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Parallel Algorithm

About the Tutorial

A parallel algorithm can be executed simultaneously on many different processing devices
and then combined together to get the correct result. Parallel algorithms are highly useful
in processing huge volumes of data in quick time.

This tutorial provides an introduction to the design and analysis of parallel algorithms. In

addition, it explains the models followed in parallel algorithms, their structures, and
implementation.

Audience

This tutorial will help the undergraduate students of computer science learn the basic-to-
advanced topics of parallel algorithm.

Prerequisites

In this tutorial, all the topics have been explained from elementary level. Therefore, a
beginner can understand this tutorial very easily. However if you have a prior knowledge
of writing sequential algorithms, it will be helpful in some chapters.

Copyright & Disclaimer

© Copyright 2018 by Tutorials Point (I) Pvt. Ltd.

All the content and graphics published in this e-book are the property of Tutorials Point (I)
Pvt. Ltd. The user of this e-book is prohibited to reuse, retain, copy, distribute or republish
any contents or a part of contents of this e-book in any manner without written consent
of the publisher.

We strive to update the contents of our website and tutorials as timely and as precisely as
possible, however, the contents may contain inaccuracies or errors. Tutorials Point (I) Pvt.
Ltd. provides no guarantee regarding the accuracy, timeliness or completeness of our
website or its contents including this tutorial. If you discover any errors on our website or
in this tutorial, please notify us at contact@tutorialspoint.com

§j> tutorialspoint


mailto:contact@tutorialspoint.com

Parallel Algorithm

Table of Contents
AbOUL the TULOFIAl....cciiiiiiiiiiiiiiiirir e as e s ss e s as s sss e sanesenns i
AUGIENCE ...ccoeniiiiiiiiiiiitinreiie it s s s s s s e s b e s b s s s s e s s b e s s b e s ba s s anessanesesnesessnessnessssesenns i
Prer@QUISITES coiiiireeeeiiiiiiiiriiiiiiisiirrrietses e sse s st s s s saasssss st ssssassssssssssnsssssssssssstssssssssssssssnessnsssssssssnnsnnnes i
COPYIight & DiSCIAIMET .....uuuiiiiiiiiiiiiiiiiiiiiiisiiisiisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnss i
Table Of CONtENTS ....cuueiiiiiiiiiiiiii s ss s s s s e e s san e se s anne s snnaesanss i
1. PARALLEL ALGORITHM —INTRODUCTION.......ccicrirtieieeieercririrere e s s scenerene e e s s sseneneeens 1
CONCUITENT PrOCESSING....cuuuiii s b0 1
What is ParalleliSm?.......cocueiiiiiiiiiiiiiiiiiiinnenie e s s s e sssn e ssss e s sse s sss s sssessaneseane 1
What is an AlGOrIthm?........ e e s s e s e s s s s s s s s s s s s s s s s s e sesesssssssnnnnsannnns 1
[\ [oTo (=Y oY i @laT 1 To 101 - 14 o] 1 JAUUUNS N 2
SISD COMPULETS...ceiiiirinunrieiiiiirrrnnssisssssirmsssssssssssssrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssss 2
SIIVID COMPUEETS ..iiiiiiunnniiiiiiinermnssssssiimmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssss 3
IVIISD COMPULELS .ccuuuriiiiiiirennniiiisiiiinmmsssssssiimmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnes 4
IMIIIVID COMPUEEIS....itieuiirieiiiirieiiiiieiiiinesiiirseisimmesisimsssisimsssssisssssstssssssssssssstssssssssssssssssssssssnsssssssssssssnssssss 4
2. PARALLEL ALGORITHM = ANALYSIS..... .ttt re e s s s se e re e e e s s nenes 6
TiME COMPIEXITY ceeeeeeeiiiiiiiiiiieiieiiiiiierenseeestrreennessseeseseennnssssssssesennnssssssssesennnssssssssssssnnnssssssssssennnnssssssnsnns 6
ASYMPEOLIC ANAIYSIS ..ceeneeiiiiiiiiiiiiciiiiireeisseee s reereesssseeseeesnasssssessssesnnsssssssssssennnssssssssssennnnssssssssesennnnssnnns 6
Speedup of an AlZOItRM ... e e e e e e e s e e e e e e e e e s 7
NUumber Of Processors USEd .........ccoeeiveeiieiiiiiiiniiinneiiseiiseiisteisneissesssssssssessssessssessssssssssessasessssesessses 8
Lo 10 PPN 8
3.  PARALLEL ALGORITHM — MODELS......ccoociiririieeeeerirircre e s sinerere e e s ssisenene e e s e s sanenee 9
Data Parallel Model...........coiiiiiiiiiniiiiiiienienie e sas e s an e s sae s 9
I3 1T =T o1 T\, e e 1= N 10
WOTK POOI MOMEL ....uceiiiiiiiiiiiiiiiiiiiieiieiciiisiiensnesiesesses s esssnesssse s ssssssssessssessssesessnssssnessssessssesssnes 11
Master-SIave MOodel ...t s 12
Pipeling MOdEl .......... . e s e e s s e s e e rnn s s s s s e e e s nassssssssesesnnsssssssseesennnssssssssesennnnssnsnsnnnen 13

§j) tutorialspoint



Parallel Algorithm

L V7 T e JLY o T L= LN 14
PARALLEL RANDOM ACCESS MACHINES.........eeiiei e 15
Shared Memory MOdEl ... s s s e e s s s s s s s s s s s s s s s s s s sssssssnsnnens 16
Message Passing MOAEl ........eeeeeeeeeeeeeeiieieieeeieeeeeeeeeeeeeeeeeeeseesessssssssssssesssssssssssssssssssssssssssssssssssssssssssnnsnnnns 18
Data Parallel Programming .......cccccvveeeiiiiiiiiiiieieiiiiiiissrenniissssssssesss s sssssssssee s ssssssssssssessssssssssssssssssses 20
PARALLEL ALGORITHM = STRUCTURE.......ccooiiiiiiiiiiiiiiiiiiciice e 22
10T I RN 22
Y LN 23
L V7 T o UL T (V=Y ATV o N 23
PARALLEL ALGORITHM — DESIGN TECHNIQUES.........ocoiiiiirerieee e 25
Divide and Conquer Method ...........eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesessemesssssssssssssssssssssssnsnnsnsnnnnnnnns 25
(€] =T=T0 VALY =11 4T Yo R 25
DYNAMIC PrOoSramMiNG ...cccceeeeeiiiiiiiiieenniiiiiriiennnssissssiisesnnssssssssssssnnsssssssssssssnnssssssssssssnnssssssssssssnnnnsssssssanes 26
Backtracking AlBOrTtRM ......ccuvieeiiieiiiiiiiiiieieeeeneeeeeeeeeeeeeeeeseeeeesemssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 26
21T ol T o =TT U T 26
LiN@ar ProgrammMiNg.....ccccveeuuuiiiiiiiiiemuniiiniiiiemmsssssssiimmssssssssssimmssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 26
PARALLEL ALGORITHM—MATRIX MULTIPLICATION ...ccouririiiiiriiiiiniics e, 27
V=] T 27
HYPErcube NETWOIKS. .. ..ottt ssess e s eesenssssesssseennnssssssssesesnnssssssssssssnnnssssssssessnnnnssssssnnnes 28
oo Q1Y 1 N 29
PARALLEL ALGORITHM —SORTING ......cuitiiiiiiireneriresesiree e sence e sinere s sen e s seene e e s seneee s 30
4T 0= LT T T o Y 30
Odd-Even TranSPOSIitioN SO ......ccueeeiiiiiiiiiiiiiieiiiiieeieisserrereernsessesseseennssssssssssesnnnssssssssssennnssssssssessnnnnns 31
L T LTIV LT = LT o o N 32
HYPEr QUICK SOIt ....ccceeeiieiieiieeieeeeeeeeeeeeeeeeeesssesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnnnns 34
PARALLEL SEARCH ALGORITHMS ....ciiiiiiiiinirii i senes s sine s s eines e 35

iii

§g>tutorialspoint



10.

Parallel Algorithm

DiVide aNd CONQUET ......cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssnnnnnnns 35
[0 T=Y o Xy B T Y =T=T ol 4 TN 36
Breadth-First SEarch.........eeeiiiiiiiieiiiiicrec s 36
BeSt-First S@Arch .......cooviiiiiiiiiitet s 37
PARALLEL ALGORITHM—GRAPH ALGORITHM ......oitiiiiiiiiriiiiiiiieeee e e sesiereneeens 39
LCT T o] T 0o [ 4 T TG 39
MiINiMal SPANNING TIEE ....uueeeiiiiiiiiiiiireiiiiiiierree s ssss e s s s ass e e e s s s s s sans s e s s s sssssssnnneensssses 41
T Y F- o T 11 4 T o TSN 44
Kruskal’s AIGOFTtRM .......ceeeeeeeeieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeessessesessssssassasssssssssssssssssssssnsssnnsnsnnnnnnnnnnnnnn 46
Shortest Path AlGOrithm........ i e s e s e s s s e s s s s s s seeeeees 47

iv

I§> tuterialspoint



1. PARALLEL ALGORITHM —INTRODUCTION

An algorithm is a sequence of steps that take inputs from the user and after some
computation, produces an output. A parallel algorithm is an algorithm that can execute
several instructions simultaneously on different processing devices and then combine all the
individual outputs to produce the final result.

Concurrent Processing

The easy availability of computers along with the growth of Internet has changed the way we
store and process data. We are living in a day and age where data is available in abundance.
Every day we deal with huge volumes of data that require complex computing and that too,
in quick time. Sometimes, we need to fetch data from similar or interrelated events that occur
simultaneously. This is where we require concurrent processing that can divide a complex
task and process it multiple systems to produce the output in quick time.

Concurrent processing is essential where the task involves processing a huge bulk of complex
data. Examples include: accessing large databases, aircraft testing, astronomical calculations,
atomic and nuclear physics, biomedical analysis, economic planning, image processing,
robotics, weather forecasting, web-based services, etc.

What is Parallelism?

Parallelism is the process of processing several set of instructions simultaneously. It reduces
the total computational time. Parallelism can be implemented by using parallel computers,
i.e. a computer with many processors. Parallel computers require parallel algorithm,
programming languages, compilers and operating system that support multitasking.

In this tutorial, we will discuss only about parallel algorithms. Before moving further, let us
first discuss about algorithms and their types.

What is an Algorithm?

An algorithm is a sequence of instructions followed to solve a problem. While designing an
algorithm, we should consider the architecture of computer on which the algorithm will be
executed. As per the architecture, there are two types of computers:

e Sequential Computer

e Parallel Computer
Depending on the architecture of computers, we have two types of algorithms:
¢ Sequential Algorithm - An algorithm in which some consecutive steps of instructions

are executed in a chronological order to solve a problem.
5
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Parallel Algorithm

o Parallel Algorithm - The problem is divided into sub-problems and are executed in
parallel to get individual outputs. Later on, these individual outputs are combined
together to get the final desired output.

It is not easy to divide a large problem into sub-problems. Sub-problems may have data
dependency among them. Therefore, the processors have to communicate with each other to
solve the problem.

It has been found that the time needed by the processors in communicating with each other
is more than the actual processing time. So, while designing a parallel algorithm, proper CPU
utilization should be considered to get an efficient algorithm.

To design an algorithm properly, we must have a clear idea of the basic model of
computation in a parallel computer.

Model of Computation

Both sequential and parallel computers operate on a set (stream) of instructions called
algorithms. These set of instructions (algorithm) instruct the computer about what it has to
do in each step.

Depending on the instruction stream and data stream, computers can be classified into four
categories:

e Single Instruction stream, Single Data stream (SISD) computers

e Single Instruction stream, Multiple Data stream (SIMD) computers

e Multiple Instruction stream, Single Data stream (MISD) computers

e Multiple Instruction stream, Multiple Data stream (MIMD) computers

SISD Computers
SISD computers contain one control unit, one processing unit, and one memory unit.
Instruction Data
Control SEroam Stream
Unit " Processor [* Memory

Figure : SISD Computers

In this type of computers, the processor receives a single stream of instructions from the
control unit and operates on a single stream of data from the memory unit. During
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computation, at each step, the processor receives one instruction from the control unit and
operates on a single data received from the memory unit.

SIMD Computers

SIMD computers contain one control unit, multiple processing units, and shared
memory or interconnection network.

Data Stream 1
Processor 1 |, R

Data Stream 2
Processor 2 .

Shared Memory

Instruction Data Stream 3
Control Unit Stream Processor 3 N Or

Interconnection
‘ network

Data Stream n

Processor n |,

Figure : SIMD Computers

Here, one single control unit sends instructions to all processing units. During computation,
at each step, all the processors receive a single set of instructions from the control unit and
operate on different set of data from the memory unit.

Each of the processing units has its own local memory unit to store both data and instructions.
In SIMD computers, processors need to communicate among themselves. This is done by
shared memory or by interconnection network.

While some of the processors execute a set of instructions, the remaining processors wait for
their next set of instructions. Instructions from the control unit decides which processor will
be active (execute instructions) or inactive (wait for next instruction).

-
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MISD Computers

As the name suggests, MISD computers contain multiple control units, multiple
processing units, and one common memory unit.

Instruction
Control Unit 1 Stream 1 Processor 1
Instruction
Control Unit 2 Stream2 | Processor 2 |,
Instruction S e—
Control Unit 3 Stream 3 Processor 3 h r——

Instruction
Control Unit n Streamn | Processor n |,

Figure : MISD Computers

Here, each processor has its own control unit and they share a common memory unit. All the
processors get instructions individually from their own control unit and they operate on a
single stream of data as per the instructions they have received from their respective control
units. This processor operates simultaneously.

MIMD Computers

MIMD computers have multiple control units, multiple processing units, and a shared
memory or interconnection network.

-
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. Data
Instruction Svranm 4
Control Unit 1 Stream 1 | Processor 1 |e >
Instruction Data
Control Unit 2 | Stream2 | Processor 2 | Steam 2 |
Instruction Data
Control Unit 3 | Stream3 | processor 3 |, Stream3 | o 4 —
Or
| |
| | Interconnection
| network
' Instruction Data
: Stream n Stream n
Control Unit n »| Processor n |,

Figure : MIMD Computers

Here, each processor has its own control unit, local memory unit, and arithmetic and logic
unit. They receive different sets of instructions from their respective control units and operate
on different sets of data.

Note:

e An MIMD computer that shares a common memory is known as multiprocessors,
while those that uses an interconnection network is known as multicomputers.

e Based on the physical distance of the processors, multicomputers are of two types:

o Multicomputer — When all the processors are very close to one another (e.g.,
in the same room).

o Distributed system - When all the processors are far away from one another
(e.g.- in the different cities)

-
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2. PARALLEL ALGORITHM — ANALYSIS

Analysis of an algorithm helps us determine whether the algorithm is useful or not. Generally,
an algorithm is analyzed based on its execution time (Time Complexity) and the amount of
space (Space Complexity) it requires.

Since we have sophisticated memory devices available at reasonable cost, storage space is
no longer an issue. Hence, space complexity is not given so much of importance.

Parallel algorithms are designed to improve the computation speed of a computer. For
analyzing a Parallel Algorithm, we normally consider the following parameters:

e Time complexity (Execution Time),
e Total number of processors used, and

e Total cost.

Time Complexity

The main reason behind developing parallel algorithms was to reduce the computation time
of an algorithm. Thus, evaluating the execution time of an algorithm is extremely important
in analyzing its efficiency.

Execution time is measured on the basis of the time taken by the algorithm to solve a problem.
The total execution time is calculated from the moment when the algorithm starts executing
to the moment it stops. If all the processors do not start or end execution at the same time,
then the total execution time of the algorithm is the moment when the first processor started
its execution to the moment when the last processor stops its execution.

Time complexity of an algorithm can be classified into three categories:

¢ Worst-case complexity - When the amount of time required by an algorithm for a
given input is maximum.

e Average-case complexity - When the amount of time required by an algorithm for
a given input is average.

o Best-case complexity - When the amount of time required by an algorithm for a
given input is minimum.

Asymptotic Analysis

The complexity or efficiency of an algorithm is the number of steps executed by the algorithm
to get the desired output. Asymptotic analysis is done to calculate the complexity of an

10
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algorithm in its theoretical analysis. In asymptotic analysis, a large length of input is used to
calculate the complexity function of the algorithm.

Note - Asymptotic is a condition where a line tends to meet a curve, but they do
not intersect. Here the line and the curve is asymptotic to each other.

Asymptotic notation is the easiest way to describe the fastest and slowest possible execution
time for an algorithm using high bounds and low bounds on speed. For this, we use the
following notations:

e Big O notation
¢ Omega notation

e Theta notation

Big O Notation

In mathematics, Big O notation is used to represent the asymptotic characteristics of
functions. It represents the behavior of a function for large inputs in a simple and accurate
method. It is a method of representing the upper bound of an algorithm’s execution time. It
represents the longest amount of time that the algorithm could take to complete its execution.
The function:

f(n) = O(g(n))

iff there exists positive constants ¢ and no such that f(n) = c * g(n) for all n where n = no.

Omega notation

Omega notation is a method of representing the lower bound of an algorithm’s execution
time. The function:

f(n)=8(g(n))

iff there exists positive constants ¢ and no such that f(n) = ¢ * g(n) for all n where n 2 no.

Theta Notation

Theta notation is a method of representing both the lower bound and the upper bound of an
algorithm’s execution time. The function:

f(n)=©(g(n))

iff there exists positive constants c¢1, €2, and no such that c1*g(n) < f(n) < c2 * g(n) for all n
where n 2 no.

11
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Speedup of an Algorithm

The performance of a parallel algorithm is determined by calculating its speedup. Speedup
is defined as the ratio of the worst-case execution time of the fastest known sequential
algorithm for a particular problem to the worst-case execution time of the parallel algorithm.

Worst case execution time of the fastest known sequential for a particular problem

dup =
speedup Worst case execution time of the parallel algorithm

Number of Processors Used

The number of processors used is an important factor in analyzing the efficiency of a parallel
algorithm. The cost to buy, maintain, and run the computers are calculated. Larger the
number of processors used by an algorithm to solve a problem, more costly becomes the
obtained result.

Total Cost

Total cost of a parallel algorithm is the product of time complexity and the number of
processors used in that particular algorithm.

Total Cost = Time complexity x Number of processors used

Therefore, the efficiency of a parallel algorithm is:

Worst case execution time of sequential algorithm
Worst case execution time of the parallel algorithm

Efficiency =

12
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End of ebook preview
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