rc. local file. On bootup, this file makes the
export drive on the master node mountable for use by the slave nodes.

How to use the mount command to manually mount the export drive containing
the MPI codes.
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e How to use the cat command for displaying the contents of a file.
e How to use the cp —a command to copy files/codes to the export drive.

e How to use the -H command to task any or all nodes and cores to work on a
given problem.

Go ahead now and list all the folders/files in the root directory (see the following
screenshot):

pi@Mstl:~ § Is -la

total 92

drwxr-xr-x 21 root root 4096 May 27 07:50 .
drwxr-xr-x 21 root root 4096 May 27 07:50 ..
drwxr-x1-x 2 root root 4096 Sep 4 22:09 bin
drwxr-xr-x 3 root root 16384 Dec 31 1969 boot
drwxr-xr-x 14 root root 3440 Sep 5 08:50 dev
drwxr-x1-x 111 root root 4096 Sep 5 00:54 etc
drwxr-xr-x 4 root root 4096 Sep 5 00:46 home
drwxr-xr-x 19 root root 4096 Sep 4 22:09 lib
drwx=---- 2 root root 16384 May 27 07:43 lost+foun
drwxr-xr-x 3 root root 4096 Sep 4 22:17 media
drwxr-xr-x 2 root root 4096 May 27 07:04 mnt
drwxr-x1-x 7 root root 4096 Sep 4 22:09 opt
dr-xr-xr-x 158 root root 0 Dec 31 1969 proc
drw=--ex 2 root root 4096 Sep 5 00:38 root
drwxr-x1-x 20 root root 700 Sep 5 01:08 run
drwxr-xr-x 2 root oot 4096 Sep 4 22:56 shin
drwxr-xr-x 2 root root 4096 May 27 07:04 stv
dr-xr-xr-x 12 rootroot 0 Dec 31 1969 sys
drwxrwxrwt 13 root root 4096 Sep 5 13:17 tmp
drwxr-xr-x 11 root root 4096 Sep 4 22:17 usr
drwxr-xr-x 11 root root 4096 May 27 07:50 var

Let's now make a new drive in the root directory. We will call it bet a, or whatever name
you prefer. Enter sudo mkdir /beta, and again list all the files in the root directory (see
the following screenshot). Enter 1s -1a /. You see now that we have a brand new beta
drive:
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pi@Mst:~ 5 1s -la /

total 96

drwxr-xr-x 22 root root 4096 Sep 5 14:27 .
drwxr-xr-x 22 root root 4096 Sep 5 14:27 ..
drwxr-xr-x 2 root root 4096 Sep 5 14:27 beta
drwxr-xr-x 2 root root 40096 Sep 4 22:09 bin
drwxr-xr-x 3 root root 16384 Dec 31 1969 boot
drwxr-xr-x 14 root root 3440 Sep 5 08:50 dev
drwxr-xr-x 111 root root 4096 Sep 5 00:54 etc
drwxr-xr-x 4 root root 4096 Sep 5 00:46 home
drwxr-xr-x 19 root root 4096 Sep 4 22:09 lib
drw--—- 2 root root 16384 May 27 07:43 lost+found
drwxr-xr-x 3 root root 4096 Sep 4 22:17 media
drwxr-xr-x 2 root root 4096 May 27 07:04 mnt
drwxr-xr-x 7 root root 4096 Sep 4 22:09 opt
dr-xr-xr-x 158 root root 0 Dec 31 1969 proc
drwx--——- 2 root root 4096 Sep 5 00:38 root
drwxr-xr-x 20 root root 700 Sep 5 01:08 un
drwxr-xr-x 2 root root 40096 Sep 4 22:56 shin
drwxr-xr-x 2 root root 4096 May 27 07:04 srv
dr-xr-xr-x 12 rootroot 0 Sep 5 14:15 sys
drwxrwxrwt 13 root oot 4096 Sep 5 14:17 tmp
drwxr-xr-x 11 root root 4096 Sep 4 22:17 usr
drwxr-xr-x 11 root root 4096 May 27 07:50 var

You now want to change the owner, because we want it to belong to the alpha user. So go
ahead and enter sudo chown alpha:alpha /beta/. We use sudo because the previous
ownership was the root user. Go ahead and relist the files in the root directory (see the
following screenshot):

pi@Mst0:~ $1s -la /

tal 96

Xr-xr-x 22 root root 4096 Sep 5 14:27.
rwxr-xr-x 22 root root 4096 Sep 5 14:27 ..
rwxr-xr-x 2 alpha alpha 4096 Sep 5 14:27 beta
x1-xr-x 2 root root 4096 Sep 4 22:09 bin
rwxr-xr-x 3 root root 16384 Dec 31 1969 boot
rwxr-xr-x 14 root root 3440 Sep 5 08:50 dev
#r-xr-x 111 root root 4096 Sep 5 00:54 etc
xr-xr-x 4 root root 4096 Sep 5 00:46 home
drwxr-xr-x 19 root root 4096 Sep 4 22:09 lib
drwx-—--—— 2 root root 16384 May 27 07:43 lost+found
drwxr-xr-x 3 root root 4096 Sep 4 22:17 media
drwxr-xr-x 2 root oot 4096 May 27 07:04 mnt
drwxr-xr-x 7 root oot 4096 Sep 4 22:09 opt
dr-xr-xr-x 158 root root 0 Dec 31 1969 proc
drwx------ 2 root root 4096 Sep 5 00:38 root
drwxr-xr-x 20 root root 700 Sep 5 01:08 run
drwxr-xr-x 2 root root 4096 Sep 4 22:56 shin
drwxr-xr-x 2 root root 4096 May 27 07:04 srv
dr-xr-xr-x 12 root root 0 Sep 5 14:15 sys
drwxrwxrwt 13 root root 4096 Sep 5 14:17 tmp
fdrwxr-xr-x 11 root root 4096 Sep 4 22:17 usr
x-xr-x 11 root root 4096 May 27 07.50 var
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You see that beta is now set to the alpha user and alpha group. The next thing we want to
do is to set up the rpcbind service. This will allow the master Pi to export the beta drive to
the other slave nodes. So go ahead now and enter sudo rpcbind start. We also want to
make sure that this service is always running every time you bootup the master Pi, so use
the command; sudo update-rc.d rpcbind enable. This command will set a specific
service to run whenever the Raspberry Pi boots up. Next, we need to specify which folder
on the master node to make available for other nodes to mount, so you need to edit the
exports file. Enter sudo vim /etc/exports. This opens the file for editing (see the
following screenshot). Go ahead and add the text highlighted in red:

# /etc/exports: the access control list for filesystems which may be exported

# to NFS clients. See exports(5).

#

# Example for NFSv2 and NFSv3:

# isrv/homes hostname1(rw,syne,no_subtree_check) hostname2(ro,sync,no_subtree_check)
&

# Example for NFSvd:

# fsrv/nfsd gss/krb5i(rw,sync, fsid=0,crossmnt,no_subtree_check)

# fsrv/nfsdhomes gss/krb5i(rw,sync,no_subtree_check)

3

The first highlighted statement # beta, is a comment for the beta drive. The first argument
/beta, is the folder on the master node that we want to export. The second argument
192.168.0.0/24 signifies that the IP addresses ranging from 192.168.0.0 to
192.168.0.255 will be allowed to mount the beta drive. rw means readable and writable.
Enter Esc :wq to save the updated file.
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You now need to restart the nfs-kernel-server service. So go ahead and enter the
command; sudo service nfs-kernel-server restart (the author automated this
command by inserting it at the bottom of the bootup script file rc. local. See highlighted
text in the following screenshot). Enter sudo vim /etc/rc.local to edit this file, and
then Esc :wg. Once this runs, the drive will be mountable:

#1/bin/sh -e

#

# rclocal

#

# This script is executed at the end of each multiuser runlevel.
# Make sure that the script will "exit 0" on success or any other
# value on error.

#

# In order to enable or disable this script just change the execution
# bits,

#

# By default this script does nothing.

# Print the IP address
_IP=%{hostname -I} || true
if [ "$_IP" ]; then
printf "My IP address is %s'\n" "$_[P"
fi

exit 0

Let's test this, switch to the slave s1v1, using the command; ssh Slvi. You should now be
on the slave drive as indicated by the prompt pi@Slvi:~ s.Now enter the general
command for mounting the export drive. Enter sudo mount Mst0:/beta /beta (see the
following screenshot):

pi{@S1v1:~ 5 sudo mount Mst0:/beta /heta
mount.nfs: mount point /beta does not exist
pi@slvl~ 5
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Oops! We got an error message. The local mount point beta does not exist, so we must
create this folder. Go ahead and list all the files in the root directories on the slave Pi
(s1v1). See the following screenshot:

pi@SIvi:~51s -la

total 104

drwxr-xr-x 22 root root 4096 Sep 5 15:47 .
drwxr-xr-x 22 root root 4096 Sep 5 15:47 ..
drwxr-xr<x 2 root root 4096 Sep 22 11:05 bin
drwxr-xr-x 3 root root 16384 Dec 31 1969 boot
drwxr-xe-x 14 root root 3440 Sep 28 02:00 dev
drwxr-xr-x 111 root root 4096 Sep 25 21:35 etc
drwxr-xr-x 4 root root 4096 Sep 5 09:01 home
drwxr-xr-x 19 root root 4096 Sep 22 11:03 lib
drwWXesamee 2 root root 16384 May 27 07:43 lost+found
drwxr-xr-x 3 root root 4096 Sep 4 19:50 media
drwxr-xr-x 2 root root 4096 May 27 07:04 mnt
drwxr-xr-x 7 root root 4096 Sep 4 18:59 opt
dr-xr-xr-x 147 root oot 0 Dec 31 1969 proc
drwx---—-- 2root root 4096 Sep 25 21:35 oot
drwxr-xr-x 20 root root 700 Sep 28 02:01 run
drwxr-xr-x 2 root root 12288 Sep 22 11:07 shin
drwxr-xr-x 2 root root 4096 May 27 07:04 srv
drexr-xr-x 12 root root 0 Dec 31 1969 sys
drwxrwxrwt 11 root reot 4096 Sep 28 16:00 tmp
drwxr-xr-x 11 root root 4096 Sep 4 19:49 usr
drwxr-xr-x 11 root root 4096 May 27 07:50 var
pi@Slvl:~ 5%

You will see that there is no beta folder. So go ahead and make a folder called beta in the
root directory, similar to what you did on the master node. Enter the command; sudo
mkdir /beta at the $ prompt. Next, change the owner in the group to the alpha user.
Enter the command; sudo chown alpha:alpha /beta. Relist the files in the root
directory (see the following screenshot):

pi@Slvl~S1s -la/

total 96

drwxr-xr-x 22 root root 4096 Sep 5 15:47 .
drwxr-xr-x 22 root root 4096 Sep 5 15:47 ..
Irwxr-xr-x 2 alpha alpha 4096 Sep 5 15:47 beta
drwxr-xr-x 2 root root 4096 Sep 4 19:01 bin
drwxr-xr-x 3 root root 16384 Dec 31 1969 boot
drwxr-xr-x 15 root root 3500 Sep 5 01:07 dev
Jdrwxr-xr-x 111 root root 4096 Sep 5 09:02 etc
drwxr-xr-x 4 root root 4096 Sep 509:01 home
drwxr-xr-x 19 root root 4096 Sep 4 19:01 lib
drerx-——-- 2 root root 16384 May 27 07:43 lost+found
drwxr-xr-x 3 root root 4096 Sep 4 19:50 media
drwxr-xr-x 2 root root 4096 May 27 07:04 mnt
drwxr-xr-x 7 root root 4096 Sep 4 18:39 opt
dr-xr-xr-x 155 root oot 0 Dec 31 1969 proc
rwx---—-- 2 root root 4096 Sep 5 00:41 root
drwxr-xr-x 20 root root 700 Sep 501:07 mun
drwxr-xr-x 2 root root 4096 Sep 4 20:23 shin
drwxr-xr-x 2 root root 4096 May 27 07:04 srv
dr-xr-xr-x 12 root reot 0 Dec 31 1969 sys
drwxrwxrwt 11 root root 4096 Sep 5 15:17 tmp
drwxr-xr-x 11 root root 4096 Sep 4 19:49 usr
drwxr-xr-x 11 root root 4096 May 27 07:50 var
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You see now that the beta drive was created and set to the alpha user. Let's try to remount
the drive. Re-enter the command; sudo mount MstO:/beta /beta.You should not see
any more errors. List the content of the beta drive:

total 8
drwxr-xr-x 2 alpha alpha 4096 Sep 5 15:47 .
drwxr-xr-x 22 root root 4096 Sep 5 15:47 ..

You see that there is nothing in the drive. This is because you did not put anything in it yet.
Let's do a little experiment. Switch over to the alpha user by entering the command; su -
alpha, and change the directory to the beta directory, enter cd /beta. Create and edit a
filename testing. x. Use the vim command; that is, enter the command; vim testing.x.
Press i, and then write the phrase; Two atomic explosions.. ., then write and quit: Esc
:wq. Relist the files in the beta drive (see the following screenshot):

total 12
drwxr-xr-x 2 alpha alpha 4096 Sep 5 16:31.
drwxr-xr-x 22 root root 4096 Sep 51547 ..

L Aipie  SEP 10031 TeSTIng. X

We now see the newly created testing. x file. Read the file using the cat command (see
highlighted text in the following screenshot):

alpha@Slvlybeta 5 cat testing.x

Two atomic explosions....

alpha@Slvi:beta §
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Enter exit and ssh into the master node Mst 0, and list the files in the beta drive (see the
following screenshot):

alpha@5lvlzbeta & exit

logout
pi@Slvl:~ 5 ssh Mst
pi@mstl's password:

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in fusr/share/doc™/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.

Last login: Mon Sep 5 17:02:14 2016 from slvl

pi@Mst0:~ % 15 -la /beta

total 12

drwxr-xr-x 2 alpha alpha 4096 Sep 5 17:14 .

drwxr-xr-x 22 root root 40596 Sep 5 14:27 ..

rw-r--r-- 1 alpha alpha 26 Sep 5 17:14 testing.x

You also see the testing. x file in the beta drive on the master node. Read the content in
the file using the cat command:

pihdstl:~ & cat /beta/testing.x
Two atomic explosions....

pi@Mst:~ §

You see the same content as before, which shows that the drive was successfully mounted.
Let's go ahead and run the first real test using open MPI on both the master node and the
slavel node. First, list the files in the home directory:

pi@Mst0:~ $ Is

calc-pi call-procs Downloads MPI_08  Pictures  Templates
calc-pil call-procs.c MPI_03.c MPI_08_b Public update.sh
calc-pil.c C_PI MPI_04 MPI_08_b.c python_games upgrade.sh
calc-pi2 C_PlL.c MPI_04.c MPI 08.c rebootsh Videos
calc-pi2.c Desktop MPI_06 Music shutdown.sh

calc-pi.c Documents MPI_06.c ntwk_rst.sh ssh.sh

pi@Mst0:~ $
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Here we see all the C programs and their executables. You now want to copy those files to
your beta folder so that they can be accessed by all the nodes in your supercomputer. So
let's once again change the user to alpha, using the; su - alpha command, and then
change the directory to the beta directory by entering cd /beta. Create a new folder
called gamma for storing all your future codes. Enter mkdir gamma. Re-list the files in beta
(see the following screenshot), you can now see the gamma folder:

alpha@Mst0:/beta $ mkdir gamma
alpha@Mst0:/beta $ Is -la

total 16

drwxr-xr-x 3 alpha alpha 4096 Sep 5 19:35.
drwxr-xr-x 22 root root 4096 Sep 5 14:27 ..
drwxr-xr-x 2 alpha alpha 4096 Sep 5 19:35 gamma
-rw-r--1-- 1 alpha alpha 26 Sep 5 17:14 testing.txt

Change the directory into the gamma directory using cd gamma and copy the codes from
home pi to this new code folder. At the alpha@Mst0:/beta/gamma $ prompt, enter the
command cp -a /home/pi/call-procs* ./.The cp means copy. —a is an argument
that uses the same permissions as the files we are copying from. The * means both the file
and its executable. . / signifies copy to this current folder. In this case, the gamma folder.
Copy all your codes and their executables using this command. Now list the files to see if
they were copied (see highlighted text in the following screenshot):

alpha@Mstd:~ § cd /beta/gamma
alpha@Mst):/beta/gamma $ Is -la

total 144

drwxr-xr-x 2 alpha alpha 4096 Sep 21 09:32 .
drwxr-xr-x 3 alpha alpha 4096 Sep 5 19:35..
rwxr-xXr-x 1 root root 8944 Sep 12 22:40 calc-pi
-IWXr-Xr-X 1 root root 8944 Sep 12 17:29 calc-pil
W =mmmeen Ipi pi 2188 Sep 7 15:15 calc-pil.c
-TwXr-Xr-X 1 root root 944 Sep 12 17:29 calc-pi2

-Tw---—--—-1pi pi 2188 Sep 9 17:13 calc-piZ.c
0 T 1pi pi 225! Sep 12 22:37 calc-pi.c
-rwxr-xr-x 1 alpha al

|'l‘.l 1-"\5'\- epy 18 '| 49 call-procs

rw-r--r-- 1 alpha
-TWXI-XT-X 1 .:i;]im alph

=Iw<I-=I-- 1 I|| ha i E
“TWXI=XT-X 1 a]pha alpha 9128 Sep 12 17:38 MPI_04
-rw-r--r-- 1 pi  pi 1643 Sep 11 15:17 MPI_04.c
-rwxr-xr-x 1 alpha alpha 9128 Sep 12 17:38 MP1_06
-Tw-r--T-- 1 pi pi 1751 Sep 1217 14 MPI 06.c

-T 1 dl 'II"" iipha * } 3 SE I 7 I:- 1"

¢ 1 alpha '.ff.':-.‘-:;: 8 14:00 MPI_08_b
“Tw-F--T-- 1 a.lphaalpha 2464 Sep 18 13: 5? I'l.-T]'-‘I _08_b.e
-rw-r--r-- 1 alpha alpha 2406 Sep 17 19:34 MPI_08.c
alpha@Mst0:/beta/gamma $

Gbd S¢ D
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Excellent! The files are all there. So now go ahead and run the call-procs program on the
master node (see the following screenshot). Again, the processes were called randomly.
Each execution will produce a different sequence of processes:

alpha@Mstdbeta’/gamma § mpiexec -n 4 call-procs
Calling process 1 out of 4 on Mst0
Calling process 2 out of 4 on Mst0
Calling process 3 out of 4 on Mst(
Calling process 0 out of 4 on Mst)

At this point, we will make a slight modification to the processor call command, whereby
you can call the processes on, not only a single node, but any of the cores/processes in the
cluster (master and slaves) to assist with computation. The command is as follows:

alphag!Mstl'beta/gamma 3 mplexec -H Mstl),Mstl, Mstl Mstl),5lv1,5lv],S0v],Siv] call-procs
Calling process 0 out of 8 on Mst(

Calling process 3 out of 8 on Mst(

Calling process 4 out of & on Slvl

Calling process & out of 8 on Slvl

Calling process 7 out of & on S1v1

Calling process 5 out of 8 on Slvl

Calling process 1 out of 8 on Mst0

Calling process 2 out of 8 on Mst0

alpha@Mst0:beta'gamma 5

The -H signifies the host core you want to run your program on, followed by the hostname
of the cores. Here, the command is calling all eight cores between the master and slave. Feel
free to experiment by eliminating some of the cores/processes between the two nodes to see
what happens. Let's now use this same command to instruct the cores on your two-node
supercomputer to calculate 7. Enter the following command (feel free to use a smaller
number of iterations or intervals to reduce the initial processing time):
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alpha@Mstd: beta/gamma § time mpiexec -H MstQ MPI_08_b

Master node name: Mst(
Enter the number of intervals:
300000
*++ Number of processes: |
Calculated pi = 3.1415926535907133
M_PI = 3.14159026535897931
Relative Error = 0,0000000000009202

real 5SBm2.393s
user  57m50.110s
5V (Om0.270s

alpha@Mstl'beta/gamma 3 time mpiexec -H Mstl, Mst0 MP1_08_b

Master node name; Mst(
Enter the number of intervals:
00000
*&* Number of processes: 2
Calculated pi = 3.1415926535907115
M_PI = 3.1415926535897931
Relative Error = 0.0000000000005184

real  29m24.936s
user SBm27.510s
5ys  Oml.110s
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alpha@Msth:beta'gamma § time mpiexec -H MstQ,Msu0,MstD MPI_08_b

Master node name: Mst

Enter the number of intervals:
300000
*#% Number of processes: 3
Calculated pi= 3.1415926535907026
M_PI = 3.1415926535897931
Relative Error = 0.0000000000009095
real 19m52.5165

user  58md9.690s
svs  Oml.B00s

alpha@Mstd:beta/gamma 5 time mpiexec -H Mst0,Mst0,Mst0,Mstd MPI_08_b

Master node name: Msil

Enter the number of intervals:
300000
*** Number of processes: 4
Caloulated pi = 3.1415926535907128

M_PI = 3.1415926535897931
Relative Error = 0.0000000000008157

real 16m31.818s
user  63mB.070s
sys  Om2.090s
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alpha@Mst0:/beta’gamma § time mpiexec -H Mst0 Mst0,Mst0,Mst0,51v1 MPI_08_b
AR R R R R R R R
Master node name: Mst0
Enter the number of intervals:
300000
*** Number of processes: 5

Calculated pi = 3.1415926535907062

M_PI = 3.1415926535897931

Relative Error = 0.0000000000009130

real  19m58.243s

user BO0m17.960s
sys  16m59.740s

alpha@Mst0:/beta’gamma $ time mpiexec -H Mst), Mst0,Msi0,Mst0,51v1,5lvi MPI_08_b
e e e e G e
Master node name: Mst0
Enter the number of intervals:
300000
*+* Number of processes: 6

Calculated pi = 3.1415926535907062

M_PI = 3.1415926535897931

Relative Error = 0.0000000000009130

real 17m24.661s

user 51m24.560s
sys  15m52.630s

The temporary increase in processing time extant at the transition point
(process 5) between the master and slave nodes (16m31.818s versus
19m58.245s), followed then by a gradual decrease in processing time as the
sixth, seventh, and eight S1v1 cores are successively brought online.
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The elevated processing time at the transition point is, in fact, related to the latency between
the communication ports in the switch. However, this problem becomes less of a factor
with higher iteration values. This latency bugaboo is, indeed, a bane to high speed
computing involving multiple nodes, and is a limiting factor for achieving the theoretical
upper limit in supercomputing. Nonetheless, this problem can be mitigated by using state-
of-the-art high speed switches:

mma $ time mpiexec -

TR R R R
Master node name: Mst0
Enter the number of intervals:
300000
*** Number of processes: 7

Calculated pi = 3.1415926535907106

M_PI = 3.1415926535897931

Relative Error = 0.0000000000009175

real n39.574s

user 45m14.390s
sys  15m19.120s

alpha@Mst0:/beta/gamma $ time mpiexec -H Mst0,Mst0,Mst0,Mst0,Slv1,Slv1,Slv1,Slvl MPI_08_b
A
Master node name: Mst0
Enter the number of intervals:
300000
*** Number of processes: 8
Calculated pi = 3.1415926535907150

M_PI = 3.1415926535897931
Relative Error = 0.0000000000009219

real 14ml
user 41m10.760s
sys  14m32.330s

053s
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Summary

In this chapter, we learned how to create a mountable drive on the master node. To
accomplish this task, we employed several Linux commands, such as mkdir, used for
making an export drive folder, chown, used for changing ownership of the export drive
from the root user to a new user, and rpcbind, which allowed the master Pi to export the
MPI codes to the slave nodes. We also learned how to edit the exports file that was used to
facilitate exporting the MPI codes on the master node to the slave nodes. We learned how to
use the nfs-kernel-server command after editing the exports file. We edited the
rc.local file, which is a bootup script, that was used to make the master node mountable.
We learned how to use the mount command to manually mount the export drive
containing the MPI codes, cat the command for displaying the contents of files, the cp -a
command for copying files/codes to the export folder, and finally, the -H command, used
to task any or all cores/nodes to work on a problem. In chapter 7, Configuring the Eight
Nodes, we will discuss how to configure the eight or sixteen nodes in your Pi
supercomputer.
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This chapter discusses how to configure the eight or sixteen nodes in your Pi
supercomputer. The process involves editing the fstab, rc.local, and hosts files.
Additionally, you will be instructed on how to format the slave SD cards using the SD
formatter for Windows applications and how to copy the slavel SD card image, using the
win32 Disk Imager application, to the remaining formatted slave SD cards.

In this chapter, you will learn:

How to edit the £stab file on the slavel node to set up an automatic mount
command

How to edit the boot up script rc. local file on the slavel node for automatically
mounting the export drive MPI code folder

How to edit the host s file on the master node and slavel node to reflect,
temporarily, the IP address and hostnames of the remaining six or fourteen slave
nodes

How to use the SD formatter for Windows applications to format the remaining
slave SD cards

How to use the win32 Disk Imager to copy the image of the Slavel SD card from
the main PC drive to the remaining slave SD cards.

How to edit/update the hosts file on the remaining slave nodes to reflect their
actual IP address

How to edit the interfaces file on the super cluster nodes

How to update the MAC and IP address on the network switch for the remaining
slave nodes
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Automating mounting of drives

We will now discuss the process of automating the mounting of the gamma drive. Enter exit,
you should now be at the pi@Mst0:~$. Now ssh into the slave drive (S1v1). Enter the
command; sudo reboot. After reboot, check to see if the bet a folder was mounted (see the
following screenshot):

pif@Slv
total B
drwxr-xr-x 2 alpha alpha 4096 Sep 5 15:47 .
drwoer-xr-x 22 root root 4096 Sep 5 15:47 ..

Clearly, the beta drive did not mount. You therefore need to edit the f£stab file, and set up
an automatic mount point command in there, so that you don't have to execute the mount
command every time somebody logs in after reboot. Enter the command; sudo vim
/etc/fstab (see the following screenshot). Add the text highlighted in red:

proc fproc proc  defaults 0 0
‘devimmcblkOpt /boot viat defaults o 2
‘dev/mmcblkOp? / extd  defaults,noatime 0 1

# a swapfile is not a swap partition, no line here
f# use dphys-swapfile swap[onjoff] for that

The first argument Mst 0 : /beta is the same as the first argument used in the previous
mount command (recall MstO0 has the value of the IP address). The second argument
/beta signifies the local drive you want to mount to. The third argument nfs is the type of
filesystem being mounted to. The fourth argument is a series of parameters required for
setting up the mount, and the last two arguments are simply zeros. Save this updated file
by entering the command; Esc :wq. Next, you need to edit the boot up script rc. local.
Enter the command; sudo vim/etc/rc.local (see the following screenshot):

[122]



Configuring the Eight Nodes

#1/bin/sh -e

“

# rc.local

#

# This script is executed at the end of each multiuser runlevel.
# Make sure that the script will "exit 0" on success or any other
# value on ermor.

i

# In order to enable or disable this script just change the execution
# bits.

#

# By default this script does nothing.

# Print the IP address
_IP=8(hostmame -1} || true
if [ "8_IP" ]; then
printf "My IP address is %as\n” "§_IP"
fi
# Mount "beta” autormnatically
sleep 5
mount -a
exit 0

Add the text highlighted in red. The mount -a command automatically mounts the drive
whenever the node boots up. The sleep 5 command is an added refinement to the system
that temporarily delays boot up of the slave to give the master (Mst0) time to completely
boot up, so that when the slave comes online, it will mount the exported beta drive from
the master node. Enter Esc :wq. Relist the contents in the beta folder (see the following
screenshot):

pi@Slvli~ 5 Is -la /beta
total 8
drwxr-xr-x 2 alpha alpha 4096 Sep 5 15:47 .

drwxr-xr-x 22 root root 4096 Sep 5 15:47 .

The beta drive has not mounted yet. Go ahead and enter; sudo mount -
a, which is essentially same as the command in the boot script, and then
relist the contents in beta.

piSlvl:~ 5 Is -la /beta

total 16

drwxr-xr-x 3 alpha alpha 4096 Sep 519:35.
drwxr-xr-x 22 root root 4096 Sep 5 15:47 ..
drwxr-xr-x 2 alpha alpha 4096 Sep 5 19:54 gamma

-rw-r--[-- 1 alpha alpha 26 Sep 5 17:14 testing.x
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You should now see the gamma folder and testing.x files (see the preceding screenshot)
if the drive correctly mounted. You can now test to see if the drive automatically mounts
upon reboot. Go ahead and execute the command; sudo reboot, and then ssh back into
S1v1l. Relist the contents of beta. You should, once again, see the preceding screenshot.
Let's run one more test. You want to make sure that files are mounted using the readable,
writable, and executable permissions, so ssh back into Mst 0, and change the user to the
alpha user by using/entering the command; su - alpha (see the following screenshot):

B T [ Trvh=
plia ivISIU :-‘-:I-.:.!..-

IFa-.qswur\d.:

* keychain 2.7.1 ~ http:/fwww. funtoo.org
* Found existing ssh-agent: 1649
* Found existing gpg-agent: 1674
* Known ssh key: fhome/alpha/.sshfid_rsa

Then change the directory to gamma, and then list the contents in gamma (see the following
screenshot):

drwxr-xr-x 2 alpha alpha 4096 Sep 21 09:32 .
drwxr-xr-x 3 alpha alpha 4096 Sep 28 19:50 ..
Inha alpha G95F 18 49 ¢

WXI=X call-procs

Sep 18

-rwxr-xr-x 1 alpha alpha 9128 Sep 12 17:38 MPI_04
srw-r--r-- 1pi  pi 1643 Sep 11 15:17 MPI_0d.c
-rwxr-xr-x 1 alpha alpha 9128 Sep 12 17:38 MP1_06
-w-r--r-- 1 pi pi 1751 Sep 12 17:14 MPI_06.c

-rwxr-xr-x 1 alpha alpha 9128 Sep 17 19:58 MPI_08

(T=X 1 Sep MPI_(

You now see the requisite files. Go ahead now, and run one core on the master node, and
one core on the slave node (see the following screenshot):
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e D Y
Master node name: Mst()
Enter the number of intervals:

100000

*#+ Number of processes: 2

Caleulated pi = 3.1415926535981162
M_PI = 3.1415926535897931
Relative Error = 0.0000000000083231

real  5m43.605s
user 4ml2.070s
5YS 1m23.770s

There were no errors. You can now effortlessly turn on your two-node
supercomputer, and start running your favorite MPI programs. The next,
and final step is finalizing the configuration of your eight or sixteen Pi
supercomputer.

Setting up the host file for all nodes

Now that the first slave (S1v1) node is set up, you need to update the hosts file on both the
master (Mst0) and slave (S1v1) nodes to reflect all the remaining six or sixteen nodes in the
super cluster. First, you will copy (using win32 Disk Imager) the image of the S1v1 SD card
to your desktop. This image file will then be copied to the other six or fourteen slave SD
cards, and then return them to the slave Pis. Finally, you will make additional minor
modifications to the data on each card.
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So, let's now edit again the hosts file on the master node. Enter exit to return to

the pi@Mst0:~$ prompt, and then enter sudo vim/etc/hosts. Add the rest of the IP
addresses and host names. Repeat this procedure for the slave (S1v1) node (see highlighted
text in the following screenshot):

127.0.0.1 localhost
| localhost ip6-localhost ip6-loopbach
ff02::1 ip6-allnodes

ff02::2 ipG-allrouters

#127.0.1.1  Slvl

Do the same for the master node, (see the following screenshot):

127.00.1  localhost
1 localhost ip6-localhost ip6-loopback

f02::1 ipG-allnodes
ff02::2 ipG-allrouters

#127.0.1.1 MstD

Note that those six additional records are place holders as the IP addresses for the
remaining six slave nodes may change after energizing them so you might have to update
these records after the slaves are energized. Energizing the slaves allows the Pis and switch
to determine the additional new MAC and IP addresses, which you can then record, and
subsequently update the hosts file accordingly. We will now discuss the process for
copying the image of the s1v1 SD card to the remaining slave cards.
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Formatting the remaining slave SD cards

Before copying the image to the slave cards, you must first format them by using the

SD formatter for the Windows applications. So go ahead now and switch over to the
Windows environment. Download the SD formatter for Windows applications file from
the fOHOWing website; https://www.sdcard.org/downloads/formatter_4/eula_windows
/index.html. Insert a loaded SD card adapter into the SD card drive slot on the main PC,
and double-click on the applications icon. Select the drive containing the SD card to be
formatted (in the authors case it was the L drive). Click on the Option button, and change
the settings as shown in the following screenshot. Click the OK button:

Ful mat your d-n-e l'-Ilnf the data
|_ on the drive will be lost when you
S Opticn Setting

FORMAT TYPE  [QUICK

FORMAT SIEE [GH
ADJUSTMENT =00

alz CTTRE
UK F

SD card formatter setting
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Configuring the Eight Nodes

Next, click on the Format button. The format process will take a few seconds. Repeat the
process for the remaining slave cards:

m SDFormatter V4.0

Format your drive. All of the data g |
on the drive will be lost when you s}
gt e |

|
S0, SDHC and S0HC Logos are trademarks of
SO-8C, LLG L

" %] [ Pafresh

108 GE  Volume Label F!E:.:nf_e:p_e.- ]

Format Oplon

[OICK FORMAT, FORMAT SEE ADJUSTMERT ON

SD card formatter

We will now proceed to copy the s1v1 image file to the six or fourteen formatted slave SD
cards.

Copying the slave1 SD card image to the
main computer drive

Now that the remaining six or fourteen slave cards are formatted, you will now copy the
image of S1v1 (using the Win32 Disk Imager application) to any reserve drive on the main
computer, but first, download the file from the website;
https://sourceforge.net/projects/win32diskimager/. If you are not Currently on the
slave node, ssh into it, and then execute; sudo shutdown -h now. Remove the SD card
from the slavel node, and insert it into the SD card slot on the main PC. Double-click on the
application icon to install and/or execute the application (see the following screenshot).
Select the SD device drive letter N from the Device option, where the card adapter was
inserted (your drive letters may be different). Click the folder icon, and select the drive on
which to save the image.
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Configuring the Eight Nodes

Give the file a name; for example, S1v1, and click the open button. You should now see a
screen as shown in the following screenshot. Click Read. The application begins copying
the image of S1v1 from the SD card in device drive N to the D drive on the author's main PC
(this copying process takes several minutes). Upon completion of copying the disk image,
return the card to its slavel node:

%2 Win32 Disk Imager
Image File Device

[D:_,{s_ivi &y ~

Copy D MDS5 Hash:

Progress

Version: 0.9.5 Cancel Write

14.895TMB/s

‘Win32 Disk Imager read

Copying the slave1 image to the remaining
slave SD cards

We will now proceed to copy the s1v1 image to the other slave SD cards (see the following
screenshot). Re-insert each of the remaining slave SD card into the SD slot on the main PC
(the author is now using device drive L as the slave drive), and select, using the folder icon,
the s1v1 file image now located on the D drive (the file does not appear in the window, so
you must write in the name). Click the open button and then click the Write button as
depicted in the following screenshot. The s1v1 image file is now being written to a
remaining slave card.
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Configuring the Eight Nodes

The write process takes several minutes. Note that the author used two separate SD card
drives, one was used as the source (device N) from which to copy the s1v1 image, and the
other was the target (device L) for copying the S1v1 image from drive D. There is no rhyme
nor reason for using different drives, you can use the same drive, it's just that device L
accept the micro SD card, while device N accepted the SD card adapter:

% Win32 Disk Imager

Copy | [] MD5 Hash:
Progress

Version: 0.9.5
5.64972MB/s

‘Win32 Disk Imager write

After the S1v1 file image has been written to all the remaining slave SD cards, reinsert each
of them into their respective Pi node. Go ahead now and successively power on all the Pi2
or Pi3 nodes by inserting, one at a time, the Pis USB connector into the power brick. This
will allow the Pis and the switch to learn the MAC and IP addresses of the remaining slave
nodes. Next, return to the Pi monitor and update the slaves Hostname as per Chapter 3,
Preparing the Initial Two Nodes. Ascertain (via i fconfig), and record the IP and MAC
addresses of each remaining slave Pis. After acquiring this information go ahead and
update the records (as you did earlier) in the hosts file for each slave Pi. You can update
the hosts file either from the Pi monitor, or more conveniently, from the main PC (the
author suggests the latter).
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Configuring the Eight Nodes

Go ahead now and reboot to the Ubuntu/Linux environment. ssh successively into the
master, and slave nodes, and update their records in the hosts file, as depicted in the
following screenshot. Note the new IP addresses of the remaining slave nodes just as the
author predicted earlier:

127.0.0.1 localhost

1 localhost ip6-localhost ip6-loopback
ff02::1 ip6-allnodes

ff02::2 ipb-allrouters

#127.0.1.1 MstD

Next, update the network interfaces file for all the six or fourteen slaves; that is, repeat
the procedure outlined in chapter 4, Static IP Address and Hosts File Setup. Also, update the
switch's MAC and IP data to reflect the highlighted data depicted in the preceding
screenshot; that is, repeat the procedure outlined in chapter 4, Static IP Address and Hosts
File Setup. You are now nearing the end of your arduous digital pilgrimage.

Summary

In this chapter, we learned how to configure the eight or sixteen nodes in your Pi
supercomputer. We accomplished this task by initially editing the fstab file on the slavel
node to set up an automatic mount command, and then edit the hosts files on the master
and slave nodes to reflect their temporary IP address. Next, we used the SD formatter for
the Windows applications, to format the slave SD cards, and then the win32 Disk

Imager application, to copy the slavel image to the remaining formatted slave SD cards. We
edited/updated the hosts file to reflect the actual IP addresses of the networked master and
slaves, and edited the interfaces file on the super cluster nodes. Finally, we updated the
MAC and IP address on the network switch for the remaining slave nodes. We will discuss
testing the super cluster in chapter 8, Testing the Super Cluster.
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Testing the Super Cluster

This chapter discusses how to test the super cluster (see definition in Appendix). Initially,
you will shut down the entire supercomputer by sequentially using the shutdown -h

now command at each node, and then reenergize the super cluster to reinitialize the
machine as it progresses through its start up sequence. After the nodes are up-and-running,
you will then engage multiple nodes using the -H command to run/test the super cluster by
eviscerating the time need to solve the n function. Finally, you will create convenience
bash files to facilitate ease of use of your supercomputer.

In this chapter, you will learn:

e How to use the shutdown -h now command to shut down your Pis

¢ How to engage multiple cores/nodes, using the -H command, to solve the MPI n
function in record time

e How to create convenience bash files for enhancing the user experience, while
operating the supercomputer

Wielding the -H command

Shut down the entire cluster by successively ssh-ing into each node, and enter sudo
shutdown -h now (we will discuss automating this procedure later). Reenergize the
cluster by turning off the power strip, and then on again, or unplug the rapid charger from
the wall socket, and then reinsert the plug into the socket. Wait about 30 seconds or so for
the Pis to reboot. Then ssh into the master node, and switch to the alpha user, then change
the directory to the gamma folder.



Testing the Super Cluster

Execute the call-procs program to see if all the nodes are working appropriately. For
example, if you have an eight or 16-node machine, type in, individually; mpiexec ~H Mst0
call-procs, mpiexec —H Slvl call-procs, mpiexec —-H Slv2 call-procs, mpiexec
-H S1v3 call-procs...mpiexec -H Slv7 call-procs or S1lvl5 call-procs. This
procedure will initialize the nodes. Then command all the nodes using the

command; mpiexec -H

Slvl,slv2,S1v3,Sslv4,S81v5,S1ve, S1v7,S1v8,S1v9,S1v10,S1v1l, S1vl2, S1vl3, Sl
v14,S81v15 call-procs. If all the nodes respond appropriately, then you are good to go.
Have fun!

Fellow geeks, this is now the decisive moment. Rerun the command for testing the master,
and slave Pi; that is, enter the command time mpiexec -H
Mst0,Mst0,Mst0,Mst0,S1lvl, S1lvl, Slvl,Slvl MPI_08_b. The runtime should be
similar to your earlier runtime of approximately 14m19.05s, using 300,000 iterations in the
restrained mode. After the run ends, run the nodes as shown on the following pages.
Engaging the entire stack of eight Pi2s, should produce a run time of approximately
6m58.102s. If you observe this result, you have then achieved your goal of building a
miniature supercomputer so be proud of your accomplishment. You have my permission to
pop the Champagne cork now. You have just built your first eight or 16-node Raspberry Pi2
or Pi3 supercomputer. So, go ahead now, and wield your powerful -1 scepter to demolish
any or all mathematical enemies that stand in your path. Start with the runs depicted on the
following pages.
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Testing the Super Cluster

Pi2 supercomputing

Execute the code MPI_08_b using 10, and then 12 nodes (see the following figure):

alpha@Mst0:beta/gamma § time mpiexec -H Mst0,Mst0,Mst0,Mst0,Slv1,Slvl,SIv1, Shvl,Sv2, Siv2
MPI_08_b

Hik
Master node name: Msil
Enter the number of intervals:
300000
=% Numnber of processes: 10
Calculated pi = 3.141592653590717265643661448848
M_PI = 3.141592653589793115997963468544
Relative Ervor = 0.000000000000924149645697980304
real  11m35.776s

user 32m36.770s
5VE 11m52.790s

alpha@Mst:/beta/gamma § time mpiexec -H Mst0,Mst0,MstD Mst0,51v1,S1v1,51v1,51v1,51v2,5Iv2,
Shv2,Slv2 MPI_08_b

# Aplgg

Master node name: Msi0
Enter the number of intervals:
300000
*+* Number of processes: 12
Calculated pi = 3.141592653590720374268130399287
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000927258270166930743
real  10m34.038s

user  28md0.680s
sys  11m56.470s
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Testing the Super Cluster

Execute the code using 14, and then 16 nodes (see the following figure):

alpha@Mst0:/beta/gamma $ time mpiexec -H Mst,Mst0, Mst0, Mst0,SIv1,51v1,51v1,S5vl, SIv2, 5lv2,
Slv2,5lv2,51v3,51v3 MP1_08_b

Master node name: Msil
Enter the number of intervals:
300000
*+* Number of processes: 14
Calculated pi = 3.1415926535907 19486089710699162
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000926370091747230617
real 10m32.910s

user  167971m35.280s
sys  81357m28.400s

alpha@Mstl:/beta/gamma 5 time mpiexec -H Mst0,Mst0,Mst0,Mst0,51v1,51v1,5Iv1,51v1,51v2,5lv2,
§lv2,5Iv2 S1v3,51v3,51v3,51v3 MPI_08_b

Aol

Master node name: Mst(
Enter the number of intervals:
300000
*+* Number of processes: 16
Calculated pi = 3.141592653590720818357340249349
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000927702359376780805
real 9m34.595s

user 24ml17.770s
sys  12m36.530s
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Testing the Super Cluster

Execute the code using 18, and then 20 nodes (see the following figure):

alpha@Mstl:/beta’gamma $ time mpiexec -H Mst0,Mst0,Mst0,Mst0,51v1,5lv1,51v1,51v1,S1v2,Slv2,
Slv2,51v2,51v3,51v3,51v3,51v3,SIv4,Slvd MPI_08_b

Master node name: Mst)
Enter the number of intervals:
300000

=== Number of processes: 18

Calculated pi = 3.1415926535907 199301 78920549224
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000926814180957080680

real 8ml18.921s
user 21m4.740s
sys  10m55.560s

alpha@MstD:/beta/gamma $ time mpiexec -H Mst),Mst0, Mst0,Mst0,51v1,5lv1,51v1, 5lv1,Slv2, S1v2,
5Iv2,5lv2,5lv3,51v3,51v3,51v3, Slvd, Slvd, Slvd, Slvd MPI_08_b

Master node name: Mst0
Enter the number of intervals:
300000
== Numnber of processes: 20
Calculated pi = 3.1415926535907225947 14179649600
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000929478716216181056
real 7m48.721s

user  19m25.060s
SVS 10m24.450s
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Testing the Super Cluster

Execute the code using 22, and then 24 nodes (see the following figure):

alpha@Mstd:/beta/gamma $ time mpiexec -H Mst0,Mso),Mst0,Mst0,51v1,51v1,51v1,51v1,51v2,51vZ,
Slv2,51lv2 S1v3,51v3,51v3,51v3,51v4, Slvd, Slvd, Slvd, SIvs, Svs MPI1_08_b

Master node name; Msil

Enmter the number of intervals:
300000

*#* Number of processes: 22

Calculated pi = 3.141582653590722150624969799537
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000929034627006330593

real 7md7.741s
user 18md7.660s
sys  11m4.450s

alpha@Mstd:beta/gamma $ time mpiexec -H Mst0,Mst0,Mst0,Mst0,51v1,51v1,51v 1,511,512, 51v2,
§lv2,S1v2,51v3,51v3, S1v3, SIv3, Slvd, Svd, Slvd, Slvd, SIvs, S1vS, S1v5, Slvs MPI_08 b

Master node name; Msil

Enter the number of intervals:
300000
*** Number of processes; 24

Calculated pi = 3.141592653590721262446550099412
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000928146448586630868

real Tm21.174s
user 17m37.090s
5vs 10m35.160s
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Testing the Super Cluster

Execute the code using 26, and then 28 nodes (see the following figure):

alpha@Mst0:beta/gamma $ time mpiexec -H Mst0,Mst0,Mst0,Mst0,51v1,5lv1,51v1,51v1,51v2, Slv2,
5lv2,5lv2, 51v3,5lv3, 51v3, 5lv3, Slvd, Slvd, Slvd, Slvd, S1vs, SIvs, SIvs, Slvs, 51ve, Slve MP1_08 b

Master node name: Msi0

Enter the number of intervals:
300000
*** Number of processes: 26

Calculated pi = 3.141592653590720818357 340249349
M_PI = 3.14159265358979311599796 3468544
Relative Error = 0.000000000000927702359376780805

real 7m36.579s
user  17m31.840s
5Y5 11m29,.320s

alpha@Mstlbeta/gamma $ time mpiexec -H Mst0,Mst0, Mst0,Mst0,51v1,51v1,51v1,51v1,S1v2,51v2,
Slv2,Slv2,51v3,51v3,51v3,51v3, Slvd, S1vd, Slvd, Shvd, Svs,SIvs, Slvs, SIvs, SIve, SIve, S1ve, SIve
MPI_08_b

Master node name: Msil)
Enter the number of intervals:
300000
#** Number of processes: 28
Calculated pi = 3.141592653590721262446550009412
M_PI = 3.141592653589793115997963458544
Relative Error = 0.000000000000928146448586630868

real 8m3.386s
user  17m50.720s
sys  12m36.570s
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Testing the Super Cluster

Execute the code using 30, and then 32 nodes (see the following figure):

alpha@Mist0:/beta’gamma $ time mpiexec -H Mst0,Mst0,Mst0,Mst0,51v1,51v1,51v1,51v1,51v2,51v2,
SIv2,51v2,51v3,51v3,51v3,51v3,51v4, Slvd, Slvd, Shvd, S1v5, S1v5, S1v5, S1vs, Slve, SIve, Slve, S1vi,Slv T,
Slv7 MP1_08 b

Master node name: Mst(
Enter the number of intervals:
300000

*#%* Number of processes: 30

Calculated pi = 3.141592653590719930178920549224
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000926814180957080680

real 7m25.487s
user 16m26.870s
5Ys 11m44.520s

alpha@Mst:/beta/gamma $ time mpiexec -H Mst0,Mst0,Mst0, Mst0,S51v1,51v1,51v1,S1v1,SIv2, Slv2,
Shv2 5lv2, S1v3,Slv3,S51v3, 51v3, Slvd, Slvd, Sivd, Slvd, SIvs, Sivs, SIvs, S1vs, S1ve, S1ve, SIve, S1ve, Slv7,
SIv7,5lv7,5lv7 MPI_08_b

Master node name: Msil
Enter the number of intervals:
300000
==+ Number of processes: 32
Calculated pi = 3.141592653590720374268130399287

M_FI = 3.141592653589793115597963468544
Relative Error = 0.000000000000927258270166930743

real 6m58.102s

user 15m34.740s

sys  11m12.650s
alpha@Mst0:/beta’gamma $
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Testing the Super Cluster

The preceding runs were generated by the author's 8-node, 32 core, 32 GHz. Raspberry Pi2
supercomputer. If you are now feeling same as the all powerful Dr. Doom, and crave even
more power at your fingertips, you can build an even faster machine by adding more Pi2s
or the more advanced Pi3s.

Pi3 supercomputing

The following runs were generated by the author's 16-node, 64 core, 76.8 GHz. Raspberry
Pi3 supercomputer. The runs clearly show the advantage of higher core processing speed,
and greater node count. The following two images depict the author's beloved Pi3
supercomputer:
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Testing the Super Cluster

Author's 16-node, 64 cores, 76.8 GHz Raspberry Pi3 Supercomputer:

Close-up of the 16-node Raspberry Pi3 Supercomputer

Let's now have a look at the super cluster execution command syntax, and run results:

alpha@Mst0:/beta/gamma $ time mpiexec —-H Mst0 MPI_08_b
S

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 1

Calculated pi 3.141592653590713268840772798285
M_PI 3.141592653589793115997963468544
Relative Error = 0.000000000000920152842809329741

real 39m34.726s
user 39m25.120s
sys Om0.120s
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alpha@MstO:/beta/gamma $ time mpiexec —-H MstO,Mst0 MPI_08_b
FHEH AR A E AR H A AR AR AR AR A R R R R A

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 2

Calculated pi = 3.141592653590711492483933398034
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000918376485969929490

real 19m59.694s
user 39m47.750s
sys 0Om0.410s

alpha@MstO:/beta/gamma $ time mpiexec —-H MstO,Mst0,Mst0 MPI_08_b
FHEH AR A AR AR A A AR AR AR A A R R R A

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 3

Calculated pi = 3.141592653590702610699736396782
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000909494701772928238

real 13m30.216s
user 40m2.400s
sys OmO0.750s
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alpha@MstO:/beta/gamma $ time mpiexec —-H Mst0O,Mst0,Mst0,Mst0 MPI_08_Db
FHEH AR A E AR H A AR AR AR AR A R R R R A

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 4

Calculated pi = 3.141592653590712824751562948222
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000919708753599479678

real 11m9.049s
user 42m41.770s
sys Om0.780s

We will now transitioned to the second node or slavel, and, once again we see, from the run
time (16m12.707s) depicted following, the effects of the switching latency between
switching port 1, and port 2 or, more precisely, node 1 (master), and node 2 (slavel). Recall
that there are four cores per processor. The author has commanded a fifth core, which is
core 1 on slavel, to also work on the 7t equation.

Unfortunately, this latency problem will persist, and accumulate as you add more nodes
that are locate at transition ports. The only solution to this issue is to use a faster switch.
Currently, fast switches are prohibitively expensive for the hobbyist, or the common man.
Indeed, only national governments, and large multi-billion dollar companies, and
corporations can afford to play at the highest level in this supercomputing game as they
voraciously pursue the holy grail of infinite processing speed. Infinite? Just kidding of
course — no one really knows when or how the maddening quest ends. However, after
observing the Pi2, and Pi3 runs, it is quite clear that the Pi3 supercomputer (with it more
capable processors) significantly outperforms the Pi2.

The good news for hobbyist of a future generation, is that they will be able to build a
relatively cheap supercomputer (provided the chip, and switching technology continue to
advance) that will have the same processing power as today's super machines — similar to
your current effort in building a Pi supercomputers that, in most instances, exceeds the
processing power of yesteryear supercomputers.
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One more item before we proceed. The author used the relatively cheap 16-port fiber optic
cable capable HP 1920-16G Managed Gigabit Switch with his 16-node Pi3
supercomputer. This switch is a big brother to the 8-port HP managed switch used on his
Pi2 supercomputer. Feel free to use any other brand of managed switch with your
supercomputer, just make sure you carefully read the instructions on how to implement
static MAC, and static IP configurations:

alpha@MstO:/beta/gamma $ time mpiexec —-H Mst0O,Mst0,Mst0,Mst0,Slvl MPI_08_b
FHE#HF A A A A A A A A A A A A A A A4

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 5

Calculated pi = 3.141592653590706163413415197283
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000913047415451728739

real 16ml12.707s
user 46m36.170s
sys 15m57.120s

alpha@MstO:/beta/gamma $ time mpiexec —-H Mst0O,Mst0,Mst0,Mst0,Slvl,Slvl
MPI_08_b

FHAH A

Master node name: MstO

Enter the number of intervals:

300000

**% Number of processes: 6

Calculated pi = 3.141592653590706163413415197283
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000913047415451728739

real 14m7.660s
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user 39m43.840s
sys 14m24.510s

alpha@Mst0:/beta/gamma $ time mpiexec —-H Mst0,Mst0,Mst0,Mst0,Slv1l,Slvl,Slvl
MPI_08_b

FhAH AR A A A A A A A A A AR A4

Master node name: MstO

Enter the number of intervals:

300000

*** Number of processes: 7

Calculated pi = 3.141592653590710604305513697909
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000917488307550229365

real 12m26.877s
user 34m47.440s
sys 13m3.220s

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0, S1lv1l,Slvl, S1vl,

Slvl MPI_08_Db

FHEH A H A 4
Master node name: MstO

Enter the number of intervals:

300000
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*** Number of processes: 8

Calculated pi = 3.141592653590715045197612198535
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000921929199648729991

real 11m31.987s
user 31m52.810s
sys 12m36.590s

alpha@Mst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1vl,Slvl, S1vl,

Slvl,S1lv2,S1v2 MPI_08_b

FHEF AR

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 10

Calculated pi = 3.141592653590717265643661448848
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000924149645697980304

real 9m27.184s
user 25m35.720s
sys 10m47.060s

alpha@Mst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0, S1vl,Slvl, S1vl,
Slvl,S1lv2,S81v2,S1v2,S1v2 MPI_08_b

FHEF R AR R
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Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 12

Calculated pi = 3.141592653590720374268130399287
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000927258270166930743

real 8m49.813s
user 22m46.090s
sys 10m56.390s

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0, S1lvl,Slvl, S1vl,
Slvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S51v3 MPI_08_b

FHEH AR A E AR AR A AR AR AR A A R R A

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 14

Calculated pi = 3.141592653590719486089710699162
M_PI = 3.141592653589793115997963468544
Relative Error 0.000000000000926370091747230617

real 7m41.531s
user 20m6.740s
sys 9m28.510s
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alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1lvl,Slvl, S1vl,
Slvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S51v3,S1v3,S1v3 MPI_08_b
FHEH AR A E AR A A AR AR AR AR AR A R R 4

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 16

Calculated pi = 3.141592653590720818357340249349
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000927702359376780805

real 7m5.758s
user 17m47.660s
sys 9m27.860s

alpha@Mst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1lvl,Slvl, S1vl,
Slvl,S1v2,S81v2,S1v2,S51v2,S1v3,S51v3,S81v3,S51v3,S1v4,S51v4 MPI_08_Db
FHEH A H A 4

Master node name: MstO

Enter the number of intervals:

300000

*** Number of processes: 18

Calculated pi = 3.141592653590719930178920549224
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000926814180957080680
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real 6ml2.352s
user 15m26.270s
sys 8m26.940s

alphalMst0:/beta/gamma $ time mpiexec -H

Mst0O,Mst0,Mst0,Mst0, S1vl,Slvl, S1vl,
Slvl,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S51v3,S1v4,S51v4,S1v4,S1v4d MPI_08_b
s EEEEEEEEEEEEEEEEEEE

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 20

Calculated pi = 3.141592653590722594714179649600
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000929478716216181056

real 6ml18.800s
user 15m6.500s
sys 9ml11.310s

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1vl,Slvl, S1lvl,
Slvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S1v4,S1v4,S1v4,S1v5,S81v5
MPI_08_b

FHEH A H A 4

Master node name: MstO

Enter the number of intervals:
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300000

*** Number of processes: 22

Calculated pi = 3.141592653590722150624969799537
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000929034627006330993

real 5m40.196s
user 13m42.310s
sys 8ml10.410s

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1vl,Slvl, S1lvl,
sSlvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S51v4,S1v4,S51v4,S1v5, S1v5,
S1v5,S1v5 MPI_08_b

2t EE LT EEEEEEEEEEEEEEEE

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 24

Calculated pi = 3.141592653590721262446550099412
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000928146448586630868

real 5m51.449s
user 13m30.780s
sys 8m30.330s

alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1vl,Slvl, S1lvl,
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Slvl,S1v2,S51v2,S81v2,S51v2,S1v3,S51v3,S81v3,51v3,S81v4,S51v4,S81v4,S51v4,S1v5,S51v5,
S1v5,S1v5,S51ve,S1ve MPI_08_b

FHEH A H A 4

Master node name: MstO

Enter the number of intervals:

300000

*** Number of processes: 26

Calculated pi = 3.141592653590720818357340249349
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000927702359376780805

real 6m0.078s
user 13m27.300s
sys 9ml10.070s

alphalMst0:/beta/gamma $ time mpiexec -H

Mst0O,Mst0,Mst0,Mst0, S1vl,Slvl, S1vl,
Slvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S51v4,S1v4,51v4,S1v5, S1v5,
S1lv5,S1v5,S81v6,S1ve,S1lve,S1lve MPI_08_Db

22t EEEEEEEEEEEEEEEEE L

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 28

Calculated pi = 3.141592653590721262446550099412
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000928146448586630868

real 5m24.701s
user 12m31.440s
sys 8ml5.760s
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alphalMst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1lvl,Slvl, S1vl,
Slvi,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S51v4,S1v4,S51v4,S1v5, S1v5,
Slv5,S1v5,S81v6,S1ve, S1ve, S1ve, S1v7,S1v7 MPI_08_Db

s EEEEEEEEEEEEEEEEEEE

Master node name: MstO

Enter the number of intervals:

300000

*** Number of processes: 30

Calculated pi = 3.141592653590719930178920549224
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000926814180957080680

real 5ml12.151s
user 11m34.040s
sys 8m24.120s

alpha@Mst0:/beta/gamma $ time mpiexec -H
Mst0O,Mst0,Mst0,Mst0,S1vl,Slvl, S1vl,
sSlvil,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S51v4,S1v4,351v4,S1v5, S1v5,
Slv5,S1v5,S81v6,S1lve, S1ve,S1ve,S1v7,S1v7,S1v7,S1v7 MPI_08_b

FHEH A H A 4

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 32

Calculated pi = 3.141592653590720374268130399287
M_PI 3.141592653589793115997963468544
Relative Error 0.000000000000927258270166930743

real 5m8.955s
user 11m23.230s
sys 8ml13.930s
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alphalMst0:/beta/gamma $ time mpiexec -H

Mst0,Mst0,Mst0,Mst0, S1vl,S1lvl, Slvl,
Slvi,S1lv2,S81v2,S1v2,S81v2,S1v3,S81v3,S1v3,S81v3,S1v4,S51v4,S1v4,S51v4,S1v5, S1v5,
sSlv5,S1lv5,S81v6,S1ve, S1ve,S1lve, S1v7,S1v7,S81v7,S1v7,S81v8,S1v8,S351v8,S1v8,S1v9,
Slv9,s1lv9,s1lv9,S1v10,S81v10,S81v10,S81v10,S81v11,S1v11,S81v11,S81v1l,S1v12,S81vl2,
Slvi12,S1v12,S81v13,81v13,S51v13,51v13,S81v14,S51v14,31v14,S1v14,S51v15,S81vl5,S1v
15,S1v1l5 MPI_08_b

s EEEEEEEEEEEEEEEEEEE

Master node name: MstO
Enter the number of intervals:

300000

*** Number of processes: 64

Calculated pi = 3.141592653590720374268130399287
M_PI = 3.141592653589793115997963468544
Relative Error = 0.000000000000927258270166930743

real 3m51.196s
user 7m30.340s
sys 7Tm9.180s

You can further refine the user experience in operating the super cluster by coding simple
convenience commands into bash files depicted on the following pages. Create the
files/programs on the master node by entering the command; vim ~/xx.sh, replacing

xx with an appropriate name, for example; update, upgrade, and so on. Then insert the
text for each convenience bash command as depicted in the following figure, then save,
and quit.

Execute the convenience programs using the bash commands. Note that the bash term
should precede the filename, which begins with ~/. As the program runs its course, it will
ask for the Pi2 or Pi3 password except for the ssh. sh file, whereby just enter exit, until
you arrive at the appropriate node. This file might not be as useful to you, but you can play
around with it, if you so desire. A word of caution, using the upgrade command after
you've successfully configured your supercomputer, could result in changes to the internal
settings of the Pi's operating system, and thus resulting in your machine not work as you
intended. This would mean, unfortunately, that you will have to redo the entire effort. So
use this command only if you have no other choice.
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Creating bash files

Enter vim ~/update.sh, and edit the ~/update. sh file as shown following, and then
write and quit:

#l/bin/bash

gsh Slv7 'sudo update’
ssh S1v 'sudo update’
ssh S1v5 "sudo update’
ssh Slvd 'sudo update’
5sh 51v3 "sudo update’
ssh 51v2 "sudo update’
ssh Slvl ‘sudo update’

Execute the convenience bash file ~/update. sh as depicted following:
pi@MstO:~ $ bash ~/update.sh ¢ bash execution command.

Enter vim ~/upgrade.sh, and edit the ~/upgrade. sh file as shown following, and then
write and quit:

#l/bin'bash

ssh SIv7 "sudo upgrade'
ssh Slv6 ‘sudo upgrade’
ssh SIv5 'sudo upgrade’
ssh 5lv4 'sudo upgrade’
ssh Slv3 'sudo upgrade’
ssh 5lv2 'sudo upgrade’
ssh 5lv1 'sudo upgrade’

Execute the convenience bash file ~/upgrade. sh as depicted here:
pi@Mst0:~ $ bash ~/upgrade.sh ¢ bash execution command.

Enter vim ~/shutdown.sh, and edit the ~/shutdown. sh file as shown following, and
then write and quit:

#/binbash

ssh SIv7 'sudo shutdown -h now'
ssh Slv6 'sudo shutdown -h now'
ssh SIva 'sudo shutdown -h now'
ssh Slvd 'sudo shutdown <h now'
ssh Slv3 'sudo shutdown -h now’
ssh Slv2 'sudo shutdown -h now’
ssh Slvl 'sudo shutdown -h now'
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Execute the convenience bash file ~/shutdown. sh as depicted here:
pi@Mst0:~ $ bash ~/shutdown.sh ¢ bash execution command.

Enter vim ~/reboot.sh, and edit the ~/reboot . sh file as shown following, and then
write and quit:

#1/bin'bash

ssh Slv7 'sudo reboot’
ssh Skvé ‘'sudo reboot’
ssh SIvs 'sudo reboot’
ssh Siv4 'sudo reboot’
ssh Slv3 'sudo reboot’
s5h 5Iv2 'sudo reboot’
ssh Slvl 'sudo reboot'

Execute the convenience bash file ~/reboot . sh as depicted here:

Pi@Mst0:~ $ bash ~/reboot.sh ¢ bash execution command. Enter vim ~/ssh.sh,
and edit the ~/ssh. sh file as shown following:

#!/bin/bash

gsh Slvl
ssh Slv2
ssh Slv3
ssh Slvd
ssh Slvs
ssh Slvb
ssh Slv7

Execute the convenience bash file ~/ssh. sh as depicted here:
pi@Mst0:~ $ bash ~/ssh.sh ¢ bash execution command.

Now that you have at your disposal a very muscular 32 or 64 core Pi2 or Pi3
supercomputer, go show-off its immense processing power by, once again, resolving the
integral 7 equation you've been experimenting with, only this time use 1,000,000 iterations
instead of 300,000. Note the change in the 7 accuracy, and execution time. One million
iterations on the restrained 16-node Pi3, takes 23m35.096s to complete, and 0m11.381s
(unrestrained), please see code fragment as shown following.
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Note that 1,000,000 iterations on the Pi2 (restrained) takes considerably longer for a
solution, and only seconds in the unrestrained mode. The author threw the full 76.8 GHz
processing power of his Pi3 at the 7t equation using 5,000,000 iterations (restrained). It took
7.611hrs. of processing time — a rather rigorous exercise for the Pi3 supercomputer — to
generate a very accurate 7t value.

Using unrestrained MPI code logic

From here on, you can unleash the full power of your machine by simply commenting out
the restraining outer for loop statement, as shown following in the code fragment. Most
MPI codes you will write will not necessarily have the for loop coding format, but most of
the exercises in this book will use this type of coding structure.

The code fragment will allow unrestrained processing:

// for(total_iter = 1; total_iter < n; total_iter++) ¢ comment this line
{

sum = 0.0;
// width = 1.0 / (double)total_iter; // width of a segment ¢ comment
this

line

width = 1.0 / (double)n; // width of a segment ¢ use this line
// for(i = rank + 1; i <= total_iter; i += numprocs) ¢ comment this
line

for(i = rank + 1; i <= n; i += numprocs) ¢ use this line instead

{

X width * ((double)i - 0.5); // x: distance to center of 1i(th)
segment
sum += 4.0/(1.0 + x*x); // sum of individual segment height for a
given
// rank

}

Please revisit chapter 2, One Node Supercomputing, for a refresher explanation on the nested
for loop used to throttle the processing power of the super cluster.
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Summary

In this chapter, we learned how to test your supercomputer by first shutting down the
entire cluster by using the shutdown -h now command at each node, and then
reenergizing the super cluster to reinitialize the machine. This procedure was then followed
by commanding multiple nodes simultaneously to demolish the time needed to solve the nt
equation. Recall that one core on the master Pi2 node, operating in the restrained mode, and
using 300,000 iterations, took 58m2.393s to calculate 77, and 6m58.102s using all 32 cores in
the eight node cluster, while the Pi3 supercomputer, also operating in the restrained mode,
took 39m34.726s to calculate 7t using one core, and only 5m8. 955s using 32 cores, and an
insanely 3m51.196s using all 64 cores on the 16 node Pi3 machine. The author leaves it up
to the reader to determine the time needed to crunch the value of 7 using 5 million
(5,000,000) iterations, and all 64 cores in the unrestrained Pi3 supercomputer. The result is
even more insane than the 3m51.19s obtained earlier. Have fun!! chapter 9, Real-World
Math Application, will provide some real-world practice examples in math.
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We will now investigate four widely used math equations. Three of these equations are the
trigonometric functions; sine, cosine, and tangent, and one is the natural log function. We
will parallelize the Taylor series expansion of the trigonometric, and the natural log
functions.

The form of the preceding equations lends themselves to easy parallelization, and hence we
will be using the programming structure you previously experimented with. We will
initially start with the serial representation of the functions, and then proceed to
modify/convert said functions to their MPI versions. The unrestrained Pi supercomputer will
quickly demolish these equations while using only a few processors. In fact, using the entire
super cluster would be overkill in most of the following exercises — much like bringing a
heavy machine gun to a fist fight, as they say, but the exercises serve to strengthen the
reader's MPI programming skills — albeit employing only a small portion of the extensive
MPI library. So, let's now proceed to have more fun programming our machine.

In this chapter, you will learn:

e How to write and run the serial Taylor series expansion sine (x) function

e How to write and run the MPI Taylor series expansion sine (x) function

e How to write and run the serial Taylor series expansion cosine (x) function
e How to write and run the MPI Taylor series expansion cosine ( functlon

e How to write and run a combination serial Taylor series expansion
tangent (x) function

e How to write and run the combination MPI Taylor series expansion
tangent (x) function

e How to write and run the serial Taylor series expansion 1n (x) function
e How to write and run the MPI Taylor series expansion 1n (x) function
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The codes were initially developed and debugged on the author's main
PC. The . c files were subsequently SFTP over to the master node on his
Pi3 super cluster where the codes were then compiled in the export
gamma folder. The following runs were generated using only 16 of 64
processors on the author's Pi3 supercomputer. Proceed to doing the
upcoming exercises.

MPI Taylor series sine(x) function

Start with the following Taylor series sine (x) function:

2k+1

sine(x) = Z( 1My X ——— arT D

On the master node, write, compile, and run this serial sine (x) code (see the following
screenshot, which shows serial sine (x) code) to get a feel of the program:

/*********************************

* Serial sine(x) code.

Taylor series representation
of the trigonometric sine(x).

Author: Carlos R. Morrison

Date: 1/10/2017

*
*
*
*
*
*
*
*
KA AKAAIAA I AA A A XA AA A A XA XA AR A A ARk K K

*
*
*
*
*
*
*
*

/
#include <math.h>
#include <stdio.h>
int main (void)
{
unsigned int j;
unsigned long int k;
long long int B,D;
int num_loops = 17;
float y;
double x;
double sum0=0,A,C,E;
/******************************************************/
printf ("\n")
printf ("Enter angle (deg.) :\n")
printf ("\n")
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scanf ("%$f", &y);
if(y <= 180.0)

{
x = y*(M_PI/180.0);
}
else
x = —(360.0-y)*(M_PI/180.0);
/******************************************************/
sum0 = 0;
for(k = 0; k < num_loops; k++)
{
A = (double)pow(-1,k);// (-1"k)
B = 2*k+1;
C = (double)pow(x,B);// x"(2k+1)
D =1;
for(j=1; j <= B; J++)// (2k+1)!
{
D *= 7j;
}
E = (A*C)/ (double)D;

sum0 += E;
}// End of for(k = 0; k < num_loops; k++)

printf ("\n");
printf(" %.1f deg. = %.3f rads\n", y, x);
printf ("Sine (%.1f) = %.4f\n", y, sum0);

return 0;

Next, write, compile, and run the MPI version of the preceding serial sine (x) code (see the
following MPI sine (x) code), using one processor from each of the 16 nodes:

/*********************************

* MPI sine(x) code. *
* *
* Taylor series representation *
* of the trigonometric sine(x). *
* *
* Author: Carlos R. Morrison *
* *
* Date: 1/10/2017 *
*

********************************/

#include <mpi.h> // (Open)MPI library
#include <math.h> // math library
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#1i

in

{

//

//
//
//

//

nclude <stdio.h>// Standard Input/Output library
t main(int argc, char*argvl[])

long long int total_iter,B,D;

int n = 17, rank, length, numprocs, i, j;
unsigned long int k;

double sum, sumO, rank_integral,A,C,E;
float vy, x;

char hostname [MPI_MAX_PROCESSOR_NAME] ;

MPI_TInit (&argc, &argv); // initiates MPI

MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of processes
MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire current process id

MPI_Get_processor_name (hostname, &length); // acquire hostname

if (rank == 0)
{

printf ("\n")
printf '#######################################################")'
printf ("\n\n")
printf ("*** Number of processes:

("

(

(

( d\n", numprocs) ;

printf ("*** processing capacity: 1

(

(

(

(

%$.1f GHz.\n",numprocs*1.2);

printf ("\n\n")
printf "Master node name: %$s\n", hostname) ;

printf ("\n")
printf ("Enter angle (deg.):\n");
printf ("\n")

scanf ("%f", y);
if(y <= 180.0)
{
X = y*(M_PI/180.0);

}
else
x = —(360.0-y)*(M_PI/180.0);
}
broadcast to all processes, the number of segments you want

MPI_Bcast (¢n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;
MPI_Bcast (&¢x, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

this loop increments the maximum number of iterations, thus providing
additional work for testing computational speed of the processors

for(total_iter = 1; total_iter < n; total_iter++)

{
sumO = 0.0;
for(i = rank + 1; i <= total_iter; i += numprocs)
for(i = rank + 1; i <= n; 1 += numprocs)
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k = (1i-1);

A = (double)pow(-1,k);// (-1"k)
B = 2*k+1;

C = (double)pow(x,B);// x"(2k+1)
D= 1;

for(j=1; j <= B; Jj++)// (2k+1)!
{
D *= j;
3
E = (A*C)/ (double)D;
sum0 += E;

rank_integral = sum0O;// Partial sum for a given rank

// collect and add the partial sumO values from all processes

MPI_Reduce (&rank_integral, &sum, 1, MPI_DOUBLE,MPI_SUM,
MPI_COMM_WORLD) ;

0,

}// End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)
{
printf ("\n\n");

printf (" %.1f deg. = %.3f rads\n", y, X);
printf ("Sine (%.3f) = %.3f\n", x, sum);

// clean up, done with MPI
MPI_Finalize();

return O;
}// End of int main (int argc, char*argv([])

Let's have a look at the MPI sine (x) run:
alpha@Mst0:/beta/gamma $ time mpiexec —-H
MstO,S1lv1l,S81v2,S1v3,S81v4,S1v5,S81v6,S1v7,S31v8,
S1v9,S1v10,S1v11,S81v12,S81v13,S1v14,S1vl5 MPI_sine
FHAFH A A

**% Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
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0.0 deg. = 0.000 rads
Sine (0.000) = 0.000

real O0ml10.404s
user 0ml1.290s
sys Om0.280s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.
Master node name: MstO
Enter angle(deg.):
30
30.0 deg. = 0.524 rads
Sine (0.524) = 0.500
real Oml1.621s

user Oml1.270s
sys Om0.330s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine

FHEH A H A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
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60

60.0 deg. = 1.047 rads
Sine(1.047) = 0.866

real 0m6.494s
user Oml.230s
sys Om0.340s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

90

90.0 deg. = 1.571 rads
Sine(1.571) = 1.000

real O0m10.090s
user Oml1.200s
sys Om0.380s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
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120

120.0 deg. = 2.094 rads
Sine(2.094) = 0.866

real Om4.674s
user Oml.220s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
Enter angle(deg.):

150

150.0 deg. = 2.618 rads
Sine(2.618) = 0.500

real Om6.942s
user Oml.240s
sys Om0.360s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.
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Master node name: MstO
Enter angle(deg.):

180

180.0 deg. = 3.142 rads
Sine (3.142) = 0.007
real Om7.757s

user Oml1.190s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

210

210.0 deg. = -2.618 rads
Sine (-2.618) -0.500

real 0m9.312s
user Oml1.280s
sys Om0.480s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine
2L EEEEEEEEEEEEEEEEE L
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*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

240
240.0 deg. = -2.094 rads
Sine(-2.094) = -0.866

real Om7.053s
user Oml.300s
sys Om0.320s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine
2t EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

270
270.0 deg. = -1.571 rads
Sine(-1.571) = -1.000

real 0m9.521s
user Oml.220s
sys Om0.340s

[167 ]



Real-World Math Application

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine

FHEH A H A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

300
300.0 deg. = -1.047 rads
Sine(-1.047) = -0.866

real O0m20.375s
user Oml.260s
sys Om0.330s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine

FHEH A H A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

330
330.0 deg. = -0.524 rads
Sine(-0.524) = -0.500

real Om7.629s
user Oml1.440s
sys Om0.350s
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alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_sine

FHEH A H A 4

*** Number of p

*** processing

Master node nam

Enter angle (deg

360

360.0 deg.
Sine (-0.000)

real Oml11.463s
user Oml.260s
sys 0m0.290s

rocesses: 16

capacity: 19.2 GHz.

e: MstO

L)

-0.000 rads
0.000

The following figure is a plot of the MPI sine (x) run:

sine(o)

1.50

-1.50

Sine curve

400

Degrees(e)
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MPI Taylor series cosine(x) function

The Taylor series formula for the cosine (x) function is as follows:

2k

cosine(x) = Z(—lkj X ﬁ
k=0

Write, compile, and run this serial cosine (x) code (see the following code, which
shows serial cosine (x) code) to get a feel of the program:

/*‘k*‘k***‘k***************************

\* Serial cosine (x)code. *
*
Taylor series representation
of the trigonometric cosine(x).

Date: 1/10/2017

*
*
*
*
*
*
*
khkhkkhkrkhkhkhkkhkhkhkkhkrhkhkrhkhkrkhkhkhhkhkhkrhkxkhkx*x

*
*
*
* Author: Carlos R. Morrison
*
*
*

/
#include <math.h>
#include <stdio.h>

int main (void)
{
unsigned int j;
unsigned long int k;
long long int B,D;
int num_loops = 17;
float vy;
double x;
double sum0=0,A,C,E;
/******************************************************/
printf ("\n");
printf ("Enter angle (deg.):\n");
printf ("\n");
scanf ("%$f", &y);
if(y <= 180.0)

{
x = y*(M_PI/180.0);
}
else
x = —(360.0-y)*(M_PI/180.0);

/******************************************************/
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sum0 = 0;
for(k = 0; k < num_loops; k++)

{

A = (double)pow(-1,k);// (-17k)
B = 2*k;

C = (double)pow (x,B);// x"2k

D =1;

for(j=1; j <= B; Jj++)// (2k!)

E = (A*C)/ (double)D;

sum0 += E;

}
printf ("\n");
printf (" %.1f deg.

o
°
o
°

.3f rads\n", vy, x);
.4f\n", vy, sum0);

printf ("Cosine (%.1f)

return 0;

Next, write, compile, and run the MPI version of the preceding serial
cosine (x) code (see MPI cosine(x) code below), using one processor from

each of the 16 nodes.

/**********************************

* MPI cosine (x) code.

Taylor series representation
of the trigonometric cosine(x).

Author: Carlos R. Morrison

Date: 1/10/2017

*
*
*
*
*
*
*
*
hhkrhkkhkhkkhkrkhkhkhkhkhkhkhkrhkkhkhkhkhkhkkkkhkxkk*xk*k

*
*
*
*
*
*
*
*

/
#include<mpi.h>// (Open)MPI library
#include<math.h>// math library
#include<stdio.h>// Standard Input/Output library

int main(int argc, char*argv([])
{
long long int total_iter,B,D;
int n = 17, rank, length, numprocs, i, j;
unsigned long int k;
double sum, sumO, rank_integral,A,C,E;
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float vy, x;

char hostname [MPI_MAX_PROCESSOR_NAME] ;

MPI_Init (&argc, &argv);

MPI_Comm_size (MPI_COMM_WORLD,
MPI_Comm_rank (MPI_COMM_WORLD,
MPI_Get_processor_name (hostname,

if

{
printf ("\n");

(rank == 0)

&rank) ;

// initiates MPI
snumprocs); // acquire number of processes
// acquire current process id
&length); // acquire hostname

printf ("#H#HHFHEFHEHFAAFHERFAAHHAHFAERF AR A AR F SRS H SIS EERET)

(
(
printf ("\n\n");

printf ("*** Number of processes:
printf ("*** processing capacity:
printf ("\n\n");

printf ("Master node name:
printf ("\n");

printf ("Enter angle (deg.):\n");
printf ("\n");

scanf ("%f", &y);

if(y <= 180.0)

{

%s\n",

X = y*(M_PI/180.0);
}
else
x = —(360.0-y)*(M_PI/180.0);

// broadcast to all processes,
MPI_Bcast (&n, 1, MPI_INT, O,
MPI Bcast (&x, 1, MPI_INT, O,

// this loop increments the maximum number of iterations,

o
°
o
°

d\n", numprocs) ;
.1f GHz.\n",numprocs*1.2);

hostname) ;

the number of segments you want
MPI_COMM_WORLD) ;
MPI_COMM_WORLD) ;

thus providing

// additional work for testing computational speed of the processors

//for (total_iter = 1;
{

total_iter < nj

total_iter++)

i += numprocs)

i += numprocs)

sum0 = 0.0;
// for(i = rank + 1; i <= total_iter;
for(i = rank + 1; 1 <= n;
{
k = (i-1);
A = (double)pow(-1,k);// (-17k)
B = 2*k;
C = (double)pow (x,B);// x"2k
D = 1;
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for (j=1; j <= B; j++)// (2k!)
{
D *=3;
}
E = (A*C)/ (double)D;

sum0 += E;

rank_integral = sum0O;// Partial sum for a given rank

// collect and add the partial sumO values from all processes
MPI_Reduce (&rank_integral, &sum, 1, MPI_DOUBLE,MPI_SUM, O,
MPI_COMM_WORLD) ;

}// End of for(total_iter = 1; total_iter < n; total_iter++)
if (rank == 0)

{
printf ("\n\n");

printf (" %.1f deg. = %.3f rads\n", vy, x);
printf ("Cosine (%.3f) = %.3f\n", x, sum);

}
// clean up, done with MPI
MPI_Finalize();

return O;
}// End of int main (int argc, char*argv([])

The following is the MPT cosine (x) run:
alpha@Mst0:/beta/gamma $ time mpiexec —-H
MstO,S1lv1l,S1lv2,S1v3,S1v4,S1v5,S1v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S81v12,S1v13,S1v14,S1vl5 MPI_cosine
S i
**% Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

0.0 deg. = 0.000 rads
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Cosine (0.000) = 1.000

real O0m5.309s
user Oml1.280s
sys Om0.280s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,Slvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2t EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

30

30.0 deg. = 0.524 rads
Cosine (0.524) = 0.866

real Oml13.045s
user Oml1.270s
sys Om0.400s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2t EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

60
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60.0 deg. = 1.047 rads
Cosine(1.047) = 0.500

real 0ml18.477s

user Oml.150s
sys Om0.450s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
FHEH A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.
Master node name: MstO
Enter angle(deg.):
90
90.0 deg. = 1.571 rads
Cosine(1.571) = -0.000
real 0ml10.567s
user Oml.240s
sys Om0.360s
alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1v1l,S1lv2,S1v3,S1v4,S1v5,S51ve,S1v7,S51v8,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
ER o
*** Number of processes: 16
*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

120

120.0 deg. = 2.094 rads
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Cosine(2.094) = -0.500

real Om7.056s
user Oml.310s
sys Om0.330s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,Slvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2t EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.
Master node name: MstO
Enter angle(deg.):
150
150.0 deg. = 2.618 rads
Cosine(2.618) = -0.866
real O0m8.202s

user Oml1.200s
sys Om0.390s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2L EEEEEEEEEEEEEEEEE L

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
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180

180.0 deg. = 3.142 rads
Cosine (3.142) = -1.001

real Oml11.139s

user Oml.250s
sys Om0.350s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

210

210.0 deg. = -2.618 rads
Cosine (-2.618) -0.866

real O0m6.400s
user 0ml1.290s
sys Om0.330s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S81v14,S1vl5 MPI_cosine
2t EEEEEEEEEEEEEEEEE L

*** Number of processes: 16
*** processing capacity: 19.2 GHz.
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Master node name: MstO

Enter angle(deg.):

240

240.0 deg. = -2.094 rads
Cosine (-2.094) -0.500

real Oml11.837s
user Oml.320s
sys Om0.340s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

270

270.0 deg. = -1.571 rads
Cosine (-1.571) -0.000

real Om8.228s
user Oml1.200s
sys Om0.360s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2L EEEEEEEEEEEEEEEEE L
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*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

300

-1.047 rads
0.500

300.0 deg.
Cosine (-1.047)

real Om7.509s
user Oml1.270s
sys Om0.350s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
2t EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16

*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

330

330.0 deg.
Cosine (-0.524)

-0.524 rads
0.866

real Om7.167s
user Oml1.180s
sys Om0.350s
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alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_cosine
FHEH A H A 4

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

360

360.0 deg.
Cosine (-0.000)

-0.000 rads
1.000

real O0ml10.469s
user Oml.250s
sys Om0.300s

The following figure is a plot of the MPI cosine (x) run:

Cosine curve

150

Cosine(e)

400

-1.50
Degrees(e)
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MPI Taylor series tan(x) function

Since tan(x) = sine(x)/cosine(x), we could combine the Taylor series formula of the
sine (x) and cos (x) to construct the tangent function as follows:

2k+1

D R ayerey:

tan(x) = —— k.
Yiso(—1 ) ReSover

Write, compile, and run this Serial tangent (x) code (see the following
serial tangent (x) code) to get a feel of the program:

/**********************************

* Serial tangent (x) code.

Taylor series representation
of the trigonometric tan(x).

Author: Carlos R. Morrison

Date: 1/10/2017

*
*
*
*
*
*
*
*
KAk AKAAI A A A A A AR A AR AR A A XA AA A AR AR XA, K

*
*
*
*
*
*
*
*

/
#include <math.h>
#include <stdio.h>

int main (void)

{

/************************************************/
unsigned int 1i,3,1;
unsigned long int k;
long long int B,D,G, I;
int num_loops = 17;
float y;
double x;
double sum=0, sum01=0, sum02=0;
double A,C,E,F,H, J;

/************************************************/

/************************************************/
printf ("\n");

Z:printf ("Enter angle (deg.) :\n");
printf ("\n");

scanf ("$f", &y);
if(y >= 0 && y < 90.0)
{
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x = y*(M_PI/180.0);
}
else
if(y > 90.0 && y <= 180.0)
{
x = —(180.0-y)*(M_PI/180.0);
}
else
if(y >= 180.0 && y < 270)
{
x = —(180-y)*(M_PI/180.0);
}
else
if(y > 270.0 && y <= 360)
{
x = —(360.0-y)*(M_PI/180.0);
}
else
{
printf ("\n");
printf ("Bad input!! Please try another angel\n");
printf ("\n");

goto Z;
}
/*‘k*‘k*****‘k***‘k*‘k*‘k*‘k*****‘k***********************
* * Kk kK kx SINE BLOCK * ok Kk kK *
***‘k***‘k*‘k*‘k*‘k*****‘k***‘k*************************/
sum01 = 0;
for(i = 0; 1 < num_loops; i++)
{
A = (double)pow(-1,1);
B = 2*i+1;
C = (double)pow(x,B);
D = 1;
for(j = 1; j <= B; j++)
{
D *= 3j;
}
E = (A*C)/(double)D;

sum01 += E;
}// End of for(i = 0; i < num_loops; i++)

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k***********************

* * kK k Kk COSINE BLOCK * Kk k kK *
*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k***********************/
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sum02 = 0;
for(k = 0; k < num_loops; k++)
{
F = (double)pow(-1,k);
G = 2*k;
H = (double)pow(x,G);
I =1;
for(l = 1; 1 <= G; 1++)
{
I *=1;
}
J = (F*H)/ (double)I;

sum02 += J;
}// End of for(k = 0; k < num_loops; k++)

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k***********************

* *%x%% TANGENT BLOCK ****x *
*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k***********************/

/*******************/

sum = sum01/sum02; // Tan(x) ==> Sine (x)/Cos (x)
/*******************/

/*‘k*‘k*‘k***********************************************/
printf ("\n");
printf("%.1f deg.
printf ("Tan(%.1f)

f rads\n", vy, x);
f\n", y, sum);

o o

.3
.3
return 0;

Next, write, compile, and run the MPI version of the preceding serial
tan(x) code (see MPI tan(x) code below), using one processor from each of
the 16 nodes.

/**********************************

* MPI tangent (x) code. *
* *
* Taylor series representation *
* of the trigonometric tan (x). *
* *
* Author: Carlos R. Morrison *
* *
* Date: 1/10/2017 *
*

*********************************/

#include <mpi.h> // (Open)MPI library
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#include <math.h> // math library
#include <stdio.h>// Standard Input/Output library

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

{

/**************************************************************************

****/

unsigned int i,3j,1;

unsigned long int k,m,n;

long long int B,D,G, I;

int Q = 17, rank, length, numprocs;
float x,y;

double sum, suml, sum2, sum01=0, sum02=0, rank_sum, rank_suml, rank_sum2;
double A,C,E,F,H,J;
char hostname [MPI_MAX_PROCESSOR_NAME];

MPI_Init (&argc, &argv);

MPI_Comm_size (MPI_COMM_WORLD,
MPI_Comm_rank (MPI_COMM_WORLD,
MPI_Get_processor_name (hostname,

// initiates MPI

snumprocs); // acquire number of processes
s&rank) ; // acquire current process id
&length); // acquire hostname

/**************************************************************************

****/

if (rank == 0)

{

printf ("\n");

printf ("H#H#HHFHEFHEHFEAFHERFAAHHAHFAERF AR A HERF SRS H SRS EERET)

(

(

printf ("\n\n") ;
printf ("*** Number of processes:
printf ("*** processing capacity:
printf ("\n\n");

printf ("Master node name: $s\n",
printf ("\n");

printf ("\n");

printf ("Enter angle (deg.):\n");
printf ("\n");

scanf ("%$f", &y);

if(y >= 0 && y < 90.0)
{
X = y*(M_PI/180.0);
}
else
if(y > 90.0 && y <= 180.0)
{
x = —-(180.0-y)* (M_PI/180.0);

else
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if(y >= 180.0 && y < 270)
{
x = —(180-y)*(M_PI/180.0);
}
else
if(y > 270.0 && y <= 360)
{
x = —(360.0-y)*(M_PI/180.0);
}
else
{
printf ("\n");
printf ("Bad input!! Please try another angel\n");
printf ("\n");
goto Z;
}
}// End of if(rank == 0)

/**************************************************************************

****/

//broadcast to all processes, the number of segments you want

MPI_Bcast (&Q, 1, MPI_INT, 0O, MPI_COMM_WORLD) ;

MPI_Bcast (&x, 1, MPI_INT, 0O, MPI_COMM_WORLD) ;
// this loop increments the maximum number of iterations, thus providing
// additional work for testing computational speed of the processors

//for (total_iter = 1; total_iter < Q; total_iter++)

{
sum01 = 0;
sum02 = 0;
// for(total_iter = 1; i < total_iter; total_iter++)

for(i = rank + 1; 1 <= Q; 1 += numprocs)

{
m = (i-1);

/*************************************************
* * Kk Kk kK SINE BLOCK * Kk kK kx *
*************************************************/
A = (double)pow(-1,m);
B = 2*m+1;
C = (double)pow(x,B);
D = 1;
for(j = 1; j <= B; j++)
{
D *= j;

}
E = (A*C)/ (double)D;

[185]



Real-World Math Application

sum01 += E;

/*****************************************************

* * Kk k kK COSINE BLOCK * kK k Kk *
*****************************************************/

F = (double)pow(-1,m);
G = 2*m;
H = (double)pow(x,G);
I=1;
for(l = 1; 1 <= G; 1++)
{

I *= 1;
}
J = (F*H)/ (double)I;

sum02 += J;

}// End of for(i = rank + 1; i <= Q; i += numprocs)
rank_suml = sumO1;
rank_sum2 = sum02;

//collect and add the partial sum0O values from all processes
MPI_Reduce (&rank_suml, &suml, 1, MPI_DOUBLE,MPI_SUM, O,
MPI_COMM_WORLD) ;
MPI_Reduce (&rank_sum2, &sum2, 1, MPI_DOUBLE,MPI_SUM, O,
MPI_COMM_WORLD) ;
}//End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)
{
sum = suml/sum2;// Tan(x) ==> Sine(x)/Cos (x)
printf ("\n");
printf("%.1f deg.
printf ("Tan(%.1f)

f rads\n", vy, x);
f\n", y, sum);

o o°

.3
.3
// clean up, done with MPI

MPI_Finalize();

return 0;
}// End of int main (int argc, char*argv([])
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Now, we will check the MPI tan (x) run:

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81ve,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_tan
gzt Es it s LS EEEEEEEEEEEEEEEEESE]

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

0
0.0 deg. = 0.000 rads
Tan(0.0) = 0.000

real 0ml19.636s
user 0Oml1.180s
sys Om0.430s

alpha@Mst0:/beta/gamma $ time mpiexec —-H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81ve,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_tan
g2tz s s st EEEEEEEEEEEEEEEEEEEEESE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

30
30.0 deg. = 0.524 rads
Tan(30.0) = 0.577

real 0m13.139s
user Oml.360s
sys Om0.260s
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alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S81v14,S1v1l5 MPI_tan

FHEH A H A 4

*** Number of processes: 16

*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter angle(deg.):

60

60.0 deg. = 1.047 rads
Tan(60.0) = 1.732

real Om7.451s

user Oml.250s
sys Om0.330s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1vl5 MPI_tan

ER o
*** Number of processes: 16

*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle (deg.):
90
Bad input!! Please try another angel

Enter angle(deg.):

120
120.0 deg. = -1.047 rads
Tan(120.0) = -1.732
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real Oml17.420s
user Oml1.210s
sys Om0.360s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1vl5 MPI_tan
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

150
150.0 deg. = -0.524 rads
Tan(150.0) = -0.577

real Oml1l.704s
user Oml1.410s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1v1l5 MPI_tan

FHEH A H A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

180
180.0 deg. = -0.000 rads
Tan(180.0) = 0.000
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real Om5.871s
user Oml1.190s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1vl5 MPI_tan
s EEEEEEEEEEEEEEEEEEE

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
210

210.0 deg. = 0.524 rads
Tan(210.0) = 0.577

real 1m8.558s

user Oml1.190s

sys Om0.550s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1v1l5 MPI_tan

FHEH A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
240

240.0 deg. = 1.047 rads
Tan (240.0) 1.732
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real 0m22.489s
user Oml.310s
sys 0Om0.270s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1vl5 MPI_tan

ER o
*** Number of processes: 16

*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):
270
Bad input!! Please try another angel

Enter angle(deg.):

300
300.0 deg. = -1.047 rads
Tan(300.0) = -1.732

real Oml15.178s
user Oml1.180s
sys Om0.410s

alpha@Mst0:/beta/gamma $ time mpiexec -H
MstO,Slvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
Slv9,S1v10,S1v11,S1v12,S81v13,S81v14,S1vl5 MPI_tan

FHEH A H A

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
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Enter angle(deg.):

330
330.0 deg. = -0.524 rads
Tan(330.0) = -0.577

real Om7.067s
user Oml1.200s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S51v12,S81v13,S81v14,S1vl5 MPI_tan
2L EEEEEEEEEEEEEEEEE L

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter angle(deg.):

360
360.0 deg. = -0.000 rads
Tan(360.0) = 0.000

real 0Om6.489s
user Oml1.200s
sys Om0.340s

[192]



Real-World Math Application

The following figure is a plot of the MPI tan (x) run:

Tangent curve
2.00
1.50
1.00
0.50

0.00

tan(e)

-0.50
-1.00
-1.50

-2.00
Degrees(e)

MPI Taylor series In(x) function

The Taylor series formula for the 1n (x) function is as follows:

n(x) = 2;(2;{1— 0~ CI 1)

Write, compile, and run this Serial 1n(x) code (see the following screenshot, which
shows Serial 1n(x) code) to get a feel of the program:

2k-1

/*********************************

* Serial 1ln(x) code. *

Taylor series representation
of the trigonometric 1ln(x).

Author: Carlos R. Morrison

Date: 1/10/2017

*
*
*
*
*
*
*
R R e R i A b i R b b I S S b S A R S S b S b i

*
*
*
*
*
*
*
*

/
#include <math.h>

#include <stdio.h>

int main (void)

{
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Unsigned int nj;

Unsigned long int kj;

double A,B,C;

double sum=0;

long int num_loops;

float x,y;
/******************************************************/

printf ("\n");

printf ("\n");

printf ("Enter the number of iterations:\n");

printf ("\n");

scanf ("%d", &n) ;

printf ("\n");
Z:printf ("Enter x value:\n");

printf ("\n");

scanf ("%$f", &y);

if(y > 0.0)
{
X =Yy
}
else
{
printf ("\n");
printf ("Bad input!! Please try another value\n");
printf ("\n");
goto Z;
}
/******************************************************/
sum = 0;
for(k = 1; k < n; k++)
{

A = 1.0/ (double) (2*k-1);
pow (((x=1)/(x+1)), (2*k=-1));
C = A*B;

w
I

}

printf ("\n");

printf ("In(%.1f) = %.16f\n", y, 2.0*sum);
printf ("\n");

Next, write, compile, and run the MPI version of the preceding serial 1n(x)
code (see MPI 1ln(x) code below), using one processor from each of the 16
nodes.
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/*********************************

* MPI 1n(x) code. *

*
Taylor series representation
of the trigonometric 1n(x).

Date: 1/10/2017

*
*
*
*
*
*
*
hhkrxhkkhkhkhhkrkhkhkhkhkhkhkrhkkrhkkhkrkhkkkhkkxkxx

*
*
*
* Author: Carlos R. Morrison
*
*
*

/

#include <mpi.h>
#include <math.h>
#include <stdio.h>

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

{

/******************************************************/

long long int total_iter;

Unsigned int n;

Unsigned long int k;

int rank, length, numprocs, i;

float x,y;

double sum, sumO,A,C,B, rank_sum;

char hostname [MPI_MAX_ PROCESSOR_NAME] ;

MPI_TInit (&argc, &argv); // initiates MPI
MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of processes
MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire current process id

MPI_Get_processor_name (hostname, &length); // acquire hostname
/******************************************************/

if (rank == 0)
{
printf ("\n");
printf ("#4#HFHFSFHEFEFFHFEARF A S FAFFSES AR A E S F A EEEE)
printf ("\n\n") ;
printf ("*** Number of processes:
printf ("*** processing capacity:
printf ("\n\n");
(
(
(
(
(

o
°
o
°

d\n", numprocs) ;
.1f GHz.\n",numprocs*1.2);

printf ("Master node name: %s\n", hostname);
printf ("\n");
printf ("\n");
printf ("Enter the number of iterations:\n");
printf ("\n");
scanf ("%d", &n) ;
printf ("\n");
Z:printf ("Enter x value:\n");
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printf ("\n");
scanf ("$f", &y) ;

if(y > 0.0)
{
X =Y
}
else

{
printf ("\n");

printf ("Bad input!! Please try another value\n");
printf ("\n");
goto Z;

}
}// End of if (rank == 0)

// broadcast to all processes, the number of segments you want
MPI_Bcast (&n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;
MPI_Bcast (&x, 1, MPI_INT, 0O, MPI_COMM_WORLD) ;

//this loop increments the maximum number of iterations, thus providing
//additional work for testing computational speed of the processors
//for (total_iter = 1; total_iter < n; total_iter++)

{

sum0 = 0.0;
// for(i = rank + 1; i <= total_iter; 1 += numprocs)
for(i = rank + 1; i1 <= n; 1 += numprocs)
{
k = 1i;

A = 1.0/ (double) (2*k-1);
B = pow (((x-1)/(x+1)), (2*k=-1));
C = A*B;

sum0 += C;

rank_sum = sumO;// Partial sum for a given rank

// collect and add the partial sumO values from all processes
MPI_Reduce (&rank_sum, &sum, 1, MPI_DOUBLE,MPI_SUM, 0, MPI_COMM_WORLD) ;
}// End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)

{
printf ("\n");
printf ("In(%.1f) = %.16f\n", y, 2.0*sum);
printf ("\n");
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//clean up, done with MPI
MPI_Finalize();

return O;
}// End of int main (int argc, char*argv([])
Let's look at the MPI 1n (x) run:
alpha@Mst0:/beta/gamma $ time mpiexec —-H
MstO0,S1lv1l,Slv2,S1v3,S1v4,S1v5,S1v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S81v12,S1v13,S51v14,S1v1l5 MPI_1n

R

**% Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
Enter the number of iterations:
500000

Enter x wvalue:

In(0.5) = -0.6931472029116872

real O0ml6.654s
user Oml.300s
sys Om0.300s

alpha@Mst0:/beta/gamma $ time mpiexec —-H
MstO0,S1lv1l,Slv2,S1v3,S1v4,S1v5,S1ve,S1v7,S1vs,
S1lv9,S1v10,S1v11,S81v12,S1v13,S51v14,S1v15 MPI_1n
S i

**% Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
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Enter the number of iterations:
500000

Enter x value:

In(1.0) = 0.0000000000000000
real O0ml12.230s

user Oml.220s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_1n

FHEH A A A AR AR A AR AR AR A A R R R A

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
Enter the number of iterations:
500000

Enter x value:

In(3.0) = 1.0986122886681096

real Oml4.623s
user Oml.350s
sys 0Om0.230s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_1n

FHEH AR A E AR AR A AR AR AR A A A A R R A

*** Number of processes: 16
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*** processing capacity: 19.2 GHz.
Master node name: MstO

Enter the number of iterations:
500000

Enter x value:

In(5.0) = 1.6094379839596757
real Oml5.789s

user Oml.350s
sys Om0.310s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,81v13,S1v14,S1vl5 MPI_1n

FHEH AR A AR AR A A AR AR AR A A R R R A

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO
Enter the number of iterations:
500000

Enter x value:

In(7.0) = 1.9459101490553135

real 0ml13.423s
user Oml1.450s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1v1l,S1v2,S1v3,S51v4,S1v5,S51ve,S1v7,S51v8,
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S1lv9,s1vi0,s1v1l,S1v1l2,s1v13,S1v14,S1vl5 MPI_1n
FHEFF A F AR AR AR A R A R R

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter the number of iterations:
500000

Enter x value:

10

In(10.0) = 2.3025850602114915
real Oml13.351s

user Oml.300s
sys Om0.420s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6e,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_1n

FHEH AR A AR AR H A A AR AR AR AR A AR R R A

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter the number of iterations:
500000

Enter x value:

15

In(15.0) = 2.7080502011022105
real Oml15.841s

user Oml1.280s
sys 0Om0.410s

[200 ]



Real-World Math Application

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S81v8,S1v9,
S1lv10,S81v11,S1v12,S81v13,S1v14,S1v1l5 MPI_1n

FHEH A H A 4

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter the number of iterations:
500000

Enter x value:

20

In(20.0) = 2.9957323361388699
real Oml5.444s

user Oml.250s
sys Om0.370s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1lvl,S1lv2,S1v3,S1v4,S1v5,S81v6,S1v7,S1vs,
S1lv9,S1v10,S1v11,S1v12,S81v13,S1v14,S1vl5 MPI_1n

FHEH AR A AR AR AR A A AR AR AR A A AR A R R R A

*** Number of processes: 16
*** processing capacity: 19.2 GHz.

Master node name: MstO

Enter the number of iterations:
500000

Enter x value:

25

In(25.0) = 3.2188758868570337

real Oml18.145s
user Oml.330s
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sys Om0.280s

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1v1l,S1v2,S1v3,S51v4,S1v5,51ve,S1v7,S51v8,

S1lv9,s1vi10,s1v1l,S1v1l2,s1v13,S81v14,S1vl5 MPI_1n

FHEFF A AR AR A R R R

*** Number of processes: 16

*** processing capacity:

Master node name: MstO

Enter the number of iterations:

500000

Enter x value:

30

In(30.0) = 3.4011974124578881

real O0m15.000s
user Oml1.270s
sys Om0.360s

19.2 GHz.

The following figure is a plot of the MPI 1n (x) run:

In{x)

5.00

10.00

In curve

15.00

20.00

25100

30.00

3500
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Summary

In this chapter, we learned how to write and run the serial and MPI versions of the Taylor
series expansion for the sine function, the cosine function, the tangent function, and the
natural log (1n) function.
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We will now investigate the concurrent (MPI) wave code for a vibrating string. It is a point-
to-point communication example that should give your Pi a good workout.

In this chapter, you will learn:

e How to write and run the MPI code for a vibrating string

MPI concurrent wave equation and code

The following code was borrowed from Blaise Barney of Lawrence Livermore National
Laboratory. It is an MPI concurrent wave equation program that the author implemented
on his 64-core Pi3 supercomputer.

The code essentially solves a one-dimensional wave equation and it has the following form:
A(i,t+1) = (2.0*A(1,t)) — A(i,t-1+(c*(A(i-1,1)-(2.0*A(i,t) +A(i+1,1)))
Please see; http://www.robopgmr.com/?p=2780 for more in—depth details and instructions.

Additionally, the code discretizes said vibrating string into points (100 in this slightly
modified version of the code) along its length, and calculates the amplitudes of those points
as per the number of time steps values (five for this code run) you entered initially, and
then displays the results. The author employed all 64 cores of his Pi3 to generate the
amplitudes at the points.


http://www.robopgmr.com/?p=2780
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The code was initially executed/tested on the author's main PC. The . c file
was subsequently SFTP over to the master node on his Pi3 super cluster,
where it was then compiled in the export gamma folder. The code file
provided with this book has the name BK_wave4.c.

On the master node, write, compile, and run the concurrent wave code depicted here:

/**************************************************************************
* %

* FILE: mpi_wave.c
*

* OTHER FILES: draw_wave.cC
*

* DESCRIPTION:

*

* MPI Concurrent Wave Equation - C Version
*

* Point-to-Point Communications Example
*

* This program implements the concurrent wave equation described
*

* in Chapter 5 of Fox et al., 1988, Solving Problems on Concurrent
*

* Processors, vol 1.
*

* A vibrating string is decomposed into points. Each processor is
*

* responsible for updating the amplitude of a number of points over
*

* time. At each iteration, each processor exchanges boundary points with
*

* nearest neighbors. This version uses low level sends and receives
*

* to exchange boundary points.

* AUTHOR: Blaise Barney. Adapted from Ros Leibensperger, Cornell Theory

* Center. Converted to MPI: George L. Gusciora, MHPCC (1/95)
*

* LAST REVISED: 07/05/05
*
Ak Ak hk kA Ak hhkhk kA hkhk kA kA h kA hhkhk kA hkhhkhkhkhhkhk kA hkhkhkhkhkhhkhk kA hkhhkhkhkrhkhkhkhkhkhhkkhhkrhkhkkhkhhhkhkhkx*x*k
**/
#include "mpi.h"
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
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#define MASTER 0

#define TPOINTS 100//800 ¢ The author made this modification.

#define MAXSTEPS 10000
#define PI 3.14159265

int RtolL = 10;
int LtoR = 20;
int OUT1 = 30;
int OUT2 = 40;

void init_master (void);
void init_workers (void);
void init_line (void);

void update (int left, int right);

void output_master (void);
void output_workers (void);
externvoid draw_wave (double *);

int taskid, /* task ID */
numtasks, /* number of processes */
nsteps, /* number of time steps */
npoints, /* number of points handled by this processor */
first; /* index of 1lst point handled by this processor */

double etime,
values [TPOINTS+2],
0ldval [TPOINTS+2],
newval [TPOINTS+2];

/* elapsed time in seconds */
/* values at time t */

/* values at time (t-dt) */

/* values at time (t+dt) */

* Master obtains time step input value from user and broadcasts it

void init_master (void)
{
char tchar[8];

/* Set number of number of time steps and then print and broadcast*/

nsteps = 0;
while ((nsteps < 1) ||
{

printf ("\n");

(
printf ("Enter number of time steps
|

scanf ("%$s", tchar);
nsteps = atoi (tchar);
if ((nsteps < 1) ||
{

(nsteps > MAXSTEPS))

(1-%d) : \n",MAXSTEPS) ;

(nsteps > MAXSTEPS))

printf ("Enter value between 1 and %d\n", MAXSTEPS);

}

MPI_Bcast (&nsteps, 1, MPI_INT,

MASTER, MPI_COMM_WORLD) ;
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}// End of void init_master (void)

* Workers receive time step input value from master

void init_workers (void)
{
MPI_Bcast (&nsteps, 1, MPI_INT, MASTER, MPI_COMM_WORLD) ;

/* 777777777777777777777777777777777777777777777777777777777777

* All processes initialize points on line

void init_line (void)

{
int nmin, nleft, npts, i, Jj, k;
double x, fac;

/* calculate initial values based on sine curve */
nmin = TPOINTS/numtasks;

nleft = TPOINTS % numtasks;

fac = 2.0 * PI;

for(i = 0, k = 0; i < numtasks; i++)

{
npts = (1 < nleft) ? nmin + 1 : nmin;
if (taskid == 1)

{
first = k + 1;
npoints = npts;
printf ("task=%3d first point=%5d npoints=%4d\n", taskid,

for(j = 1; j <= npts; j++, k++)

{
x = (double)k/ (double) (TPOINTS - 1);
values[j] = sin (fac * x);

}
else k += npts;

for(i = 1; 1 <= npoints; i++)
oldval[i] = values[i];

3
}//End of void init_line (void)

/* 777777777777777777777777777777777777777777777777777777777777

first,
npts);

* All processes update their points a specified number of times
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void update (int left, int right)

{
int i, 3;
double dtime, c¢, dx, tau, sqgtau;
MPI_Status status;

dtime = 0.3;

dx = 1.0;
tau = (¢ * dtime / dx);
sgtau = tau * tau;

/* Update values for each point along string */
for(i = 1; 1 <= nsteps; 1i++)
{
/* Exchange data with "left-hand" neighbor */
if(first !'= 1)
{
MPI_Send(&values[1], 1, MPI_DOUBLE, left, RtoL, MPI_COMM_WORLD) ;
MPI_Recv (&values[0], 1, MPI_DOUBLE, left, LtoR, MPI_COMM_WORLD,
&status) ;
}
/* Exchange data with "right-hand" neighbor */
if(first + npoints -1 != TPOINTS)
{
MPI_Send(&values|[npoints], 1, MPI_DOUBLE, right, LtoR,
MPI_COMM_WORLD) ;
MPI_Recv (&values[npoints+1], 1, MPI_DOUBLE, right, RtoL,
MPI_COMM_WORLD, é&status);
}
/* Update points along line */
for(j = 1; j <= npoints; J++)
{
/* Global endpoints */

if((first + j - 1 == 1) || (first + j - 1 == TPOINTS))
newval[j] = 0.0;
else
/* Use wave equation to update points */
newval[j] = (2.0 * values[j]) - oldvall[j]
+ (sgtau * (values[j—-1] - (2.0 * values[]j]) + values[]j+1]));

}// End of for(j = 1; J <= npoints; j++)
for(j = 1; j <= npoints; Jjt++)
{

oldval[j] = values[j];

values[j] = newvall[j];

}
}// End of for (i = 1; i <= nsteps; i++)
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}// End of void update (int left, int right)

*

void output_master (void)

{
int i, Jj, source, start, npts, buffer[2];
double results[TPOINTS];
MPI_Status status;

/* Store worker's results in results array */
for(i = 1; i < numtasks; i++)
{
/* Receive first point, number of points and results */
MPI_Recv (buffer, 2, MPI_INT, i, OUT1, MPI_COMM_WORLD, &status);
start = buffer[0];
npts = buffer[l];
MPI_Recv (&results[start-1], npts, MPI_DOUBLE, i, OUTZ2,
MPI_COMM_WORLD, é&status);

}
/* Store master's results in results array */
for(i = first; i < first + npoints; i++)
{
results[i-1] = values[i];
}

j = 0;
printf("‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k********************\n"),-
printf ("

for(i =

{

'Final amplitude values for all points after %d steps:\n", nsteps);
0; 1 < TPOINTS; i++)

printf ("%$6.2f ", results[i]);
Jj = J+t;
if (3 == 10)
{
printf ("\n");
j = 0;

}
printf("*************************************************************\n") ;
printf ("\nDrawing graph...\n");

printf ("Click the EXIT button or use CTRL-C to quit\n");

/* display results with draw_wave routine */
// draw_wave (&results([0]); // < >
}// End of void output_master (void)
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*  Workers send the updated values to the master

void output_workers (void)
{
int buffer[2];
MPI_Status status;

/* Send first point, number of points and results to master */
buffer[0] = first;
buffer[1l] = npoints;
MPI_Send (&buffer, 2, MPI_INT, MASTER, OUT1, MPI_COMM_WORLD) ;
MPI_Send(&values([1l], npoints, MPI_DOUBLE, MASTER, OUT2,
MPI_COMM_WORLD) ;

}// End of void output_workers (void)

/* 7777777777777777777777777777777777777777777777777777777777777777777

* Main program

int main (int argc, char *argv([])
{
int left, right, rc;
/* Initialize MPI */
MPI_Init (&argc, &argv) ;
MPI_Comm_rank (MPI_COMM_WORLD, &taskid) ;
MPI_Comm_size (MPI_COMM_WORLD, &numtasks) ;
if (numtasks < 2)
{
printf ("ERROR: Number of MPI tasks set to %d\n",numtasks);
printf ("Need at least 2 tasks! Quitting...\n");
MPI_Abort (MPI_COMM_WORLD, rc);
exit (0);

/* Determine left and right neighbors */
if (taskid == numtasks-1)

{

right = 0;
}

else

{
right = taskid + 1;

}
if (taskid == 0)
{
left = numtasks - 1;
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}

else

{
left = taskid - 1;

/* Get program parameters and initialize wave values */

if (taskid == MASTER)
{
printf ("\n");
printf ("Starting mpi_wave using %d tasks.\n", numtasks);

printf ("Using %d points on the vibrating string.\n", TPOINTS);
init_master();

}

else

{

init_workers () ;

}

init_line();

/* Update values along the line for nstep time steps */
update (left, right);

/* Master collects results from workers and prints */

if (taskid == MASTER)
{

output_master () ;
}
else
{

output_workers () ;
}

MPI_Finalize();

return O;
}// End of int main (int argc, char *argv[])

Let's look at the MPI concurrent wave run:

alpha@Mst0:/beta/gamma $ time mpiexec —-H
Mst0,Mst0,Mst0,Mst0,S1vl,S1lvl, Slvl,Slvl, S1lv2,S1v2,S1v2,S1v2,S1v3,S1v3,S1v3,
S1lv3,Slv4,S1v4,S1v4,S51v4,S1v5,S81v5,S81v5, S1v5,S1v6e, S1ve,S1ve, S1ve, S1v7,S1v7,
slv7,S1lv7,51v8,S1v8,S51v8,S1v8,S51v9,S1v9, s1v9,S1v9, s1lv10,S1v10,S1v10,S1v10,S
lv11,S1v11,s1v11,81v11,S81v12,S81v12,S1v12,S1v12,51v13,S1v13,S51v13,81v13,S1vl
4,51v14,S81v14,S1v14,51v15,S1v15,S1v1l5,S81vl5 BK_waved
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Starting mpi_wave using 64 tasks.
Using 100 points on the vibrating string.

Enter number of time steps (1-10000):

task= 3 first point= 7 npoints= 2

task= 0 first point= 1 npoints= 2

task= 1 first point= 3 npoints= 2

task= 2 first point= 5 npoints= 2

task= 9 first point= 19 npoints= 2
task= 33 first point= 67 npoints= 2
task= 53 first point= 90 npoints= 1
task= 57 first point= 94 npoints= 1
task= 29 first point= 59 npoints= 2
task= 21 first point= 43 npoints= 2
task= 37 first point= 74 npoints= 1
task= 41 first point= 78 npoints= 1
task= 13 first point= 27 npoints= 2
task= 51 first point= 88 npoints= 1
task= 5 first point= 11 npoints= 2
task= 45 first point= 82 npoints= 1
task= 25 first point= 51 npoints= 2
task= 19 first point= 39 npoints= 2
task= 11 first point= 23 npoints= 2

task= 35 first point= 71 npoints= 2

[212]



Real-World Physics Application
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task= 26 first point= 53 npoints= 2
task= 20 first point= 41 npoints= 2
task= 58 first point= 95 npoints= 1
task= 22 first point= 45 npoints= 2
task= 39 first point= 76 npoints= 1
task= 54 first point= 91 npoints= 1
task= 7 first point= 15 npoints= 2
task= 62 first point= 99 npoints= 1
task= 30 first point= 61 npoints= 2
task= 44 first point= 81 npoints= 1
task= 52 first point= 89 npoints= 1
task= 12 first point= 25 npoints= 2
task= 15 first point= 31 npoints= 2
task= 47 first point= 84 npoints= 1
task= 23 first point= 47 npoints= 2
task= 55 first point= 92 npoints= 1
task= 28 first point= 57 npoints= 2
task= 31 first point= 63 npoints= 2
task= 63 first point= 100 npoints= 1
task= 60 first point= 97 npoints= 1

kA hkhkhkhhkhh Ak hhkhkhhkrhhkhkhhkhhhAhhkhkhhkrhkhkhkhhkhhkdhhkhkhhkrhkhkhkhkhkhkhkrhhkrhkhkrhkhkhkhkhkhkxkhk*xk
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The final amplitude values for all points after five steps are as follows:

0.00 0.06 0.
0.81 0.85 0.
0.94 0.92 0.
0.28 0.22 0.
-0.51 -0.56
-0.96 -0.97
-0.88 -0.85
-0.31 -0.25

13
88
89

0.19 0.25 0.
0.90 0.93 0.
0.86 0.83 0.
0.09 0

.61 -0.66 -0.
.98 -0.99 -0.
.81 -0.77 -0.
.19 -0.13 -0.

31 0.37 0.43 0.48 0.54 0.59
95 0.97 0.98 0.99 0.99 0.99
79 0.75 0.71 0.66 0.61 0.56

.03 -0.03 -0.09 -0.16 -0.22 -0.28

0.64 0.69 0.
0.99 0.98 0.
0.51 0.46 0.
-0.34 -0.40

73
97
40
-0

0.77

0.96

0.34
.46

71 -0.75 -0.79 -0.83 -0.86 -0.89 -0.92 -0.94
99 -0.99 -0.99 -0.98 -0.97 -0.95 -0.93 -0.90
73 -0.69 -0.64 -0.59 -0.54 -0.48 -0.43 -0.37

06 0.00

kA hkkhkhhkhhk Ak hhkhkhhkrhhkhkhhkhhkhAhhkhkhhkrhkhkhkhhkhhkhkhhkhkhkhkrhkhkhkhhkhkhkhkhhkrhkhkrhkhkhkhkkhkkhkxkhk*xk

Drawing graphs

Click ESC or use CTRL -C to quit:

real Om4.201s

user 0m4.960s

sys Om5.090s

alpha@MstO:/beta/gamma $

The following figure is a plot of the Concurrent wave run data:

Point amplitude

15

0.5

-0.5

-1.5

Concurrent wave

Point number

120

Discretized wave form
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Summary

In this chapter, we learned how to write and run an MPI concurrent wave function,
which simulates the vibrating motion of a string.
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Real-World Engineering
Application

This chapter discusses how to generate a sawtooth signal or curve. These wave shapes are
often displayed on oscilloscopes in engineering, and science labs, and in textbooks. In this
chapter, you will learn:

e How to write and run the serial sawtooth Fourier series code, and same for the
MPI version of said serial signal code

MPI Fourier series sawtooth signal

We will now generate such a signal by first writing, and running the serial Fourier series
sawtooth code, and then apply MPI technique to the sawtooth Fourier series equation

depicted here:
11 il s
57 ksm( )
k=1

The serial sawtooth (x) code is depicted on the following pages. On the master node,
write, compile, and run this serial sawtooth (x) code (see the following serial
sawtooth (x) code) to get the feel of the program:

sawtooth(x) = Amplitude X

/***********************************

* *** Serial sawtooth(x) code *** *
*

Fourier series representation *
of the sawtooth(x) function. *

*  x
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* %

* Author: Carlos R. Morrison *
* %

* Date: 2/12/2017 *
***********************************/

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library
int main (void)

{

int 3;

unsigned long int 1i;

double sum0O, suml,A,B,C;

double D[100]={0},x[100]={0},d,dd=10.00,0,00=10.0*(M_PI/180);
float Amp;

float g;

int m,n,p=36;

printf ("n");

[oN
I

0;
0;
for (J
{

o += 00;// rads
d += dd;// deg

=0; 3 <=p; J+=1)

x[j+1] = o;
D[j+1] = d;
}

printf ("n");
printf ("Enter amplitude:n");

nf ("$£f", &Amp) ;

printf ("n");

printf ("Enter frequency (Hz.):n");
scanf ("%f", &qg);

printf ("n");

for(m = 0; m <= p; mt++)

{

sum0 = 0.0;

for(i = 1; 1 <= n; 1i++)
{

A = 1.0/ (double)i;

B = sin(i*g*x[m]);
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C = A*B;

sum0 += C;// ¢ Summation element of the Fourier series.
}// End of for(i = 1; i <= n; i++)

suml = Amp* (0.5-(1.0/M_PI)*sumO);// ¢ Sawtooth function
printf(" x = %.3f rad, Amp. = %.3f, Deg. =
%$.1fn",x[m],suml,D[m]);

}// End of for(m = 1; m <= p; mt++)

return O;

}

Next, write, compile, and run the MPI version of the preceding serial sawtooth (x) code
(see the following MPI sawtooth (x) code), using all 64 cores on the 16 Pi3 nodes. The

MPI sawtooth (x) code, and its run are depicted on the following pages:

/*********************************

of the sawtooth(x) function. *
*

Author: Carlos R. Morrison *

*
*
*
*  x

* Date: 2/13/2017 *
*********************************/

#include <mpi.h> // (Open)MPI library

#include <math.h> // math library

#include <stdio.h>// Standard Input/Output library
int main(int argc, char*argv([])

{

long long int total_iter;

int rank, length,numprocs, j;

unsigned long int 1i;

double sum, sum0O, suml, rank_integral,A,B,C;
double D[100]={0},sm[100]={0},d,dd=10.00,x=0.0;
float Amp,g;

int m=0,n,p=36;

char hostname [MPI_MAX_PROCESSOR_NAME];

// initiates MPI

MPI_Init (&argc, &argv);

// acquire number of processes

MPI_Comm_size (MPI_COMM_WORLD, &numprocs);

// acquire current process id

MPI_Comm_rank (MPI_COMM_WORLD, &rank);

// acquire hostname

MPI_Get_processor_name (hostname, &length);

if (rank == 0)

{

printf ("n");

printf ("#HH4HHHHFHEHF A A F A A F A A F A S E RS S E A S
#HEHE") ;

printf ("nn");
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printf ("*** Number of processes: %dn",numprocs);

printf ("*** processing capacity: %$.1f GHz.n",numprocs*1.2);
printf ("nn");

printf ("Master node name: %$sn", hostname);

printf ("n");

printf ("Enter number of iterations:n");

scanf ("%d", &n) ;
printf ("n");

D[0] = 0;
d = 0;
for(j = 0; j <=p; J += 1)

{

d += dd;// deg

D[j+1] = d;

}

printf ("Enter amplitude:n");

scanf ("$f", &Amp) ;

printf ("n");

printf ("Enter frequency:n");

scanf ("%f", &qg);

printf ("n");

}// End of if(rank == 0)

// broadcast g, n & x values to all processes.

Z:MPI_Bcast (&g, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

MPI_Bcast (sn, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

MPI_Bcast (&x, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus
// providing additional work for testing computational speed of
// the processors

//for (total_iter = 1; total_iter < n; total_iter++)

{

sum0 = 0.0;
// for(i = rank + 1; i <= total_iter; i += numprocs)

for(i = rank + 1; i1 <= n; 1 += numprocs)

{

A 1.0/ (double)i;

B = sin(i*g*x);

C = A*B;

sum0 += C;// <== Summation element of the Fourier series

}// End of for(i = rank + 1; i <= n; i += numprocs)
rank_integral = sumO;// Partial sum for a given rank

// collect and add the partial sumO values from all processes
MPI_Reduce (&rank_integral, &sum, 1, MPI_DOUBLE,MPI_SUM, O,
MPI_COMM_WORLD) ;

}// End of for(total_iter = 1; total_iter < n; total_iter++)
m += 1;//counter for array angle D[]

if (rank == 0)

{
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suml = Amp* (0.5-(1.0/M_PI)*sum);// ¢Sawtooth function
printf("x = %.3f rad, Amp. = %.3f, Deg. = %.1fn",x,suml,D[m-1]);
}// End of if(rank == 0)

if(m <= p)

{

x += dd* (M_PI/180);// Angle (radians) accumulator
goto Z;

}

//clean up, done with MPI

MPI_Finalize();

return O;

}// End of int main(int argc, char*argv([])

The value of the individual points on the signal curve was generated using 1000 iterations
(feel free to use a different iteration value to see how the quality of the generated curve
changes), an amplitude of 1, and frequency 2. Feel free to change and/or improve all the
codes associated with this book to see what effects ensues. The following highlighted
narrative portrays the complete coding sequence, beginning with transferring the code from
the main PC to the master Pi, and ultimately running the code on the Pi3 supercomputer.
The narrative serves as a summary of the entire process.

Following is the narrative for MPI sawtooth (x) run:

carlospg@Rgamma:~/Desktop$ sftp pi@192.168.0.14 <= Setting up file transfer
from main PC.

pi@192.168.0.14"'s password: <= Enter password.

Connected to 192.168.0.14.

sftp> put 16_MPI_sawtooth.c <= Transfer file from the main PC to master Pi3
(IP address: 192.168.0.14).

Uploading 16_MPI_sawtooth.c to /home/pi/16_MPI_sawtooth.c
16_MPI_sawtooth.c 100% 3298 3.2KB/s 00:00

sftp> exit

carlospg@Rgamma:~/Desktop$ ssh piR192.168.0.14 <= Logging into master Pi3
from main PC.

pi@192.168.0.14"'s password: <= Enter password.

The programs included with the Debian GNU/Linux system are free software;
the exact distribution terms for each program are described in the
individual files in /usr/share/doc/*/copyright.

Debian GNU/Linux comes with ABSOLUTELY NO WARRANTY, to the extent
permitted by applicable law.

Last login: Mon Feb 13 13:36:42 2017 from 192.168.0.10

pi@MstO:~ $ su - alpha <= Change over to the "alpha" user.

Password: <= Enter password.

* keychain 2.7.1 ~ http://www.funtoo.org

* Found existing ssh-agent: 2296

* Found existing gpg-agent: 2321

* Known ssh key: /home/alpha/.ssh/id_rsa
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alpha@Mst0O:~ $ cd /beta/gamma <= Change directory to the code folder
(gamma) .

alpha@MstO:/beta/gamma $ cp -a /home/pi/16_MPI_sawtooth.c ./ <= Copy code
to "gamma" folder.

alpha@MstO:/beta/gamma $ vim 16_MPI_sawtooth.c <= (optional) check if the
code is the correct version.

alpha@Mst0:/beta/gamma $ mpicc 16_MPI_sawtooth.c -o 16_MPI_sawtooth -1lm <=
Compile.

alpha@Mst0:/beta/gamma $ time mpiexec —-H Mst0,Mst0,Mst0,Mst0,Slv1l,Slvi,
Slvi1,S1lvl,sSlv2,S1v2,S81v2,S1v2,S81v3,S1v3,S81v3,S1v3,S81v4,S1v4,51v4,S1v4,S51v5,
sSlv5,S1lv5,S81v5,S1ve, S1ve,S1lve, S1ve,S1v7,S1v7,S1v7,S81v7,S1v8,351v8,S1v8,S51vs,
Siv9,Ss1v9,s1lv9,S1iv9,s1v10,S1v10,S81v10,81v10,S81v11,81v1l,S1v11,81v1l,S1vl2,
Silv12,S81v12,81v12,S1v13,81v13,S51v13,51v13,S1v14,S51v14,S1v14,S51v14,381vl5,
S1lv15,81v15,S81vl5 16_MPI_sawtooth <= Run the code using 64 cores/processes.
FHEH A H A 4

*** Number of processes: 64

*** processing capacity: 76.8 GHz.

Master node name: MstO

Enter number of iterations:

1000

Enter amplitude:

1

Enter frequency:

.000 rad, Amp. = 0.500, Deg. = 0.0

2

X 0 0

x = 0.175 rad, Amp. = 0.055, Deg. = 10.0
x = 0.349 rad, Amp. = 0.111, Deg. = 20.0
x = 0.524 rad, Amp. = 0.167, Deg. = 30.0
x = 0.698 rad, Amp. = 0.222, Deg. = 40.0
x = 0.873 rad, Amp. = 0.278, Deg. = 50.0
x = 1.047 rad, Amp. = 0.333, Deg. = 60.0
x = 1.222 rad, Amp. = 0.389, Deg. = 70.0
x = 1.396 rad, Amp. = 0.444, Deg. = 80.0
x = 1.571 rad, Amp. = 0.500, Deg. = 90.0
x = 1.745 rad, Amp. = 0.556, Deg. = 100.0
x = 1.920 rad, Amp. = 0.611, Deg. = 110.0
x = 2.094 rad, Amp. = 0.667, Deg. = 120.0
x = 2.269 rad, Amp. = 0.722, Deg. = 130.0
x = 2.443 rad, Amp. = 0.778, Deg. = 140.0
x = 2.618 rad, Amp. = 0.833, Deg. = 150.0
x = 2.793 rad, Amp. = 0.889, Deg. = 160.0
x = 2.967 rad, Amp. = 0.945, Deg. = 170.0
x = 3.142 rad, Amp. = 0.500, Deg. = 180.0
x = 3.316 rad, Amp. = 0.055, Deg. = 190.0
x = 3.491 rad, Amp. = 0.111, Deg. = 200.0
x = 3.665 rad, Amp. = 0.167, Deg. = 210.0
x = 3.840 rad, Amp. = 0.222, Deg. = 220.0
X 4 0 0

.014 rad, Amp. = 0.278, Deg. = 230.
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.189 rad, Amp. =
.363 rad, Amp. =
.538 rad, Amp. =
.712 rad, Amp. =
.887 rad, Amp. =
.061 rad, Amp. =
.236 rad, Amp. =
.411 rad, Amp. =
.585 rad, Amp. =
.760 rad, Amp. =
.934 rad, Amp. =
.109 rad, Amp. =
= 6.283 rad, Amp. =
real Om8.945s
user 0ml11.230s
sys Oml13.310s
alpha@Mst0:/beta/gamma $

.333, Deg. = 240.
.389, Deg. = 250.
.444, Deg. = 260.
.500, Deg. = 270.
.556, Deg. = 280.
.611, Deg. = 290.
.667, Deg. = 300.
.722, Deg. = 310.
.778, Deg. = 320.
.833, Deg. = 330.
.889, Deg. = 340.
.945, Deg. = 350.
.500, Deg. = 360.

XXX X X X X X X X X X X
I

[N NNC, BNE, BEC, BN E, INC, BN, TSNS

[eleNeiNeNeNeoNoNeoNoNeoNe Ne Ne}

[eleNelNeNeNeoNoNeoNoNeo e Ne Ne}

The following figure is a plot of the MPI sawtooth data:

Sawtooth curve

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Sawtooth(e)

0 50 100 150 200 250 300 350 400
Degrees(e)

Summary

In this chapter, we learned how to write a serial sawtooth Fourier series code, and an MPI
version of the serial sawtooth Fourier series code.
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Appendix

The following are two exotic, rapidly converging, infinite series = equations from the famed
Ramanujan and the Chudnovsky brothers. These turbocharged 7t equations require, at
most, two iterations to give a 7 value of fifteen decimal place accuracy. The Chudnovsky
brothers' equation was derived from Ramanujan's formula, and the Chudnovsky algorithm
was used in December 2009 to calculate 7t to an accuracy of 2.7 trillion digit, five trillion
digits in August 2010, ten trillion digits in October 2011, and 12.1 trillion digits in December
2013. For a more in-depth historical perspective, please see the following links:

https:
https:
https:
https:

https

https:
https:
https:

://en.wikipedia.org/wiki/Pi

//en.wikipedia.org/wiki/Chudnovsky_algorithm
//en.m.wikipedia.org/wiki/Chudnovsky_brothers
//en.m.wikipedia.org/wiki/Approximations_of_$CF%80

//en.wikipedia.org/wiki/Srinivasa_Ramanujan

//en.wikipedia.org/wiki/List_of_formulae_involving_%CF%80
//crypto.stanford.edu/pbc/notes/pi/ramanujan.html
//www.youtube.com/watch?v=20aEPXEcLFI

The Ramanujan infinite series formula is as follows:

(1103 + 26390k)

1 22 i (4k)!
T 9801
k=0

k!* 3964

Its MPI code and how it runs are depicted on the following pages:

/*******************************************

*

*
*
*
*
*
*
*
*
*

Ramanujan MPI pi code. *

*

This infinite seriesconverges rapidly. *
Only two iterations for *
15 decimalplace accuracy. *

*

Author:

*

Date:

Carlos R. Morrison *

1/11/2017 *

******************************************/
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#include<mpi.h>// (Open)MPI library
#include<math.h>// math library
#include<stdio.h>// Standard Input/Output library

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

{

int total_iter;

int n, rank, length, numprocs;

double pi, sum, sum0O, x, rank_sum,A,B,C,D,E;
char hostname [MPI_MAX_PROCESSOR_NAME];

unsignedlong factorial (unsignedlong number) ;
unsignedlonglong i, j,k,1,m;
double F = 2.0*sqgrt(2.0)/9801.0;

MPI_Init (&argc, &argv); // initiates MPI

MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of
processes

MPI_Comm_rank (MPI_COMM_WORLD, &rank); // acquire current process id
MPI_Get_processor_name (hostname, &length); // acquire hostname

if (rank == 0)
{
printf ("\n");

printf ("#HH4FHHHFFEHFFEHF S HFFEHF RS S H S HH S S E RS E S S SE S ERET) ;

printf ("\n\n\n") ;

printf ("*** NUMBER OF PROCESSORS: %d\n", numprocs);

printf ("\n\n") ;

printf ("MASTER NODE NAME: %s\n", hostname) ;

printf ("\n");

printf ("Enter the number of iterations:\n");

printf ("\n");

scanf ("%d", &n) ;

printf ("\n");

// broadcast to all processes, the number of segments you want
MPI_Bcast (&n, 1, MPI_INT, 0, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus providing
// additional work for testing computational speed of the processors
// for(total_iter = 1; total_iter < n; total_iter++)

{

sumO = 0.0;
// for(i = rank + 1; i <= total_iter; i += numprocs)
for(i = rank + 1; i1 <= n; 1 += numprocs)

{
k = 1i-1;



=1
for (1=1; 1 <= 4*k; 1++)// (4*k)!

[os]
Il

(double) (1103+26390*k) ;

for(m=1; m <= k; m++)// k!

C *= m;

D = (double)pow(396,4*k);
E (double)A*B/ (C*D) ;

sum0 += E;
}// End of for(i = rank + 1; i <= total_iter; i +=
rank_sum = sumO;// Partial sum for a given rank

// collect and add the partial sum0O values from all
MPI_Reduce (&rank_sum, &sum, 1, MPI_DOUBLE,MPI_SUM,

numprocs)

processes
0, MPI_COMM_WORLD) ;

} // End of for(total_iter = 1; total_iter < n; total_iter++)

if (rank == 0)
{
pi = 1.0/ (F*sum);
printf ("\n\n");

/* printf ("*** Number of processes: %d\n",numprocs);

printf ("\n\n");*/

printf (" Calculated pi = %.16f\n", pi);
printf (" M_PI = %.16f\n", M_PI);
printf ("

// clean up, done with MPI
MPI_Finalize();

return O;
}// End of int main (int argc, char*argv([])

alphalMst0:/beta/gamma $ time mpiexec -H
MstO,S1v1l,S1v2,S1v3,S1v4,S1v5,S51ve,S1v7,S51v8,
S1lv9,S1v10,S1v11l,S1v12,S1v13,S1v14,S1vl5 Ramanujan

Relative Error = %.16f\n", fabs(pi-M_PI));



FHEF AR AR AR AR A A R R
*** NUMBER OF PROCESSORS: 16

MASTER NODE NAME: MstO

Enter the number of iterations:

Calculated pi = 3.1415926535897936
M_PI = 3.1415926535897931
Relative Error = 0.0000000000000004

real O0m8.974s
user O0ml1.200s
sys O0m0.360s

The Chudnovsky infinite series formula is as follows:

oo

1 12 Z (6k)! (13591409 + 545140134k)
(3k)! (kD3 (—640320)3k

T 64032032
k=0

Its MPI code and how it runs are depicted on the following pages:

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***********************

* Chudnovsky MPI pi code. *

This infinite series converges rapidly.*
Only two iterations for 15 decimal *
place accuracy. *

Author: Carlos R. Morrison *

Date: 1/11/2017 *

*
*
*
*
*
*
*
*
*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***********************/
#include<mpi.h>// (Open)MPI library
#include<math.h>// math library

#include<stdio.h>// Standard Input/Output library



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

int total_iter;

int n,rank, length, numprocs;

double pi;

double sum0O, x,rank_sum,A,B,C,D,E, G, H;
double F = 12.0/pow(640320,1.5), sum;
unsignedlonglong i, j,k,1,m;

char hostname [MPI_MAX_ PROCESSOR_NAME];
MPI_Init (&argc, &argv); // initiates MPI

MPI_Comm_size (MPI_COMM_WORLD, &numprocs); // acquire number of
processes

MPI_Comm_rank (MPI_COMM_WORLD, é&rank); // acquire current process id
MPI_Get_processor_name (hostname, &length); // acquire hostname

if (rank == 0)

printf ("\n");
printf ("#HHHFHHHFHEHF RS HF RS HF S HF RS HH S S A S S E RS H ARSI S SERET) ;
printf ("\n\n\n") ;

printf ("*** NUMBER OF PROCESSORS: %d\n",numprocs);

printf ("\n\n");

printf ("MASTER NODE NAME: %s\n", hostname) ;

printf ("\n");

printf ("Enter the number of iterations:\n");

printf ("\n");

scanf ("%d", &n) ;

printf ("\n");

// broadcast to all processes, the number of segments you want
MPI_Bcast (&n, 1, MPI_INT, 0O, MPI_COMM_WORLD) ;

// this loop increments the maximum number of iterations, thus
providing



// additional work for

// for(total_iter = 1;

testing computational speed of the processors

total_iter < n; total_iter++)

sumO = 0.0;

// for(i = rank + 1; i <= total_iter; i += numprocs)
for(i = rank + 1; i1 <= n; 1 += numprocs)
{

k = 1i-1;
A= 1;
for (j=1; J <= 6*k; J++)// (6*k)!
{
A *= 3
}
B = (double) (13591409+545140134*k) ;
c =1;
for(1=1; 1 <= 3*k; 1++)// (3k)!
{
cC *= 1;
}
D = 1;
for(m=1; m <= k; m++)// k!
{
D *= m;
}
E = pow(D,3);// (k!)"3
G = (double)pow (-640320, 3*k) ;
H = (double)A*B/ (C*E*G) ;

sum0 += H;
}// End of for (i =

rank_sum =

rank + 1;

i <= total_iter; 1 += numprocs)

sum0; // Partial sum for a given rank

// collect and add the partial sumO values from all processes

MPI_Reduce (&rank_sum,

MPI_COMM_WORLD) ;

} // End of for(total_iter =

if (rank == 0)

&sum, 1, MPI_DOUBLE,MPI_SUM, O,

1; total_iter < n; total_iter++)



printf ("\n\n");

// printf ("*** Number of processes: %d\n",numprocs);
// printf ("\n\n");

pi = 1.0/ (F*sum);

printf (" Calculated pi = %.16f\n", pi);

printf (" M_PI = %.16f\n", M_PI);

printf (" Relative Error = %.16f\n", fabs(pi-M_PI));
}

// clean up, done with MPI
MPI_Finalize();

return 0;

}// End of int main (int argc, char*argv([])

alpha@MstO:/beta/gamma $ time mpiexec -H
MstO,S1v1l,S1v2,S81v3,S1v4,S1v5,S51ve,S1v7,S1vs,

S1lv9,S1v10,S1v11l,S1v12,S1v13,S1v1l4,S1v1l5 Chudnovsky
FHEHH AR AR AR A R R R
*** NUMBER OF PROCESSORS: 16

MASTER NODE NAME: MstO

Enter the number of iterations:

Calculated pi = 3.1415926535897936
M_PI = 3.1415926535897931

Relative Error = 0.0000000000000004
real Om5.155s

user Oml1.220s

sys Om0.340s

alpha@MstO0:/beta/gamma $



Go ahead, copy/write and the run the following codes; one of them is very efficient for the
number of iteration required to generate a very accurate value for

Unknown:

- 8
= ;(4k T D@k +3)

Simon Pluff:

oo

Z 1 ( 4 2 1 1 )
_k_nlt’:-k 8k+1 8k+4 8k+5 8k+6

Fabrice — Bellard:

_1i(—1)’f 25 y 26 22 22
T=38 /. 27k \"3k+1 2k+3 10k+1 10k+3 10k+5 10k+7

k=0

1
" Tok +9)

Definitions

e Core — A core is a processing unit that reads in instructions to perform specific
actions

¢ Cluster — A cluster is a set of connected computers that work together as a single
unit

e New Out Of Box Software (NOOBS) — Term usually associated with the
Raspberry Pi microcomputer software

¢ Node - A node is a single computer

¢ Raspbian - This is the Raspberry Pi foundation’s official supported OS

¢ Super cluster — Used interchangeably with supercomputer

e Thread - A thread is a single line of command that is being processed
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