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Chapter 1

Introduction

1.1 De nitions and Concepts

Computer Science is the study of information's computatibimat is the de nition given

by the Computer Science Department from the College of Saine@en(Saint John's
University). Computer Science comprehends a variety oihsiategoals related to au-

tomatic information and its computation, whereas it doesretate to corporative or
commercial uses of the research results. Furthermoreg ibea clear distinction be-
tween Computer Engineering and Computer Science. Computencgcis dedicated to
the study of the software procedures in order to abstraotnmédtion by algorithms and
data structures, while Computer Engineering studies thetitumality of the hardware in
depth. [1]

As information has become vital within the last years, thelgtof the information and
how it can be computed is a highly important eld in scientresearches. From a more
wide point of view, Information Technology is the eld dedi®d to process and deliver
information through computerized machines. Eventudilg information could be a sim-
ple representation of a value (using a single number of gog)tgr it could be an abstract
representation of a more complex type of information, sichaltimedia contents, digi-
talized real-life model adaptations, etcetera. [2]

1.2 Scope

This document analyzes how information can be arrangedtanctisred in a logical form.

However, disposing such information in a logical form does mean to represent it in
the most human-understandable possible form. In fact, Cen@cience explores the
proper ways of representing any type of information in a farso that it meets the engi-
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CHAPTER 1. INTRODUCTION

neering approach at the same time that it can be well unaet$tp the developer or the
program creator, who certainly shall be human.

Consequently, in the following chapters, the reader shaihbbeduced to the concept
of information in a more technical level and how this infotioa is arranged in soft-
ware development. Subsequently, this paper deepens iatprdgramming techniques
about structuring the information and processing it withoaithms, offering also a chap-
ter where practical examples are analyzed according tddwy provided.

1.3 Motivation

As engineering has quickly developed into a world of fast aing technology compo-
nents to deliver a so-called "good quality” information tedeuser and companies, the
world of marketing and commercial relations has become dibap for this technology.

Current marketing techniques have taught a general phitystgpend-purchasers in the
sense that they believe that hardware upgrades are justddrdtter and they must be
achieved after a certain period of time. That is, the worldchafketing has taught people
to purchase new hardware every few months, settling thegtoelief thathe newer the
hardware, the better the software runs

Furthermore, as this philosophy has become very populgmeering students and com-
panies minimally invest to develdpusy-qualityend-user software, as long as they meet
deadlines. This is a major issue, because current softwdreing developed with the
general thinking that the end-user will run a supercompanerbrand-new hardware, and
thus the engineering approach becomes less professicthah@nproducts do not meet
technical ef ciency and compliance as they should.

Finally, the author has chosen this topic because it cowressyery general manner, most
of the topics which are highly important in relation with Wwedrmed software and pro-
fessional software engineering processes. Data strggtapéimization, algorithms and
portability are some of the concepts that a software engsigauld de nitely master, in
order to have something to offer to the engineering comrgunit

In this paper, the author will start talking about the cleakprogramming approach to
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later move towards the current object-oriented paradigthlew data structures are a
must in professional software development in order to gleviigh quality software.



Chapter 2

Classical Programming

2.1 Procedural Programming

At the beginning of the seventies, proceoﬁlmogrammin became a major innovation
respect to the assembly language, where languages such@ged from B program-
ming language) or Pascabffered an advantage to the developer by providing a higher
level language syntax and semantics.

Comparing any same program designed in both C language agmlalydanguage, it can
be easily noted that the amount of instructions, or lineodecis more dense in assembly
than in C language. The main reasons are that higher-levgi@amming languages offer a
simple human-readable syntax to develop software, whémesssembly language, there
is exactly one mnemonic which corresponds with exactly oséruction of the current
CPU architecture. Further, in high-level programming laaggs memory is managed by
usingvariable nameswhile in assembly language the data must be directly aeddsg
using the hardware address where that value is stored. {B9JL2

2.2 Bene ts of Procedural Programming

Procedural programming, also call8tructured Programmingorought some interesting
bene ts, which made the eld of Computing Science move fordgaand enabled devel-
opers to wrap medium-size software pieces into organizedo$source code les.

!Procedural programming languages are often called alseratipe languages, which is characterized
by describing a program using computation statements ohwgitally ordered in time to drive the program.

2C language was originally developed in the Bell Telephorigdratories by Dennis Ritchie. C language
was born to provide a higher-level implementation of thed dgerating system and it was originally though
as a system implementation language.

3pascal belongs to Niklaus Wirth, who developed the langirad®70 as a suitable solution for struc-
tured programming.



CHAPTER 2. CLASSICAL PROGRAMMING

First, the most important property that Procedural Prognarg offered over low-level as-
sembly programming was the ability to wrap sets of procegssistructions in functions
and related data information elds in data structures. Hulkievement was enhanced as
well by the way of addressing memory in high-level programenelyvariables Fur-
thermore, some languages introduced certain level ofadigin by providing basic data
structures such as multidimensional arrays. [3, 12-19]

Second, Procedural Programming and in fact high-levelnamogning of any kind intro-

duced the concept of portability to the eld of Informatioedhnology, where programs
could now be written in a structured manner at the same timbescould be easily
ported by only rewriting the concrete languagempilerto the desired platform. [3, 12-
19]

Last, but not least, Procedural Programming, as it nametdsnimtroduced the concept
of modularity, led by the famous sentence among computirensgsts“divide and con-
quer”. Modularity is the ability of creating independent piecésaftware, namelgelf-
containedmodules, capable of providing a concrete and well-de nettfionality given

a certain speci cation. These modules, before Objecti@ee Programming was in-
troduced, consisted of independent functions (sometiraﬂascbprocedur@s which pro-
vided a method for separating software in smaller pieceablery developers to wrap
such functions in collections, namébraries. These libraries were an innovative prop-
erty of Procedural Programming, which have remained umiamé ever since and have
played an important role in introducing new programminghtexogies such as Object-
Oriented Programming. [4, 39-40]

“Procedure is the formal name in Computer Science for a selfained piece of software which per-
forms a certain function without returning any value to lEglevel modules.
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Chapter 3

The Object-Oriented Approach

3.1 The Origin of Object-Oriented Programming

The two rst languages which were object-oriented are kn@sisimula land Simula
67, developed at the Norwegian Computing Center, in Oslo, byJolexn Dahl and Kris-
ten Nygaard. Simula languages already implemented classesedures and subclasses
(meant for an intrinsic property of Object-Oriented Pragnaing, named inheritance). [5]

Object-oriented languages were able to bring the power sifattion combined with the
potential of structured programming, which already existem languages like Pascal or
C. The main goal was always to provide languages with ef cygeas found in procedural
programming languages, meanwhile providing an abstragtoivdeveloping software (a
more simpli ed scheme for developers) with the OG#pproach, just as it happened with
the evolution from C to C++ at Bell Laboratories.

3.2 Characteristics of Object-Oriented Programming

Object-Oriented Programming brings several conceptsaoeid of Computing Science
that aim for a cleaner design of programs and a more propenenasf writing soft-
ware, so that it can be easily reused and interconnectedotViir independent software
modules. These modules should be developed in the mostbpoastdependent way,
becomingself-dependenand providing a concrete functionality relying on a cohéren
speci cation. Needless to say, the enforcing of self-dejggrte and consistent speci ca-
tions are the basis of software reusability, which is the tnmoportant goal of software
modularity. [4, 67-98]

10O0P typically stands for Object-Oriented Programming, tedacronym is widely used in the IT eld.

10



CHAPTER 3. THE OBJECT-ORIENTED APPROACH

Wide known is that Object-Oriented Programming providesdimain features: encap-
sulation, inheritance and polymorphism. Nonethelesselobaracteristics are not ran-
domly depicted by any OORventor Instead, they respond to the question of mod-
ularity and reusability in Software Engineering, and theyidby being combined in
software development. As a matter of fact, when it comesdéegsional software devel-
opment, there are several issues that must be addressetirt@produce proper-quality
software, following formal laws stated by Software Engimeg. Professional software
should be extensible, reusable and compatible, thus agstime continuity of that soft-
ware in whichever context it is being developed [4, 114-118]

3.2.1 Encapsulation

Encapsulation responds to the question of compatibilibcapsulation assists the devel-
oper in hiding certain characteristics of a software modulé thus restrict the access to
that module. At rst, it might be seen as a limitation for pregs, but actually it is by far
the way of assuring compatibility with other modules. Coesigure 3.1. [6, 14-17]

Figure 3.1: Example of encapsulation in OOP

As it can be depicted from gure 3.1, there is an example of aloh® which contains
information about a car. In order to manipulate that cargimeust be some functionality
which is implemented on the top layer and from which the droan take advantage. In
gure 3.1, there are several example methods such as tuthélgghts on or accelerating.
Therefore, the driver knows that in order to turn on the kgbftthe car, he or she must use
the functionalityturnOnLights () (which could be associated to some switch or button
in real-life), but he or she does not care about how the cas doerder to activate the

11



CHAPTER 3. THE OBJECT-ORIENTED APPROACH

circuit to which the lights are connected to be lightened.

In addition, the lights of the car can be replaced by a newetahor a more complicated
circuit inside the car, however the driver will still use tewitch on the driving pane for
turning them on or off. In gure 3.1, the circuit which lights the lights on is the re-
stricted part, formally nametthe implementation. On the other hand, the switch which
the driver enables and disables in order to get the lightsidroéf would correspond with
the visible part, namelthe access methods

Consequently, if the implementation is well separated frbengccessing approach, then
upgrading the module should not be an obstacle at all, shieemnd user still uses the

same method to use that functionality. In Object-OrientesjRamming, encapsulation

provides information hiding aids and therefore softwaexps can be upgraded without
breaking the compatibility with the external world. [6, 28]

3.2.2 Inheritance

In the case of inheritance, it responds to the question anebebility. A piece of soft-
ware is extensible if it can be easily upgradeable and iffersfa way of being further
developed into another module which covers a more specise ¢han the original one
for which that module was meant. [7, 63-64]

Inheritance provides a mechanism of further developing medules based on so-called
parentmodels. In object-oriented environmenttassesare the primary link, which are
used through real instances in running programs, nashgetts An object is a real in-
stance of a class, which is used in a piece of software. [643-

Consequently, objects represent a functional entity of sscltaey formally represent that

class in a program. However, inheritance does not work friaisses to objects, but from
classes to other classes. Consider the model representgdrnia 3.2.

12
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Figure 3.2: Example of inheritance in OOP

In gure 3.2, the class (which is just a theoretical modelnaal serves as a general model
for creating any kind of animal. Therefore, it only implengeertain generalities such
as breathing, motion, reproduction, feeding, etceterabs&guently, for the clasdog
there are new aspects and details that must be taken in déocurder to create a proper
model of such. Nevertheless, although the dog is a very spgpie of animal and most
of its details are not contemplated in the clasgmal it shares the given generalities for
any animal, because it breaths, it needs to be fed, it haagirenobility (or motion), it
de nitely has a way of perpetuating its specie (reprodutti@tcetera.

Concerning to extendability, in the same way the dog is a sulpyof the parent group of

animals, software modules can tlassedandsubclassedwhich provides a formal way

of classifying that software. In Software Engineering andaretely in OOP, classes are
used to represent models of data which suit for a certainl@moland additionally, these

classes are extended and further developed into more ¢ertasses, which can provide
a more detailed solution for certain speci ¢ problems orpgualblems of the overall pro-

gram. [4, 114-115]

13



CHAPTER 3. THE OBJECT-ORIENTED APPROACH

3.2.3 Polymorphism

The issue of reusability is partly addressed by polymorphié piece of software is of

reusable nature if it can be used across different enviraisrier different nal purposes,

however providing the same concrete functionality withgivaen speci cation. Hence, a
reusable piece of software must be developed as a selfigedtenodule, which means
that it has to be as independent as possible, in order togg@/ireusable functionality.
Oppositely, if a module is not self-contained, it means thaepends on the external
world and thus it cannot be easily taken out of that world amdised in a different envi-
ronment. That is, reusable software modules must be blaxkshevhere a speci cation
dictates how the box is fed and what is the output after therim&tion processing. [4,
114-118]

Inthat sense, polymorphism is the ability of object-oreghépproaches to provide reusable
methods and functionality designs among different typesoftivare modules. Neverthe-
less, reusability is not only governed by polymorphism tas also a matter of encapsu-
lation. This is due to the fact that a well-encapsulatedegm@fcsoftware is well de ned
and therefore can be used in any software environment. Whereapsulation offers a
main point in reusability, polymorphism provides a meckanfor using similar methods
with different implementations. [7, 65]

Figure 3.3: Example of polymorphism in OOP

As it can be seen in gure 3.3, there is a parent class napudygjonand two derived
classes (children) which ateangle and pentagon Both classes have a method called
getSidey), which returns the number of sides on that concrete poly@aoviously, in

14
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the case of the triangle, the number of sides is three, whenehe pentagon that value
is ve. Thus, polymorphism enables the developer to writengle instruction such as
t:getSideq) without knowing ift is a triangle of a pentagon. The language itself, if it
supports polymorphism, should check if the objebelongs to the clagsiangle or pen-
tagon and then call the method of the class to which it belongs.

From the reusability point of view, developers are allonetite easy-to-follow source
code and decide that different polygons have a method in ammmamedyetSidey), but
they admittedly implement this method in a different wagcsi their constitution differs
from one type to another. Thus, polymorphism allows to amaatlicertain names and de-
cide for the user which is the correct one when it is invok&d 6B-75]

Finally, it is important to clarify that all encapsulatiomheritance and polymorphism
are bound together in order to provide a solution to the So#wENgineering issues of
extendability, reusability and compatibility. Nonethegdethis section was intended to ex-
plain separately the three of them and associate them vatmtist concerning approach
in Object-Oriented Programming. Astonishingly, theseéhconcepts cannot and shall
not be totally separated when providing a solution for SafenNEngineering requirements,
since all of them work together and complement each othesfiware development cy-
cles.

3.3 Towards Data Structures

Eventually, Object-Oriented Programming may become a poiwtol for developers,
being one of the most suitable methodologies in softwareldewment for creating and
managing structured and organized information.

Whereas Procedural Programming can provide a comprehesetiad tools for structur-
ing information and managing such structures, Objecti@e Programming was exactly
designed to wrap information related to models and methads&nipulating that infor-
mation in a pragmatic way, being reusable and extensiblas,Timplementation of data
structures becomes easier, in many cases, when using at@ujented Programming
language. Thanks to encapsulation, the developer can wega atducture without exactly
knowing the implementation of it. [7, 58-61]

15



CHAPTER 3. THE OBJECT-ORIENTED APPROACH

For instance, a typicadtack(which will be further analyzed in Chapter 4) may be im-
plemented using Bnked-list a simplearray or any other structure, but the main point is
that with Object-Oriented Programming, the developer dagseed to know how it is
implemented, as long as it provides the two basic methodsgeharic stackpushand
pop. [7, 188-199]

Summarizing, Object-Oriented Programming provides edaéility, reusability and com-
patibility, which are key principles for professional Seéire Engineering processes. How-
ever, Procedural Programming and certainly other progragapproaches (such as De-
scriptive Programming) are capable of providing, at a cegeade, these key concepts of
software development cycles.

16



Chapter 4

Data Structures

Due to the constraints of this document, only the most comatstract data typessed

in Computer Science are introduced here. In fact, in ordebtain a more detailed source
of information about the presented topics, it is highly raceended to use the references
listed at the end of this paper.

4.1 Arrays, Lists and Iterators

In principle, the simplest way of storing a collection of aléd often calledarray in pro-
gramming. An array is typically a set of data of the same tylspated one after an-
othet, being directly accessible. As a generalization, each@&htinside an array can be
another array, thus creating two-dimensional or av@imensional arrays of information
[8, 298].

Figure 4.1: Example of array containing natural numbers

In addition to arrays, a more abstract solution can be founttuthe name ddrray lists
(sometimes calleglectors for instance in Java programming), which are data strestur

1As a matter of fact, the actual implementation of arrays ismatly a sequence of bytes one after
another in the main memory or wherever the structure is dtore
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CHAPTER 4. DATA STRUCTURES

similar in functionality to simple arrays, with the exceptithat they may be implemented
as an ADT, where the programmer does not need to know howatuslly implemented.
Array lists behave like arrays, as they offer access to thHeiments by aank number
betweerD andn 1, wheren is the size of the list in number of elements. As opposite
as it happens with lists, arrays are allocated in memory gbttteir elements are next
to each other in memory, whereas lists are an ADT, a black Wwbich behave exactly
as arrays but the implementation details do not have to benkmmr understood by the
programmer. [7, 222]

Finally, iterators are a computation process by which aaydist is traversed or examined
through. Mainly, iterators provide an ordered access th ebanent found in an array list,
accessing one element at a time. By means of modern programamititerator is actually
de ned as a software design pattern which allows to prodessasllection of elements of
a list and it consists of three main parts: a sequence of elese be processed, a cursor
indicating the current element in the sequence, and a fumatity to be able to hop to the
next element in the sequence. Therefore, iterators praudabstract way of accessing
sequences of elements encapsulating detailed informabont where the processing is
at a certain moment and how many elements are left to proggs42]

4.2 Linked Lists

In a similar fashion as it happens with arrays, and as it wigsybmentioned before, lists
can store a set or collection of data of a certain type whiehaacessible in a sequential
way, however they are typically implemented in a non-setjaemanner in the memory
of the computer. Linked lists exist for this purpose, andg thiee a widely used data struc-
ture in software creation.

Linked lists are much more exible than arrays, which areallyusize- xed. In fact,
linked lists are implemented as nodes which link one to atpthus allowing the devel-
oper to create a relatively large (depending on the memaayjadote) amount of nodes.
As opposed to arrays, elements inside linked lists cann@icbessed by an index and,
therefore, the programmer must implement an algorithm ldapaf traversing the list in
search of an element. [8, 254-255]

There are several ways of implementing linked lists, buy thié share the most impor-
tant property, which is the support for creating a collattd elements of variable size,

18
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namelydynamic allocation Nevertheless, this feature also spots a highly common-prob
lem calledmemory leakwhich consists of fragments of memory which are derefezdnc
by all means and are not accessible anymore, because theybibeen freed from the
memory, so that they remain there consuming resources. &oxgamodern technolo-
gies include mechanisms which take care of these memoryngats and clean up the
memory. This feature is callegirbage collectiorand it is known to be included as an
intrinsic property of the Java Virtual Machine. Another fams mechanism consists of
using a reference counter to each memory fragment thatasareéed. When the counter
reaches the value zero, it means that the object is not refedeanymore and so it can be
freed from memors;

By and large, the most simple implementation of linked listhe singly linked list, where
each node in memory consists of a structure containing tteeafdhe node and a pointer
to the next node in memory. Another common type of linkedisishe doubly linked list,
where each node also includes another pointer to the previode (in the sequence) in
memory. The advantage of doubly linked lists is that theylwatraversed both back and
forth. Besides, a general alteration of both lists is usulkyaddition of sentinels, which
are void nodes at the beginning (namkdy heade) and at the end (nameligt trailer) of
the list. The inclusion of these sentinels is for pure altponic improvements, since they
allow algorithms to be simpler and quicker. Examples of lgidigked list and doubly
linked list can be observed in gures 4.2 and 4.3. [7, 231§241

Figure 4.2: Singly linked list with head and trailer sentinedes

2This feature is used, for instance, in Qt libraries, whica arframework for software development
based on C++ and which are well known for being the base oépte®such as KDE.
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Figure 4.3: Doubly linked list with head and trailer sentinedes

All in all, linked lists are proved to provide a more propetwmn for sequential data
storage and offer a constant co@(1)), which is much quicker, by far, than removing
an element from an array, where all the following elementstrbe moved, one by one,
to the preceding position. [8, 255]

4.3 Stacks and Queues

The stack is a model which de nes a collection of elementshsas in a list, where there
is a limitation on how insertions and deletions take placechSoperations must be per-
formed at only one position, which is the virtual conceptta top of the stack. In other
words, a stack is an ADT which allows to place elements onogps or either remove
them, also from the top. [9, 62]

This type of data arrangement may be also natrl&® (Last-In, First-Ou}, where ele-
ments can be removed only one at a time and the rst elemeng t@imoved is always
the last element that was inserted. Commonly, the nomemel&iuthese two operations
of insertion and removal aftushandPop. Thus, when an element is to be inserted, it is
said that such element is to peshedonto the stack; and correspondingly, an element is
poppedirom the stack when it is removed. Consider gure 4.4.

3Constant costQ(1), refers to the asymptotic analysis of the amount of timesuaitd memory units
that an algorithm consumes to accomplish a task. In this, casestant cost means that any operation of
such kind will be performed in one time unit, no matter hovgéathe volume of data of the structure is.
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Figure 4.4: Bottom-up implementation of a stack

Depicting from gure 4.4, as the stack is such an ADT, the infation is virtually aligned

in a bottom-up manner, which is the abstract concept of idementation. Nevertheless,
the collection of data may be implemented in the memory sfma®rk as a bottom-up or
a top-down data structure, as long as the concefupis maintained. For instance, cer-
tain microprocessor makers prefer to implement their dmiitack growing from lower
memory addresses to higher memory addresses, whereasthgprocessor makers de-
cide to include a higher-to-lower memory implementatiorsoth stack. However, both
implementations should provide the same functionalityh® énd programmer, because
the main point of abstract data types is that they featurenamoan way of using them,
without necessarily knowing how they are in fact implemente

As a brief summary, stacks are basically lists which enftiheeprogrammer to place in-
formation in a certain point and remove it from the same pdilunetheless, with a small
further thinking development, it can be noticed that madiya stack to create a more
powerful ADT is not complicated. In fact, there is another RBalled queuewhich is
based on the concept of stack, but introduces a modi catibichvcan later provide a
much wider scope of application in Computer Science.

Queues are, like stacks, lists. However, the queue intesxiaanodi cation in how the
information is inserted and removed from the data structlrejueues, insertion is per-

4Normally, microprocessors are designed so that they offgain capabilities to the programmer, in or-
der to ease the development of software products. On of thesbddies of microprocessors is the inclusion
of a stack, which is automatically managed by the processrcan be issued by using typigalishand
pop microprocessor mnemonics.
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formed at one end of the queue, while deletion of elementsri®pned at the other end.
Analogically, there is a common name for this abstract dgte,t=1FO (First-In, First-
Out), which is opposed to the concept of LIFO, as elements areémasvted at the rear of
atunneland they are removed from the front of tliahne| as it can be seen from gure
4.5.

Figure 4.5: Example of simple queue

In Computer Science, a queue normally consists faa, the end into where data el-
ements are injected, andfint, from where the elements are extracted [7, 204-211].
According to gure 4.5, it can be easily noticed that a queesembles with lists, arrays
and even stacks (looking at them in a horizontal way). Thislarity is not only a coin-
cidence, but it actually con rms the discussion in the paagf above, where it is stated
that queues are simply lists. Along the next chadbata Structures in Applianget is
denoted and exempli ed the importance of queues in Computiem8e. It is of interest
the noting of the fact that the data structures being inttedwp until now share many
similarities and often they only differ in the manner theg aranipulated.

4.4 Trees

Up until now, all the data structures under discussion wioérgnear nature, which
means that they consist, one way or another, of a sequenderoémrts, one after an-
other, whichever the actual implementation is. Howevagdrity does not always suf ce
for problem solving, and hence nonlinear algorithms or datactures must be used in
order to better describe Computer Science problems whiclotsuit any linear model.
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This is the case of trees. In Computer Science, a tree is amabsgfta type which
contains elements arranged in a hierarchical structurerendl elements must have a so-
calledparentelement, with the exception of the top element, namedy. [7, 266-268]

Figure 4.6: Tree structure containing IT branches

According to gure 4.6, every element in the tree structuas B parent component, with
the exception of “Information Technology”, which is treot of the tree and, therefore, it
has no parent element. In trees, the elements under paremsmedhildren of these
parents. Also, each oval or rectangle in the diagram is namoelé and so gure 4.6
would then consist of nine nodes. A tree ADT must accomphsgifollowing properties:

1. If the tree is not empty, then it has@ot element.

2. Every node in the tree has a parent (if the node is not thg, mwd each node which
is parent has, at least, one child node.

One important feature which is quickly depicted from thewsbspeci cation is that a tree
may consist of an empty structure, containing zero nodess faht will allow program-
mers to de ne trees in a recursive manner, so that each notteedfee is, at the same
time, another tree (an actual subtree inside the tree whizlongs to). [7, 266-268]

Moreover, relations between nodes inside a tree have comaroes that are very typical
of Computer Science nomenclature. The most important are:
Siblings Two nodes that are located under the same parent.

Internal node A node which has, at least, one child.
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External node A node which has no children.

External nodes are more commonly nanhealves such as the leaves of a real tree, and
they represent a key concept in Computer Science data singcand algorithm design
[7, 268]. For instance, in brute force computational aldponis, a tree is typically contain-
ing a immense collection of data and a technique callpta-beta pruningcuts off” the
leaves of the tree which shall not contain “interestingbmmhation, from the calculations
point of view, and thus improving dramatically the ef cignof the computation.

The simple de nition given above, as such, is nothing buepgpeci cation. Instead, the
real interest comes when analyzing certain types of treéshware speci cally made for
actual applications. One of the most important variant eésrareordered treeswhich,
as their name states, contain their elements in a linear.okdgure 4.7 shows the tree
from gure 4.6, but using an ordered tree data structure.

Figure 4.7: Alphabetically ordered tree containing IT lntaes

As it can be depicted from gure 4.7, each node is orderedabplically respect to its
siblings, and so are linearly ordered all the children whielong to a same parent. Al-
though they may not be ordered, binary trees represent otiee shost important types
of trees whatsoever. A binary tree is that where each of ilea@an have no more than
two children. Binary trees are widely usedbmary searchingand they are an ef cient
data structure which shares similarities with doubly liehkists, since nodes are created
on insertion and freed on deletion.
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In addition, there are more types of trees, such asAvikes, splay trees, balanced trees,
red-black trees, etcetera. Nonetheless, the constrditttssalocument are such that this
information must be avoided. For further discussion, me@ad from the references,
specially references [7] and [9].

45 Hash Tables

An important and interesting data structure which is alstelyi used in almost any soft-
ware is thehash table Typically, information systems tend to keep informationsuch
organization so that data is somehow arranged by their e$secvalues. For instance,
intelligent systems (&) commonly use an enormous database (namedguction sys-
tem) to store all the information that is being learned, and sodtranged in an associative
manner with key and value pairs. [10, 71-95]

In principle, a hash table consists of two separated parnist, & so-callecbucket ar-
ray, which is an abstract array containindpacketat each position, where the values are
stored, organized by their key. Second, a hash functiongiwisi a procedure in charge
of mapping any value contained in any bucket by its assatiktg. Consider the given
example in gure 4.8. [7, 372-373]

Figure 4.8: Bucket array containing numeric keys and alpti@balues

As it can be seen from gure 4.8, the alphabetic values areedtin differentbuckets
depending on their indexing key, which is a digit fr@o 7, in this case. Therefore, and

SAVL stands for Adelson-Velskii and Landis.
6Al stands for Arti cial Intelligence.

25



CHAPTER 4. DATA STRUCTURES

helped with the hash function, these values can be retriGwagped) from the bucket
where they are located by accessing the array with the indekey. For example, if the
array name is supposeddy;, and the hash function which maps the values stored in a
bucket isH, then a value would be accessed by issukfb(k)). In the case of several
keys having the same value on different buckets, the hashifumwould then map these
several occurrences, and henamlisionis said to happen. [7, 372-373]

In Computer Science exist several ways of correcting problenth hash collisions.
However, the most ef cient and natural way of using hashdabbithout achieving col-
lisions is minimizing the possibility of having them, andughstoring a single entry per
bucket would be enough to ensure that no collisions will faleee when accessing the
data structure. Moreover, there is a broad Computer Sciéeosyt capable of deepening
and further analyzing hash tables and their nature, in dodachieve high-performance
and ef cient implementations for software systems. Somghefconcepts that are obeyed
in this paper aréash codescompression functions, collision-handling schemesasah
ing and some dictionary ADT implementations. [7, 373-412]

4.6 Other Data Structures

As a nal word to the end of this chapter, it is important to @mathe fact that Computer
Science is that broad that cannot be well- tted in a singlegranot even in a single book.
Nevertheless, many of the main topics about data struchaes been slightly covered
among this chapter and deeper study is a matter of combitgugilhms with the data
structures introduced in this paper.

Furthermore, most of the advanced data structures whichairgeen in this chapter are
mainly a re-implementation of structures presented hexggomanipulated in different
manners and thus achieving different results and ef cienlgpending on the purpose
they were applied for.

Finally, in the next chapter, there is a brief discussionuloiata structures in appliance

and several practical examples are brie y mentioned, ireotd set the reader for a more
enriching and deep analysis in the future.
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Discussion

Data structures, and hence algorithms, would not be negei$siaere were no problems

or tasks to be solved in the eld of Computer Science and eveévitware Engineering.

In fact, the programming approaches and data structuregmied in previous chapters
are just models which can be utilized for problem solving,which would become use-

less without the challenge of problem solving.

Therefore, this chapters intends to discuss, in brief, viyya¢ of applications require
which data structure and why. Admittedly, the discussiotiis chapter is somewhat ex-
emplar and aims for providing a better general understanaiinvhat are data structures
used for in Computer Science and Software Engineering probtdving.

5.1 Simple Dynamic Memory Implementations

As seen in section 4.1, arrays are a fairly simple implentemtaf data structure where
information is stored in a continuous sequence. Thus, ¢itilsés provide a more ef cient

organization of the information, since they offer to thegmaommer the possibility to cre-
ate a exible information storage structure, which can gaovd shrink as it is required by
the application using it.

In addition,circular lists are a type of singly-linked lists which return to the rst elent
(head when they pass the last element in the lisdi(er). These lists are highly suitable
for many different applications, for instance for implertieg addition of polynomials,
for linear-time sorting applications, etcetera. [9, 53-61
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5.2 Element Matching and Round-Robin Applications

Stacks are also very popular in Computer Science and they iexisost applications
when developing software. In fact, they are present in err@cyoprocessor and provide
a simple but highly powerful mechanism for managing limigéedounts of data.

One common application of stacks is element matching, wisiahidely used in docu-
mentation generators and markup languages derived fromlSGRor instance, taking
a look at any XMI2 parser, the implementation of the processing method is thath
when a opening tag is encountered, its name is pushed ontoptiué a stack, and when
a closing tag is encountered, its name is pushed from th&.stdus way, at the end of
the document, if the number of tags has not been even, thesthstill contain one or
more elements, and hence the parser can properly act, augtwdts policy. [7, 200-203]

In addition to stacks, queues are of high importance as theesent a model which is
generally used in any application in real-life, since amglof elements which ows in

order is a queue. One typical usage of queuesaured-robinimplementations, which

are basically a queue containing several elements to begged in an in nite loop.

Figure 5.1: Simple service scheduler based on round robin

1SGML stands for Standard Generalized Markup Language hygriavides a full-featured language for
de ning new languages for documentation and text formagingposes.

2XML stands for Extensible Markup Language, which provideéagibased language for de ning ele-
ments with attributes or properties. Typically, when amwat is to be inserted in the document, a tag is
opened with the syntax element > and closed witk =element >, while the properties of the element
and what it contains are described between these two tags.
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As it can be depicted from gure 5.1, the scheduler of an ofi@gasystem is normally
based on the round robin philosophy, where each elementeasvics to be processed

an unknown number of times. Commonly, in operating systeisey, processes are such
elements, which enter the processes queue and stay thdrthentser closes the appli-
cation. This concept is based on the assumption that therenise amount of CPU3

on the system anN processes need to run on these CPUs. Hence, since procesdes mu
share CPUs with a same amount of time per process, the roumdsadieduler performs

a dequeue-process-enqueue procedure, using the elemeatdamed in the round robin
processes queue. [7, 211]

5.3 Search Trees and Minimax Function

Minimax is a pair of functions,ndMin and ndMax, which retrieve the smallest and
largest data elements contained in a tree. This applicafitnees is broadly used in two-
players games where some kind of heuristic intelligencet mespplied. For instance,
chess engines implement a search tree where all the possivlements are arranged,
and hence they can be accessed using this type of function.

By and large, the main point of the implementing such a stredtutwo-players games

is because a heuristic function (inaccurate intelligeme@)cluded, so that it assigns nu-
merical or comparable values to all the nodes in the tree.s,Tawchess engine would

apply its heuristic function (a sort of function which is edye of evaluating the current

board and returning a estimation value about the positmepath node of the tree, which
are, indeed, different board positions depending on thedunoves. Consequently, each
node would be evaluated from calling the heuristic funcfienthat very node and then

theminimaxalgorithm could be used for searching the best values alabaitof the tree.

In such implementation, the application searches the resteoworst value in the tree,
and hence no other nodes need to be examined. This is a elggaoach which serves
as acut-off technique for reducing the amount of elements to be examuued hence

providing a faster solution for deep searches.

3CPU stands for Central Processing Unit, and it is the core wiicoprocessor chip, in charge of
fetching, decoding and executing instructions from themmag¢mory of the computer.
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Chapter 6

Conclusions

To sum up, it is a must to say that data structures are, togeittealgorithms, the bases
of Computer Science and Software Engineering, and thus tiaere be a persistent study
and deepening in their nature and behavior, in order to eleé¥ cient software compo-
nents and problem solving procedures.

As it can be noted from previous chapters, data structueesahing but an infrastructure
for information organizing and arranging, as they need tonb@aged by algorithms in
order to be accessible and useful for any purpose. By and laogie procedural program-
ming and object-oriented programming are a reality and &s®ty in software design,
since they offer modularity and structuring, which are bdsr creating data models and
manipulating them.

All'in all, the goal of this paper has been certainly coversithe main data structures
and basic examples of their usage have been presented teaitierr However, and as
mentioned several times among the document, the largeingsstions and the scope of
the project where such, that no deep study nor research beuddrried out.

Last, if the topic is of interest for the reader, it is reconmui@ble to study further and,
what is most important, to practice with different data stawes and algorithms in ac-
tual computer programs. Admittedly, the best approachdml€omputer Science and
ef cient software development is by programming real apgiions which ful Il chal-
lenging computer problems and which present obstacles aoessities, thus enriching
the expertise of the programmer.
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