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ABSTRAKT

Tato bakalaiska prace se zaméiuje na preklad odborného textu z oblasti vypocetnich
technologii - konkrétn¢€ na odbornou publikaci Introduction to Algorithms. Teoreticka ¢ast
se zabyva vSeobecnym popisem pojmu pieklad, zminuje jednotlivé druhy ekvivalence a
predstavuje rysy védeckého textu.Praktickd ¢ast obsahuje ptelozeny tryvek zdrojového
textu véetné analyzy pro snadnéjsi orientaci v jeho charakteristice. Ta je také doplnéna o
slovnik pojmt nachézejici se spolecné s ptilohou za pfelozenym textem. Prace si vytyCuje

za cil analyzovat text, pielozit ho a predstavit vycet pouzitych odbornych vyraz.

Kli¢ova slova: pteklad, ekvivalence, védecky text, analyza textu, terminologie

ABSTRACT

This bachelor thesis focuses on a translation of a scientific text from the field of
information technology, in particular the publication Introduction to Algorithms. The
theoretical part deals with a general description of the term translation, mentions individual
types of equivalence and introduces features of scientific style. The practical part contains
a translated excerpt of the source text including its analysis for better interpretation of its
characteristics. In addition, a terminological glossary is included in the appendix at the end
of the translated text. The aim of the thesis is to analyse the text, translate it and introduce a

list of technical terms used in the translation.

Keywords: translation, equivalence, scientific text, text analysis, terminology
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INTRODUCTION

Many scientific texts, guides and instructions regarding computer science have been
written in English and only some of them were chosen to be translated. In my opinion, it
seems a pity and at the same time thought provoking. However, such lack of translated
publications could be justified by difficulties the translating process presents and by the
needs of the target audience who should be capable of speaking, writing and reading in
English well enough to comprehend the original meaning and apply it in practice.

Nevertheless, reading this text in the source language revealed that meaning could be
understood and applied incorrectly. Even though authors who write such texts use a clear
style and aim to provide exact information, at times an interpretation in the target language
may bring additional questions regarding exactness and credibility of the transferred
information, findings or instructions.

The bachelor thesis therefore consists of a theoretical part describing the nature of
translation, the process of translating, known types of equivalence for translating and a
chapter which summarizes information about scientific style. These findings are
subsequently applied in the practical part, which contains an excerpt of the source text
translated into Czech language. The terminological glossary will help to sum up all
important terms appearing in the text. Readers will have a chance to compare the effort of
transferring the meaning and evaluate the quality of the result to see whether it corresponds
with their expectations with regard to features of a scientific text.

The result of the translation should answer the question to what extent does the
translation of such voluminous and complex publications preserve the intended meaning of
the authors and the usefulness of the translation in itself. The analysis also provides
information about its structure and requirements expected from the reader in order to say

whether translating of scientific texts in a wider extent is or is not a meaningful activity.
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1 NATURE OF TRANSLATION

1.1 Term translation

The notion of translation can be described as the process of transforming a source text
into target text or as the product of a translator’s effort (Hatim and Munday 2004, 4-5).
Translation is attempting to produce a true transformation of original text in order to
provide the access to the resource of information, thoughts or feelings inserted by the
author of original text. Translation itself helps readers to understand many texts in foreign
languages, who are incapable of reading and understanding the text in original language
partially or at all.

According to Dagmar Knittlova (2010, 8), translation deals with essential issues of
equivalence in the lexical and the grammatical level. Therefore, translation accesses gently
to semantic and pragmatic aspects of a text in order to bring the best result in a target

language and allow to understand a text with fewer obstacles.

1.2  Process of translating

The process of translating a text represents several phases dealing with identification
of all aspects, the aim and leading to finished work. Christiane Nord (2005, 34)
distinguishes two basic and frequently used models, i.e. two phase model or three phase
model. This distinction means that two phase model presents idea of the focus on analysis
whereas translator is collecting the useful information in order to be able interpret it
through the verbalization. In this case model works as code switching operation.

However, three phase model also contains the transferring component essential for
delivering the meaning of source text to the intention of target text. The rest of the model
stays the same and it does not modify previously introduced model any more (Nord 2005,
34). It is possible to define process of translating as a summary of logically following
steps, where translator considers all the aspects (from macro- and micro- view) and creates
a text with proper equivalents (with respect to source text focus). Knittlova suggests
determining a proper processing of text for translation. This means to set a logical order of
analysis, i.e. from ground to core with aim on genre that is determined by further elements

as register, field, the level of formality and the form of message (2010, 27-36).
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1.3  Approach to translation

Translators can select from two ways how to approach to the translating. The first
way, how to access to the translation, describes approach based on collecting feelings from
several translated sentences, the second way offers more analytical access to text because it
deals with observing the register, tone of text, difficulty of vocabulary and seems more
logical if it is used in technical translations. The approach is also determined by type of a

translation, with which translator has to work.

1.3.1 Types of translation

The people, who are translating texts on regular basis, have to work with several types
of translations in order to assess which one is the suitable one for their work. Depending on
various aspects, translators have to choose between three basic types of translations:
intralingual, interlingual and intersemiotic (Hatim and Munday 2004, 4-5).

Interlinear translation provides a source information transferred in the source language
regardless grammatical rules, even though it transfers grammatical unit from the source
language to corresponding target language. The translation fulfils its function in descriptive
linguistics and helps to understand specific information. It may be thus comprehensible if
there is close relation between two languages.

But in case of literal translation translators tend to convert every lexical unit without
contextual engagement however it is adhered to the grammar system of the target
language. Text may become a true rewritten copy in the target language but with feel that
text is not written by native speaker (Knittlova et al. 2010, 17).

Free translation lacks aesthetic qualities and does not focus significantly on
connotative parts of meaning. It also ignores register or stylistic features and gives reader
an inaccurate translation possibly with missing details. That is why it appears for instance
in amateur translation. (Knittlova et al. 2010, 17)

Communicative way of translating, as the last one, factors a pragmatic aspect and
adheres to the meaning of sayings, proverbs, headlines, etc. Peter Newmark (1988, 45-47)
adds several more types of translation, namely literal, faithful, semantic, adaptation,
idiomatic and communicative translation, based on source or the target text.

Hence the literal translation is searching for nearest equivalents, while a true
translation tries to reproduce the contextual meaning together with preserving of grammar
(more dogmatically) and semantic one focuses on aesthetic value of source language and

admitting creativity. In addition it must be distinguished between adaptation, idiomatic
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translation and communicative translation to evaluate the most suitable option for
translating process.

Adaptation, for instance, enables to rewrite plot and convert source language culture to
target language culture, while idiomatic translation allows to reproduce the meaning, but
with deliberate changing of used idioms for collocations and idioms in not existing in
original. Communicative translation is attempting to sustain the contextual meaning and

selects comprehensible language for reader.
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2 EQUIVALENCE

This chapter provides particular distinction of equivalence used between the source
and target text. The main goal of translator is to identify and select the best option for
translating the text. Mona Baker (2011) poses a distinction of equivalence, which is
possible to encounter in the process of translating. She describes equivalence on word
level, above word level, grammatical, textual and pragmatic. The other theorists,

contributing to notion equivalence, will be included in following subchapters as well.

2.1 Equivalence on word level

Baker (2011, 10) describes this type of equivalence as operation with basic unit
creating the meaning by itself, i.e. word. Together with morpheme it underlies the minimal
unit of the meaning and the main goal of translator is to translate the text with respect to
cultural differences, the importance of paraphrase, relevance for each language and
unequal relationship between word and meaning. For instance term exponentiation can be
paraphrased as increasing the value by multiplying itself according to value of exponent.
This refers to fact that word consists of two morphemes - exponent, a mathematical
notation, and iation signalling a process. A word for word translation brings difficulties
caused by morphemes being able to change their properties, for instance class, tense,
gender, etc., or words whose counterpart does not correspond in amount of words.

Therefore, in order to of making the flawless translation, it is vital to pay attention to
semantic fields or lexical sets covering words or expressions and hence for translator is
essential to know the value of each word in the source language and evaluate the size of

contrast between languages and their elements.

2.2 Equivalence above word level

Collocations and idioms become the point of discussion in this part. The scope applies
to more complex units, i.e. words connected with each other giving a clause or sentence
and respecting the grammatical rules.

In case of collocations they represent a reflection of the material, social or moral
environment in which they appear. ‘This term also connects with term range meaning the
extent of ability of the word to be connected with others. It depends mainly on level of
specificity and number of senses which it can bring’. Translators can observe several issues
related to collocation translating. Firstly it can be connected with the attempt to copy a

source text collocation to target one while trying to express the same meaning. Sometimes
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it can happen that translator may misinterpret the meaning of the source language
collocation — it comes from correspondence in form between collocations of the source and
target language (2011, 54-60).

On the other hand idioms do not offer so many possibilities for variation and
decrypting of the meaning from individual parts of the collocation is not executable every
time. Fixed expressions and proverbs also add more transparent meaning than idioms.
According to Baker (2011, 68-70), it is vital to be aware of ‘ability to recognize and
interpret an idiom correctly and the difficulties involved in rendering the various aspects of
meaning that an idiom or a fixed expression conveys into the target language’. Translators
may find decision whether they are dealing with an idiomatic expression or not as first
obstacle. All it can be caused because of not following the grammar rules of the language
or inducing to translate not the idiom not literally (simile). Therefore it is possible to state
that the more difficult idiom to be translated, the less sense it can make to readers. It
happens that translator can easily misinterpret the meaning of idiom just because of literal
translation seems reasonable and it sounds quite well.

In second case it happens that ‘source language idiom may have really close
counterpart in the target language on the surface however a different meaning’. So it is
vital to be aware of idiom environment surrounding any expression whose meaning is hard

to access and collocation patterns (2011, 68—70).

2.3 Grammatical equivalence

Baker (2011, 92-94) poses grammar as ‘a set of rules for combining words and
phrases in a language and makes notions like gender, number or reference more explicit’. It
works with two fundamental components, i.e. morphology covering the structure of words,
and syntax covering the grammatical structure of groups, clauses and sentences including
their position and restrictions regarding the interchangeability while every selecting of
choice, whether grammatical or lexical, brings more or less limitations, i.e. grammatical
ones are obligatory, on the other hand lexical ones are optional. It is considered for very
difficult to make changes in the grammatical rules compared to lexical level enabling the
acceptance of new words, phrases, expressions, collocations, etc.

A grammatical system of each language differs from each grammatical system has
unequally complex categories. For instance, suffix —s or —es indicates a morphological
representation of the number in English, but on the other hand Czech operates with more

complicated system of plural where the suffix varies according to gender, animateness and
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it distinguishes between one, two and more than two, see example: one variable, two
variables and five variables vs. jedna proménnd, dvé promenné a pét promennych (2011,
95-96).

English works with simple distinction. It means that three possible persons in two
modes — singular or plural - the same distinction applies to Czech, too. Slavic languages,
for instance, add pronominal adjectives to refer to the subject with proper referent,
compared to English that works with four persons (‘one’). In addition, all the languages
use addressing or deference in various ways, e.g. Czech makes distinction based on choice
second person singular (Ty - informal / Vy - formal).

Tense usually serves to indicate three basic states: past, present and future. This
distinction further spreads more or less according to particular language. Translator has to
pay attention to correct conversion of tense from one language to another one in order not
to corrupt a timeline of events in the text. In case of aspect, it is needed to be aware of
temporal distribution of an event and verbal aspect (completion or non-completion of the
action). Particular case — academic writing — shows using present perfect or past simple if
the translator wants to refer other author’s work and attempts to bring consistency in the
target text (2011, 108-111).

In case of voice it is distinguished between active and passive. In selected languages it
happens that using passive voice considers for obligatory in particular contexts, for
instance agent is a third person acting upon a first or second person in American Indian
language (2011, 112).

Most languages can produce sentences without agent or with dummy subject in order
to avoid mentioning of the origin of the action. A frequency of using the passive depends
on every language and it is given just by pure convention. For instance, technical writing in
English uses more often passive voice than German, Russian or French. This concept
serves to bring an impression of objectivity however, for instance, intentional using passive
voice in Japanese means conveying the unfortunate new(2011, 113-117).

Mark Herman (Wright and Wright 1993, 13) also adds that translated text may require
recasting of sentences in order to support clarity. It could mean that, for instance, the
Czech language, as highly inflected language, requires to rearrange of elements in the
clause if translator attempts to create a coherent text. Later it will be shown in the Czech
text that more repetition of terms and denotations supported the clarity, whereas English
text reduced fairly the repetition of these elements.
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2.4 Textual equivalence

This type of equivalence deals with connecting the meaning based on lexical or
grammatical links in the text. Jan Firbas (Hajicova 1996, 226) presupposes that foundation
of clause is created by theme used by other elements in order to express a new information
(topic of communication), transition carrying elements with connecting attribute and the
rheme completing a sentence (giving information about speaker’s attitude).

Halliday and Hasan (1976, 4) describe textual equivalence as five fundamental devices
creating a cohesive text: reference (personal, demonstrative and comparative), substitution
(nominal, verbal and clausal), ellipsis (nominal, verbal and clausal), conjunction (additive,
adversative, causal and temporal) and lexical cohesion (proper selection of vocabulary —
reiteration and collocation). A cohesive text works ideally with all these devices in order to
produce a logical and aesthetically acceptable flow of information or ideas in the text.
Translators and readers may see later that cohesion does not stand for coherence and
cohesion represents the image or surface of the text visible for readership.

Knittlova also adds distinction of three types of equivalence for lexical meaning.
These are full, partial and null equivalence.

In case of absolute equivalence, counterparts create lexical units corresponding with
each other as to meaning in the context, stylistics (register included) and vocabulary
(anthropocentric approach). In addition, its feature is symmetry (e.g. title consists of one
word or two words, etc.) and motivation. Words, which are created by process of making
the mono semanteme by the context, can be considered for equivalence, too. If adjectives
are inspected closer, there prefers to mark objective properties and speaking about adverbs,
the equivalent counterpart comes from lingual environment.

Partial equivalence seems based on evidence that languages have got different origin,
culture, geography, etc. It means that it can different in case of formality, meaning
(denotation), meaning (connotation) or pragmatic. Speaking of formality, English works
with more explicit terms and analytical, polyword expressions than Czech. Polyword
expressions represent a negative attitude towards the specific object. Constituting noun can
be removed denotative components but negative connotation can stay. Czech counterparts
may be more complex than English ones (three words may equal to one word and vice
versa). Rational and emotional evaluation can be included in the translated Czech term

while in original one is more described (Knittlova et al. 2010, 39-42).
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Last type describes null equivalence where translator has to solve out absence of
counterpart by borrowing the term from source language or give it to Czech nature: it
means generalization or periphrastic processing or so called functional analogy. This might
be a typical situation for terminology mostly from technology, science or quickly

developing industrial branches.

2.5 Pragmatic equivalence

This is the last part dealing with equivalence from viewpoint of the comprehensibility
of the text. Like in previous paragraph, coherence and implicature cover certain network of
relations, however the main scope focuses on perception of surrounding world and reader’s
expectations.

High rate of coherence appears in texts with dense informative value and therefore the
aesthetic function may present less significant component than coherence. The translator
has to approach text carefully and works variety of sources, differ between referential or
relational linking, and also with readers” expectations.

Albrech Neubert and Gregory M. Shreve (1992, 94-95) describes the notion of
coherence as the guide for reader, who is led by logical structure of the text.
This explains why authors such publications thoroughly keep structure of scientific works
and so makes sense for readers. Peter D. Fawcett (1997, 3:124-125) adds and claims that
authors of any texts have to work with readers” expectations to set clear presuppositions
which serve as contextual triggers. The problem may be seen in the case if the target
audience do not recognize the intended meaning and the translator has to adapt it to their
knowledge or previous experience. Compare Here, we use oo as the sentinel value. and
Czech counterpart Pouzijeme «© jako sentinel value., where the original term was kept,
however Czech readers may infer the meaning according to function of the value securing

the certain limit, and therefore in Czech coined as mezni hodnota.
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3 SCIENTIFIC STYLE

This chapter will focus on identifying of the text that belongs to scientific style.
Firstly, however, generalization will help to understand the whole range of text variety.
Every single text have own specific features and each type brings a different function. It
means, for instance, that can be informative, expressive, operative or in form of audio-
medial text (Munday 2001, 75).

3.1 Features of scientific style

Scientific style of writing is being characterized as brief, clear, useful (Ad rem) and
specific (using of the specialized terms, collocations, structuring of findings, making of
conclusions and further motivation of reader to think about the topic more critically). This
style deals with description of research or function of the procedure, verifying of the facts
and, inferring the new findings and creating of the conclusions summarizing that research.
The excerpt for translation, even though represent a textbook or guide, contains these
features because it meets reader with description of algorithms, their function and makes a
proper conclusion at the end of the chapter.

3.2 Characteristics of text & function

Knittlova (2010, 148-168) claims that scientific text mainly works with the
informative function enriched by thoughtful order and clear expressive devices. Therefore
texts present information without redundant and distractive elements, e.g. developing
adjectives, with often inclination to convey the content in passive voice. Text itself
attempts to deliver as much new and important information as possible and therefore
ellipsis become an usual device, however text does not have to be got rid of metaphors
providing encoding the meaning. But in this particular case, excerpt from publication
belongs to academic style of writing and more complex syntax prevails upon simple
statements of facts, especially in explanations or footnotes.

Function of each work is determined by the purpose which means some of them serve
as tutorials or further motivation to learn more about the topic. Readers also appreciate the
simplicity, clear structure of text (correct indentation, alignment, font type, etc.) and

supporting illustrations (Byrne 2010, 63-76).
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3.3 Terminology

Scientific or technical texts work frequently with terms expressing for example
activity, state, process, etc. Terms enrich the text and condensates the explanation. Their
specificity requires the previous knowledge or experience with the topic in order to
understand the whole text.

Using of original term instead of Czech equivalent has become common matter for
readers such publications and therefore terms, for instance names of algorithms (merge
sort, insertion sort, selection sort, etc.) appears frequently used in the English language.
Knittlova (2000, 152) adds that problem may appear in question of semantic condensing at
English terms causing difficulties while translating into Czech and extending the target
text.

Newmark (1988, 152—154) offers further distinction between technical and descriptive
terms and set varieties of styles typical for each text: academic, professional and popular.
This particular excerpt uses an academic style with descriptive terms such as
exponentiation, caller, ceiling or floor which describes every function, procedure or feature
in expressive way. These terms may be often related to the biology or nature, in order to
express their shape or function, see notion ordered or unordered tree describing the data
structure having so called nodes containing values and are differentiated as parent or
children according to relationship between nodes®.

Phillip Rubens (2001, 56-57) recommends that text should work with a minimum
synonyms in order not to change the concept for idea, compare choice of Czech between
rada and posloupnost for English counterpart of word sequence - picture of row with
numbers may be described by both expressions but the second one is usually used in math

terminology.

! See https://www.cs.cmu.edu/~pattis/15-1XX/15-200/lectures/trees/lecture.html
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4 ANALYSIS OF TRANSLATION

4.1 Methodology of analysis

Analysis of the source text and translation was described according to Nord
(2005, 43 — 139) and was found as the appropriate solution how to summarize all the
known facts. Her analysis covers two basic aspects: extratextual factors comprising of the
analysis a sender, intention, recipient, medium/channel, place of communication, time
aspects, motive and text function, and intertextual factors comprising of the analysis a
subject matter, content, presuppositions, text composition, non-verbal elements, lexis,
sentence structure and suprasegmental features. This was adopted in order to sum up
details especially about original text and apply these findings in the translator’s attempt.
Analysis also contains some findings from translated excerpt, too.

4.2  Translation analysis

Initially, it seems convenient to be acquainted with text on general level. This
translated excerpt demonstrates only a small part of publication called Introduction to
Algorithms which aims to provide exhaustive description of many algorithms (however not
all of them) with their application. Publication was written for learning purpose in the
United States by a group of highly educated scientists, namely Thomas H. Cormen,
Charles E. Leiserson, Ronald L. Rivest and Clifford Stein. The whole publication,
published in 2009 as third edition, can be borrowed in most university libraries. Analysis
of the text constitutes on identification of variety of details regarding the text. For this
purpose the translator has chosen colourful text with specific word stock, collocations and
terms. It also deals with issues during translating and describes the translator’s solutions
how to overcome them.

For purpose of translation was chosen a part of second chapter where is already
expected to know at least basics of programming in order to understand all used concepts,
ideas and findings.

4.3  Analysis of extratextual factors

The original text will be screened in order to inspect closer extratextual factors:

4.3.1 Sender
A group of authors fulfils the function of senders who work as computer scientists in
the field with long experience. They produce a new text combined with interpretation of
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theoretical findings from mathematics and computer science. Translated text sustains this
feature and adheres to true transfer of the meaning.

4.3.2 Intention

The intention of publication and authors is to meet readers with very dense overview
of algorithms, understand their structure and application in educative way. This type of
text, by definition, therefore presents straightforward intention to learn about algorithms.

4.3.3 Recipient

Authors define as recipient students of computer science but textbook can offer fairly
useful knowledge base for those who are already experienced in programming and
computer security. It was assumed that all recipients might have the same access to
preliminary knowledge helping to understand the topic, nevertheless some notions and

ideas presented in the publication have not been fully adopted.

4.3.4 Medium

Original excerpt provided details regarding the text formatting if it is needed to inspect
medium. This meant to sustain at least some elements in order not to corrupt or change
difference in meaning and cause factual error, compare n, + 1 and n2 + 1, which is not the
same (applied to indices and signs). Translated sample adhered to the original text in all
aspects to provide true copy (indices, signs, bold, italics, font of footnotes).
This textbook could be purchased or borrowed as PDF file or hardcover.

4.3.5 Place of communication

Place of communication is represented by universities or institutions where students,
graduates or experienced programmers have access to printed or electronic version of
publication. Text was produced in Massachusetts Institute of Technology (MIT) in the
United States and may be accepted by any group of students in the world capable of
reading and understanding the English text (preliminary knowledge of mathematics and
programming was mentioned). It could be true that reception by original audience, i.e.
English native speakers from the United States and other English speaking countries,
would occur less obstacles during the reading and understanding of the book while on the
hand other audience may struggle from time to time with complicated word order.
Translating process respected this setting about word order and transferred ideas as much

non-biased as possible.
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4.3.6 Time aspects

Given by nature of computer science and development of this area, time aspects
correspond with exact descriptions in the text where authors used mostly simple tenses to
express clearly the order of actions. No shift or lag can be recorded in the vocabulary — the
content and terminology in the text has not become obsolete and it is still relevant for
contemporary study of algorithms. In addition, text refers to knowledge explored several
decades ago, however being updated and still relevant in this time.

The only problem of exact expressing of the action (its verbal aspect) can be found in
a distinction of the proper Czech equivalent for verb terminate (particularly p. 19 in the
source text) where was possible to choose between konci or skonci. The first choice was
the core of examination because it stresses what is happening while application of the

algorithm finishes.

4.3.7 Motive

Authors had to find a reason or motive for creating such publication. This is an
explanation why to bother with algorithms in order to create more complex applications,
for instance effective processing of big data, encryption or securing of sensitive data, etc.
Textbook is primarily designed as educational tool and that is why readers should access to
it repeatedly to understand the gist of each chapter.

4.3.8 Text function

The last part of extra textual factors examines text function. Publication helps
understand target audience a topic and serves as the instrumental guide. Informative
function is therefore fulfilled by precise structure, helpful explanations, demonstrations of
pseudocode, etc. Each chapter contains a series of exercises to verify gained knowledge

during learning.

4.4  Analysis of intratextual factors

This part of analysis offers a closer look into what is sender trying to say and what are

means of conveying the information:

4.4.1 Subject matter

Firstly, subject matter defines the level of coherence which appears on high level due
to one dominant subject. It determines the terminology (mathematics and computer
science) and logical order of well-arranged ideas.
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4.4.2 Content

Content provides a rich lexical structures using colourful linking devices such as a
variety of conjunctions, e.g. hence, thus, which, etc., references and repetition of
denotations. As original text, the translated excerpt also uses these linking devices, e.g. a

proto, protoze, nebot, ktery, etc.

4.4.3 Presupposition

Authors establish as presupposition in the introduction - it is necessary to have done
basics of computer programming in order to understand description and application of
algorithms. However the rate of explicitness appears on high level and helps less
experienced readers to understand sophisticated concepts. It means that text contains
summary in form of introducing sentences at the beginning of paragraph or chapter.
English text works more with ellipsis and avoids repeating of some terms compared to

Czech text which repeats some collocations more often to sustain coherent text.

4.4.4 Text composition

Coherence and cohesion of text is being supported by clear text composition which
builds up on chapters and paragraphs, all of them separated by head title and dividing line.
Authors provide additional explanation in footnotes below the text and embedded
information as anaphora in the sentence. Sometimes it seemed difficult to understand fully
the intention of authors and transferring the meaning of these sentences with embedded

information was problematic.

4.4.5 Non-verbal elements

The publication also works with amount of non-verbal elements in form of
illustrations, excerpts of pseudocode, tables with development of algorithm, special
symbols substituting of the whole word (e.g. denotation for theta notion squared n).
Formulas are also described in mathematical notion which helps understand the meaning
even without words. Illustrations, for instance, support explanative function in order to
understand the application of algorithms more effectively. Text itself was originally

processed in LaTeX? which offers more aesthetical and sharper font, however the

2 See homepage of this document markup language for detailed description,
http://latex-project.org/intro.html.
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translated excerpt used Microsoft Word instead — it means for instance bigger file size of
the output PDF file.

446 Lexis

Lexis, used in the excerpt, creates a substantial part of analysis. Firstly, Nord
(2005, 125) mentions a degree of originality represented by using of new words invented
by authors. In this case authors take over all terms used in mathematics and computer
science but also define own ones, for instance pseudocode, running time, size of input, etc.
(at least in the excerpt). Secondly, text is missing any influence of regional or social
dialects and prefers to deliver information in maximally objective and academic style.
Authors adhere to address in first person of plural however translated excerpt contains a
passage with more personal addressing (second person of singular), particularly in Divide-
and-conquer algorithm (Rozdel a panuj). Many sources dealing with computer
programming written in Czech prefer to use original term or adapt more personal
addressing in the name of algorithm. Explanation regarding this algorithm in the excerpt
therefore uses personal addressing, too.

Terminology of the text works mainly with notions from computer science (RAM,
loop-counter) and mathematics (recursion, exponentiation). It can be observed some
relation to the nature, see translation of merge sort - #ideni slévdanim instead of trideni
spojovanim. Similar relation appears in programming languages like C, C++, Pascal, etc.
Czech equivalents of the English terminology regarding these languages are closely related
to liquids, see underflow, overflow, stream and Czech equivalents podtéct, pretéct, proud.
Text is charged with collocations and specific terms; some of them may seem
untranslatable or simply have no Czech equivalence, for instance sentinel card and sentinel
value. It was necessary to coin the new meaning for these terms from the context - mezni
karta and mezni hodnota. Repetition of some conjunctions like which, that, and, but
appears quite frequent however it helps to create a cohesive text. This feature also appears
in the translation in order to create cohesive text, too. The padding such as typically, on
average, etc. opens up mostly new sentence and its using occurs in the text frequently.

In addition, it has been observed that original excerpt contains expressions or
collocations which should not appear in such textbooks or guides, however these
expression are attempting to make the text obviously less formal. Recall these examples in
the source text: tedious details (p. 23), handful of problems (p. 24), messy formula (p. 25).
The translated excerpt transferred these expressions without change.
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Some terminology opened a question of choice the correct meaning because it was
possible to match more than one possible meaning to original term. Distinction between
trideni and razeni as equivalent for English term sort appeared as first translating issue but
Tomas Valla (Valla 2007), a researcher at the Computer Science Institute of Charles
University, provided a reasonable explanation regarding the choice of correct term and
concluded that term serazeni is applied to sort for example numbers or data, on the other
hand t7ideni is applied to classify numbers or data. Another example, statement cost,
corresponds to kodnota vyroku in logic, however it appeared more suitable for purpose of
translation to adapt the meaning of original term to cena vyrazu describing better activity
of algorithm?®.

4.4.7 Sentence structure

As mentioned before, text presents information, descriptions and findings thanks to
choice of proper style and features and there is no surprise that sentence structure holds the
same level. It contains complex sentences with embedded information and includes some
syntactic features, namely aposiopesis, perhaps to keep the reader’s attention and being not

monotonous.

4.4.8 Suprasegmental features

The last part of intratextual factors deals with suprasegmental features which indicated
application of special formatting like bold, italics, using of quotation marks, dashes,
various parentheses, affirmative words, enumerations and working with theme and rheme.
In case of text it is possible to find all the named features because of various reasons, for
instance all elements or words in italics or bold represents emphasis, denoting of structure,
procedure or terms (e.g. A.length, linear search, short circuiting, etc.). In addition, the
intonation does not play a role in both texts because the main goal is to give
unambiguously and objectively a guidance in learning of algorithms. Stress might be
applied in form italics, bold or combination of both to point out the importance of
highlighted element or term.

% Executing of the step in the algorithm takes a time which costs time. Therefore cena expresses better a
quantity measured in performance the algorithm.
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5 TRANSLATION OF AN INTRODUCTION TO ALGORITHMS
______________________________________________________________________________

2

Na uvod

Tato kapitola vas seznami se strukturou, ktera bude pouzita v celé
ucebnici s cilem zamyslet se nad vytvarenim a analyzovanim algoritmd.
Kapitola je nezavisla, ale zahrnuje n€kolik odkazli na latku probiranou
Vv kapitole 3 a 4 (obsahuje téz n€kolik shrnuti, jejichZ feSeni je zobrazeno
Vv piiloze A).

Zacneme s analyzou insertion sort (sefazeni vkladanim), abychom
vyfesili problém fazeni uvedeny v kapitole 1. Zaroven definujeme pojem
pseudokdd, ktery by vam mél byt znam, pokud jiz mate pocitacové
programovani za sebou a pouzijeme ho, abychom vam ukazali, jak
budeme konkretizovat nase algoritmy. Po upfesnéni algoritmu insertion
sort se budeme vénovat dokazovani spravnosti fazeni a analyzujeme jeho
dobu béhu. Tato analyza pfedstavuje notace zaméfujici se na to, jak se
doba béhu zvySuje S poctem objektd uréenych K setazeni. Po kapitole
0 insertion sort predstavime ptistup divide-and-conquer (rozdél a panuj)
pro tvorbu algoritmil a pouzijeme ho na rozvoj algoritmu zvaného merge
sort (sefazeni slévanim). V posledni ¢asti se budeme zabyvat analyzou

doby bé&hu algoritmu merge sort.

2.1 Insertion sort

Nas prvni algoritmus fesi problém fazeni predstaveny v kapitole 1:

Vstup: posloupnost n ¢isel (a;,az,...,an).
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Vystup: permutace (pfeusporadani) (a';, a',,...,a's) ze vstupni
posloupnosti takové, ze a'1< @', < ... <a'p.
Cisla, ktera si piejeme sefadit, se nazyvaji keys (kli¢e). Ackoliv
Z hlediska pojmi fadime posloupnosti, tak vstup ndm ptedstavuje pole
n prvka.
V této publikaci popiSeme algoritmy jako programy psané
V pseudokodu podobném v mnoha ohledech jazykim C, C++, Java,
Python, nebo Pascal. Pokud jste byli seznameni s nékterym z téchto

jazykl, nemélo by vam Cinit ¢teni algoritmil velké problémy.

llustrace 2.1 Zatazeni karet v ruce pomoci insertion sort.

To, co oddé€luje pseudokdéd od ,realného” kodu, je fakt, ze
vV pseudokddu uplatilujeme jakoukoliv vystiznou metodu, kterd je
vétSinou pochopitelnd a uptesiiuje dany algoritmus. Nékdy se jevi
angli¢tina jako nejpochopitelngjsi forma, a proto nebudte ptekvapeni,
pokud narazite na slovni popis zaclenény do ¢asti ,redlného* kodu.
Dal$im rozdilem mezi pseudokodem a realnym koédem je, ze pseudokod
se nezabyva otdzkami softwarového inZenyrstvi. ZaleZzitosti jako
abstrakce dat, modularita a feSeni chyb jsou ¢asto ignorovany, aby byla
struénéji vyjadiena podstata algoritmu.

Zacneme s insertion sort, ktery je ucinnym algoritmem pro fazeni
malého mnozstvi prvki. Insertion sort funguje stejné, jako kdyz si lidé
sefazuji karty v ruce. Zacindme s prazdnou levou rukou a karty jsou

licem dolt na stole. Poté sejmeme jednu kartu ze stolu a vlozime ji do
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levé ruky na spravnou pozici. Abychom nasli pozici pro kartu, musime
kartu porovnat s kazdou kartou vlevé ruce, a to zprava doleva, viz
ilustrace 2.1. Karty v levé ruce, coz jsou karty, které leZely ptivodné na
stole, jsou neustale sefazeny.

Ukazeme si naS pseudokod jako proceduru zvanou INSERTION-
SORT, ktera bere jako parametr pole A[1 .. n] obsahujici posloupnost
0 délce n, jez ma byt sefazena (v kodu je pocet prvkii n v A oznaceno
jako A.length). Tento algoritmus fadi vstupni ¢isla v jejich pivodnim
umisténi. To znamena, ze ptreuspotfadava Cisla uvnitf pole A s tim, ze jich
je neustdle nejvySe konstantni pocet ulozen mimo pole A. Kdyz je
procedura INSERTION-SORT hotova, vstupni pole A obsahuje

sefazenou posloupnost.

1 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
@ [5]PN4] (b)|2|<96|1|3| (c)|2|4|SEI|3|
Y/
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
@ [2]4]5]c 03] © [1]2]a]5]¢ E ® [1]2]3]4]5]6
AUy \U Uy

2

lHustrace 2.2 Aplikace procedury INSERTION-SORT na pole A = (5, 2, 4, 6, 1, 3).
Indexy pole se objevuji nad obdélniky a hodnoty jsou uloZzeny v téchto obdélnicich.
(a)-(e) predstavuji iterace cyklu for na tfadcich 1-8. V kazdé iteraci uchovava cerny
obdélnik key pievzaty z A[j], ktery je porovnan s hodnotami v Sedych obdélnicich
nalevo od n&j (fadek 5). Sedé sipky ukazuji pohyb hodnot pole o jednu pozici doprava
(tadek 6) a ¢erné Sipky piedstavuji, kam se presouva key (fadek 8). (f) je pak sefazenym

polem.

INSERTION-SORT (A)

1 forj=2toA.length

2 key = A[j]

3 // Vloz A[j] do sefazené posloupnosti A[1 .. j—1].
4 i=j-1

5 while i >0 and A[i] > key

6 Ali +1] = AJi]

7 izi-1

8 Afi + 1] = key
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Invarianty cyklu a spravnost insertion sort
llustrace 2.2 ukazuje, jak funguje algoritmus pro A = (5, 2, 4, 6, 1, 3).
Index j ukazuje vybranou Kartu, kterou vlozime do ruky. Na zacatku
kazdé iterace cyklu for, ktera je zaindexovana pomoci j, se subpole
A[l .. ] — 1] sklada z aktualné sefazenych Kkaret v ruce a zbyvajici subpole
A[j + 1 .. n] odpovida balicku karet, ktery je stale na stole. Prvky
[1..j— 1] jsou prvky, které byly pivodné na pozici 1 az j — 1, ale nyni
jsou v sefazeném potadi. Uvadime tedy vlastnosti A[1 .. j — 1] formalné
jako invariant cyklu:
Na zacatku kazdé iterace cyklu for, na fadcich 1-8, se subpole
A[l .. J — 1] sklada =zprvki nachazejicich se pavodné

Vv A[l..]— 1], ale v sefazeném potadi.

Invarianty cyklu pouzivame proto, aby nam pomohly pochopit, pro¢
je algoritmus spravné. Musime si tedy ukazat tfi véci tykajici se
invariantu cyklu:

Inicializace: Je pravdiva pied prvni iteraci cyklu.

Udrzba: Pokud je uchovani pravdivé pred libovolnou iteraci cyklu, pak
zustava pravdivé 1 pied dalsi iteraci cyklu.

Ukoncéeni: KdyZ cyklus kon¢i, invariant pfed4 uzitecnou vlastnost, ktera
nam pomuze pochopit spravnost algoritmu.

Kdyz jsou prvni dvé€ vlastnosti dodrZeny, invariant cyklu je pravdivy pro

kazdou iteraci cyklu (samoziejm¢é mizeme uvaZovat i jind prokazana

fakta nez samotny invariant cyklu, abychom dokazali, ze invariant cyklu

zustava pred kazdou iteraci pravdivy). PoukaZme na podobnost

s matematickou indukci, kde k tomu, abychom dokazali, ze vlastnost

plati, dokazeme platnost prvniho kroku a indukéniho kroku. Zde

invariant plati pfed prvni iteraci, coZ odpovida prvnimu kroku a déle

invariant plati od iterace k iteraci, coz odpovida indukénimu kroku.

cyklu ukazuje sprévnost algoritmu. Za béznych okolnosti pouzivame

invariant cyklu s podminkou, ktera zptusobuje ukonceni cyklu. Vlastnost

ukonceni odliSuje od toho, jak pouzivame obvykle matematickou



TBU in Zlin, Faculty of Humanities 33

indukci, ve které aplikujeme indukéni krok nekonecnékrat; tady ale
zastavime ,,indukci” tehdy, kdyz cyklus skon¢i.

Podivejme se na to, jak jsou tyto vlastnosti dodrZeny u insertion sort.

Inicializace: Poukazanim na to, Ze invariant cyklu, plati pfed prvni
iteraci pravé tehdy, kdyz j = 2.* Subpole A[1 .. j — 1] se tedy sklada
pravé z jediného prvku A[1], ktery je defacto ptivodnim prvkem
v A[1]. Kromé toho je toto subpole setazeno (trivialng) tak, coz
ukazuje, ze invariant cyklu plati ped prvni iteraci cyklu.

Udriba: V dalsim kroku se poustime do kontroly druhé vlastnosti
a ukazujeme, ze kazda iterace uchovava invariant cyklu. Neformalné
feéeno, télo cyklu for funguje na zaklad¢ piesouvani A[j — 1],
A[j — 2], A[j — 3], atd. o jednu pozici vpravo, dokud nenajde
vhodnou pozici pro A[j] (fadky 4-7), na kterou se vlozi hodnota Alj]
(fadek 8). Subpole A[1 .. j] se poté sklada z prvkl pivodné se
nachazejicich v A[1 .. j], ale v sefazeném pofadi. Inkrementaci

j pro dalsi iteraci cyklu for dochazi k zachovani invariantu cyklu.

Formalnéjsi zachazeni s druhou vlastnosti by od nas vyzadovalo
stanoveni a ur€eni invariantu pro cyklus while na fadcich 5-7. Avsak
Vv tuto chvili ddvame ptfednost nezastavovat se nad timto
formalismem, a tak se spoléhame na naSi neformalni analyzu
ukazujici dodrzeni druhé vlastnosti pro vnéjsi cyklus.

Ukonceni: Timto se dostavame k prozkoumani toho, co se dé&je s cyklem,
kdyz kon¢i. Podminka, ktera zptisobuje ukonceni cyklu for, je
J > A.length = n. Protoze kazda iterace cyklu zvySuje hodnotu citace
j o 1, musime mit zaroven j = n + 1. Nahrazenim n + 1 za ¢itac¢ j ve
formulaci invariantu ziskame subpole A[1 .. n] skladajici se piivodné

zprvkd v A[1 .. n], ale v sefazeném potadi. Pozorovanim faktu, Ze

* Pokud se jedna o cyklus for, pak moment, kdy pfed prvni iteraci cyklu kontrolujeme invariant cyklu,
nastava okamzité po pocateénim ptifazeni do Citace a pravé pred prvnim testem v hlaviéee cyklu. V piipadé
INSERTION-SORT k tomu dochazi po piitazeni hodnoty 2 do proménné j, ale jesté pfed prvnim testem, zda
jej <A.length.
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subpole A[1 .. n] je celé pole, miizeme vyvodit zavér o spravnosti

algoritmu, nebot’ je celé pole sefazeno.

Tuto metodu invariantu cyklu pouzijeme, abychom znazornili

spravnost i dal$ich algoritmi v nasledujicich kapitolach.

Konvence pseudokédu

V nasem pseudokodu pouzivame nasledujici pravidla.

e Odsazeni znazoriiuje blokovou strukturu, naptiklad télo cyklu for
za¢ina na fadku 1 a sklada se z fadka 2-8 a télo cyklu while za¢ina na
radku 5 a obsahuje fadky 6-7 kromé tadku 8. Nas styl odsazeni se
pouZiva také na if-else vétve®. Pomoci odsazeni namisto standardnich
ukazatell blokové struktury, jako napiiklad begin a end, dochazi
K znaénému zmenseni nepotadku, zatimco je zachovana ¢i dokonce
zlep$ena srozumitelnost.®

e Cykly while, for, repeat-until a if-else podminka maji interpretaci
podobnou svym prot&jskim v C, C++, Java, Python a Pascal.” V této
publikaci si ¢ita¢ ponechdva svou hodnotu po ukonceni cyklu na
rozdil od nékterych situaci, které nastdvaji v C++, Java a Pascal.
Proto je okamzité po cyklu for hodnota ¢itace tou prvni piekrocenou
mezi. Pouzili jsme tuto vlastnost v ovéfeni spravnosti zkoumdani
insertion sort. Hlavi¢ka cyklu for na fadku 1 je for j = 2 to A.length,
a tak, kdyz cyklus konéi, j = A.length + 1 (nebo ekvivalentné
Jj=n+ 1, kde n = A.length). Pro inkrementaci ¢itac¢e cyklu for v kazdé
iteraci pouzivame klicové slovo to, pro jeho dekrementaci pouzivame
klicové slovo downto. Kdyz se méni hodnota ¢itace cyklu

o vice nez 1, uziva se kli¢ové slovo by.

*V if-else vétvi odsazujeme else na stejnou troveti jako podminku if. A¢koliv vynechavame kli¢ové slovo
then, obc¢as odkazujeme k provedenému tseku za piedpokladu splnéni testu v podmince if, tzn. k then. Vétev
elseif pouZivame pro vicecestné testy po prvnim otestovani podminky if.

®Kazda procedura pseudokodu v této publikaci se objevuje vzdy na jedné strand, takZe nebudete muset
rozliSovat odsazeni v kodu, ktery je rozdélen na dalsi stranu.

"Vétsina blokové strukturovanych jazykéi ma ekvivalentni koncepty, adkoliv se piesna syntaxe miize lidit.
Python napiiklad postrada cyklus repeat-until a jeho cykly for funguji trochu odli$né v porovnani s cykly
for v této publikaci.
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Symbol ,,//”” oznacuje zbytek fadku jako komentat.

Mnohonasobné pfifazeni ve tvaru I = ] = e pfifazuje ob&ma
proménnym i a j hodnotu vyrazu e; tento vyraz by mél byt bran
V potaz jako ekvivalent pfifazeni j = e nasledovany pfifazenim i = j.
Lokalnimi proménnymi dané procedury jsou i, j a key. Nebudeme
tedy pouzivat globalni proménné bez explicitniho oznaceni.
Kprvkim pole pfistupujeme pomoci vymezeni jména pole
nasledovaného indexem V hranatych zavorkach, naptiklad A[i]
piedstavuje i-ty prvek pole A. Notace ,,..”’se pouziva pro znazornéni
rozmezi hodnot uvnité pole. Proto A[l .. j] pfedstavuje subpole A
skladajici se z j prvka A[l], A[2],..., A[]j].

Za béznych podminek se slozena data uspotadavaji do objektii
skladajicich se z atributii. Ke konkrétnim atributim piistupujeme
pomoci syntaxe v mnoha objektové orientovanych jazycich, tj. jméno
objektu nasledované teCkou a poté nasledované jménem atributu.
S polem zachazime napfiklad jako s objektem majicim atribut length,
ktery ukazuje kolik ma pole prvka. Piseme tedy A.length, abychom

upfesnili pocet prvka v poli A.

S proménnou reprezentujici pole ¢i  objekt zachdzime jako
s ukazatelem na data ve formé& pole nebo objektu. Pro vsechny
atributy f objektu x nastavenim y = X zpusobime, ze y.f je rovno x.f.
Kromé toho, pokud nastavime x.f = 3, nejenze se x.f bude rovnat 3,
ale i y.f se bude rovnat 3. Jinymi slovy, po pfifazeni y = X ukazuji
X a Yy na stejny objekt.

Nase notace atributu se mtize stupnovat. Pfedpokladejme napftiklad,
ze atribut f je sam ukazatelem na né&jaky druh objektu majici atribut g.
Poté je notace x.f.g implicitn¢ uzavorkovana stejné¢ jako (X.f).g.
Jinymi slovy, jestlize jsme provedli pfifazeni y = x.f, poté x.f.g jeto
samé¢ jako y.Q.

Nékdy ukazatel neodkazuje na zadny objekt a vtomto piipade
ptifazujeme specialni hodnotu NIL.

Procedurou pfedavame parametry by value. Volana procedura obdrzi



TBU in Zlin, Faculty of Humanities 36

svou vlastni kopii parametrd, a pokud ptifadi hodnotu do nékteré¢ho
Z parametrl, tato zména neni volajici procedurou viditelna. Kdyz jsou
predany objekty, dojde ke zkopirovani ukazatele na data zastupujici
objekt, ale bez atributii objektu. Napiiklad, pokud je x parametrem
volané procedury, neni pfifazeni X = y uvnitf volané procedury
viditelné pro volajici proceduru, av§ak pfitazeni x.f = 3 jiz viditelné
je. Podobné jsou pole piedavana pomoci ukazatele tak, ze je piedan
ukazatel na pole spiSe nez celé pole a zmény provedené na
jednotlivych prveich jsou viditelné pro volajici proceduru.

e Piikaz return okamzité¢ predava fizeni zpét do bodu volani ve
volajici proceduie. VétSina prikazi return bere hodnotu a preda ji
zpét dobodu volani. Na&s pseudokéd se 1isi od mnohych
programovacich jazykl tim, ze dovolujeme jednim piikazem return
vratit nékolik hodnot.

e Booleovské operatory ,,and” a ,,0r” se vyhodnocuji pomoci liného
vyhodnocovdni. To znamena, ze kdyz vyhodnotime vyraz ,,x and y*,
vyhodnocujeme nejprve x. Jestlize je X vyhodnoceno jako
NEPRAVDA, nemiiZze byt poté cely vyraz vyhodnocen jako
PRAVDA, tim padem nedochazi k vyhodnoceni y. Na druhou stranu,
jestlize je X vyhodnoceno jako PRAVDA, pak musime vyhodnotit Y,
abychom posoudili pravdivostni hodnotu vyrazu. Podobné je tomu ve
vyrazu, X Or y” — vyhodnocujeme vyraz y pouze tehdy, kdyz je
x vyhodnoceno jako NEPRAVDA. Liné vyhodnocovani nam
umoznuje psat booleovské vyrazy jako ,,x # NIL and x.f = y” bez
obav o to, co se stane, pokud se pokusime vyhodnotit hodnotu X.f,
kdyz je x NIL.

e Klicové slovo error znaci chybu ve volané procedute, pokud se
vyskytla chyba v podminkach. Volajici procedura je zodpovédna za

feSeni chyby, a proto nespecifikujeme, co ma byt provedeno.
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Cviéeni

2.1-1
Pouzijte ilustraci 2.2 jako vzor a ilustrujte prabéh vypoctu
INSERTION-SORT na poli A =(31, 41, 59, 26, 41, 58).

2.1-2
Prepiste proceduru INSERTION-SORT na nerostouci fazeni misto

neklesajiciho fazeni.

2.1-3
Zvazte tento problém hledani:
Vstup: fada n ¢isel pole A = (a;,a,, . . .,a,) a hodnota v.
Vystup: index i takovy, Ze v = A[i] nebo specialni hodnoté NIL,
jestlize se v neobjevuje v poli A.
Napiste pseudokod pro linedrni hledani, ktery projde fadu a bude hledat
hodnotu v. Pomoci invariantu cyklu dokazte, ze je vas algoritmus

spravny. Ujistéte se, Ze invariant cyklu spliiuje tii potfebné vlastnosti.

2.1-4

Zvazte problém piidavani dvou n-bitovych binarnich ¢isel uloZenych
v n-prvkovych polich A a B. Soucet téchto dvou ¢isel by mél byt ulozen
V binarni formé (n + 1)-prvkovém poli C. Uved'te problém formalné

a napiste pseudokod na ptidani dvou éisel.

2.2 Analyzovani algoritmu

Nase analyza algoritmu pokrocila az ke zplisobu pfedpovidani mnozstvi
zdrojii, které algoritmy potiebuji. Zdroje, jako napiiklad pamét, Sitka
komunika¢niho pasma nebo hardware, jsou prilezitostné¢ primarnim
zajmem, ale nejcastéji je to vypocetni Cas, ktery chceme zméfit. Obecné
vzato, analyzovanim nékolika algoritmt feSicich dany problém mutzeme

identifikovat ten nejucinngj$i. Tato analyza muze ukézat vice nez
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jednoho kandidata, ale muze také casto vyfadit nékolik horsich
algoritmd.

Piedtim, nez mizeme analyzovat algoritmus, musime mit model
implementacni technologie, ktery pouzijeme, a to v€etné modelu zdroju
této technologie a jeji ceny. Pro vétSinu tloh v této publikaci uvazujme
model jednoprocesorového stroje s paméti s piimym pristupem (RAM -
random-access machine) na vypocty, jehoz technologii implementujeme
pro nase analyzy, a pochopme, Ze nd$ algoritmus bude implementovan
jako pocitacové programy. V. RAM modelu jsou provadény instrukce
jedna po druhé, a to bez soubéznych operaci.

V piesném slova smyslu bychom méli dukladné definovat instrukce
RAM modelu a jejich naro¢nost na zdroje. U€init tak by bylo tinavné
a pfineslo by to jen maly nahled do navrhu algoritmu a jeho analyzy. Je
potfeba se mit na pozoru pied nespravnym pouzitim RAM modelu,
napiiklad co kdyby mél RAM model instrukci, kterdA ma setadit? Poté
muzeme fadit pouze v jedné instrukci. Takovy RAM model by byl
nerealisticky, nebot’ skute¢né pocitate nemaji takovéto instrukce. Nas
navod se proto zabyva tim, jak jsou skutecné pocitace navrzeny. Tento
model obsahuje instrukce, jez se daji obvykle nalézt ve skuteénych
pocitacich: aritmetické instrukce (napf. soucet, odecitani, ndsobeni,
déleni, zbytek, zaokrouhlovani na cela ¢isla nahoru a dolt), pohyb dat
(nacitani, ukladdani, kopirovani) a fizeni (podminéné a nepodminéné
vétveni, volani podprogramu a navraceni hodnot). Kazda tato instrukce
trva konstantni ¢as.

Cela cisla a cisla s pohyblivou fadovou ¢arka (pro ukladani realnych
Cisel) jsou datovymi typy v RAM modelu. I kdyZ se vétSinou piesnosti
Vv této publikaci nezabyvame, je v nékterych aplikacich stézejni. Také
pfedpokladame limit velikosti dat pro kazdé slovo. Naptiklad kdyz se
pracuje se vstupy o velikosti n, normaln¢ uvazujeme, ze cela Cisla
zastoupena C Ig n bita pro libovolné konstantu ¢ > 1. Pozadujeme, aby
c > 1, diky némuz miize kazdé slovo obsahovat hodnotu n a délka slova
neroste libovolné (pokud by délka slova mohla rist libovolng, mohli
bychom ukladat obrovské mnozstvi dat v jednom slové a pracovat s nimi

v konstantnim ¢ase — Cisté nerealny scénar).
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Skute¢né pocitae obsahuji instrukce, které zde nejsou uvedeny.
Takové instrukce predstavuji Sedou oblast v RAM modelu. Je naptiklad
umocnéni ¢asoveé konstantni instrukci? V obecném piipadé ne. Vypocet
X’ , kdy x a y jsou realna ¢isla, predstavuje n&kolik instrukci. Avsak ve
vyhrazenych situacich je umocnéni ¢asové konstantni operaci. Mnoho
pocitacii ma ,,shift left” instrukcei, kterd v konstatnim ¢ase posouva bity
celého ¢isla o k pozic doleva. U vétSiny pocitact je takové posouvani bitl
0 k pozic doleva ekvivalentni nasobeni 2, ¢ili tento posun bitti o k pozic
doleva je ekvivalentni nasobeni 2. Proto tedy tyto poéitade mohou
spocitat 2y jedné Casoveé konstantni instrukci pomoci posouvani celého
Cisla o k pozic doleva, pokud neni k vét§i nez pocet biti ve slové.
Budeme usilovat o to, abychom se vyhnuli témto Sedym oblastem
vV RAM modelu, ale budeme zachazet s vypoctem 2 jako s konstantnd
Casovou operaci, kdy K je dostate¢né malé kladné ¢islo.

V RAM modelu se nepokousime vytvaiet strukturu paméti, jez je
béZna pro soucasné pocitate — to proto, Ze nevytvaiime mezipamét
(cache) nebo virtualni pamét. Nekolik vypocetnich modelt se pokousi
brat v potaz dusledky strukturovani paméti, které jsou ob¢as vyznamné
pro realny program na skutecnych strojich. Hrstkou problémut se tato
publikace zabyva, ale ve vétSiné Casti této publikace je analyza nebere
Vv potaz. Modely zahrnujici strukturu paméti jsou trochu vice komplexni
nez RAM model, a proto se S nimi pracuje obtizn¢. Kromé toho jsou
RAM model analyzy obvykle skvélymi ukazateli vykonu soucasnych
stroji.

Analyzovani 1 jednoduchého algoritmu v RAM modelu mize byt
vyzvou. Matematické nastroje potiebné k analyze zahrnuji
kombinatoriku, teorii pravdépodobnosti, algebraické znalosti a schopnost
algoritmu mize ménit pro kazdy mozny vstup, potiebujeme prostiedky
pro shrnuti takového chovani v jednoduchych a lehce pochopitelnych
formulich.

I pfesto, ze volime pouze jeden model stroje k analyze algoritmu,
celime stdle mnoha volbam pfi rozhodnuti, jak vyjadfit nasi analyzu.

Chtéli bychom jednoduchy zplsob na zapsani a manipulaci, ktery
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ukazuje dilezité charakteristiky pozadavka algoritmu na zdroje a omezit

nudné detaily.

Analyza insertion sort

Cas potiebny na provedeni INSERTION-SORT procedury zavisi na
vstupu - tfazeni tisice ¢isel trva déle nez setazeni tii Cisel. Kromé toho,
vykonani INSERTION-SORT muze trvat rozdilnou dobu pro dvé vstupni
posloupnosti stejné velikosti v zavislosti na tom, jak moc jsou jiz
sefazeny. Obecné Cas roste s velikosti vstupu a je na misté popsat dobu
béhu programu jako funkci velikosti jeho vstupu. Aby se tak stalo, je
zapotiebi definovat dikladnéji pojmy doba behu a velikost vstupu
S opatrnosti.

Pohled na velikost vstupu zavisi na problému, kterym se zabyvame.
Pro mnoho problémd, jako naptiklad fazeni nebo pocitani diskrétnich
Fourierovych transformaci, je nejpfirozengjsi mirou pocet polozek na
vstupu — naptiklad pole velikosti n na sefazeni. Pro mnoho dalSich
problémdu, jako napiiklad pro nasobeni dvou celych cisel, je nejlepsi
mirou velikosti vstupu celkovy pocet bitli pottebnych pro vyjadieni
vstupu v bézné binarni notaci. N&kdy je vhodné&jsi popsat velikost vstupu
dvéma ¢isly nez pouze jednim. Naptiklad, jestlize je vstup pro algoritmus
graf, muze byt velikost vstupu popsana poctem vrcholti a hran. Budeme
tedy vyjadfovat, jaké mcfeni velikosti vstupu je uzito u kazdého
zkoumaného problému.

Doba béhu algoritmu na konkrétnim vstupu je pocet elementarnich
operaci nebo provedenych ,.kroku‘. Je vhodné definovat pojem krok, aby
byl nezavisly na stroji tak, jak jen to bude mozné. Pro tento okamzik se
pfizpisobme nésledujicimu pohledu: konstantni mnoZzstvi Casu je
vyzadovano pro vykonani kazdého fadku naSeho pseudokddu. Vykonani
jednoho fadku muze trvat rozdilnou dobu nez u jiného fadku, ale v naSem

ptipad¢ budeme uvazovat provedeni i-t¢ho fadku trvajiciho ¢; ¢asu, kde
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Ci je konstantni. Tento pohled je v souladu s RAM modelem a odrazi, jak
by byl pseudokéd implementovan na vétsing soucasnych poditasa.®

V nasledujicim pojednani se nase vyjadieni pro dobu béhu
INSERTION-SORT vyvine z neuspoiadaného vzorce, ktery pouziva
vSechny ceny vyrazu ¢i, do mnohem jednodussi, shrnujici a snadnéji
uchopitelné notace. Tato jednodussi notace také usnadni rozhodnuti, zda
je jeden algoritmus Uc¢inngj$i nez druhy. Zac¢neme s ukdzkou procedury
INSERTION-SORT s ,,cenou“ v jednotkach casu kazdého vyrazu
a po¢tem dob vykonani kazdého vyrazu. Pro kazdé j = 2, 3, ...,n, kde
n = A.length, necht' j oznacuje kolikrat se cyklus while na tadku 5
provede pro dané j. Kdyz cyklus for nebo while skon¢i béznym
zpusobem (tj. kvili testu v hlavi¢ce cyklu), je test proveden o jedenkrat
vice nez télo cyklu. Predpokladdme, Ze komentafe nejsou vykonatelné

vyrazy, a tudiz netrvaji zadny cas.

INSERTION-SORT (A) cena pocty
1 forj=2toA.length C1 n
2 key = A[j] C2 n-1
3 /I Vlozte A[j] do sefazené
posloupnosti A[1 .. j - 1]. 0 n-1
4 i=j-1 Cs n-1
5 while i >0 and A[i] > key Cs Yi=at]
6 Al + 1] = A[l] Co Yj=2(tj— 1)
7 i=i-1 C7 Yi=a(ti— 1)
8 Ali+1]=key Cs n-1

Doba béhu algoritmu je souctem ¢ast behu pro kazdou provedeny vyraz;

ta pottebuje k provedeni c; krokli, provadi se n-krat a pfrispéje

87de se nachazi jisté nuance.Vypocetni kroky, které specifikujeme v angliéting, jsou &asto variantami
procedury vyzadujici vice nez konstantni mnozstvi ¢asu. Pozdéji mtizeme napiiklad fict: ,,sefad’te body podle
soufadnice X”, coz, jak uvidime, potrva déle nez konstantni délku ¢asu. Poznamenejme téz, ze ptikaz, ktery
vola podprogram, trva konstantni ¢as, ackoliv jakmile je tento podprogram spustén, muze trvat déle. Tedy
oddélujeme proces volani podprogramu — piedani parametri podprogramu, atd.- od procesu provedeni
podprogramu.
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cin k celkové dob& behu.® Abychom vypogitali T(n), &li dobu b&hu
INSERTION-SORT pro n vstupnich hodnot, musime secist vysledky
souc¢inti hodnot ze sloupcii cena a pocty, ¢imz ziskame dobu béhu pro
algoritmus

Tn) = cin+c(n—1)4+cy(n—1)+cs fo- + ¢ 2({,— -1

j=2 i=2
+c7 i(fj —1)+ecs(n—1).
j=2

Dokonce 1 pro vstupy dané velikosti mize doba béhu algoritmu
zaviset na tom, ktery vstup dané velikosti je predan. Naptiklad
U INSERTION-SORT nastava nejlepsi piipad tehdy, kdyz je pole jiz
sefazeno. Pro kazdé j = 2, 3, ...,n, zjistime, Ze je A[i] < key na fadku 5,
pokud i ma pocateéni hodnotu j — 1. Tedy t, = 1 je pro
j=2,3,...,nadoba béhu nejlepsiho ptipadu je

T(n) Cin+Cy(n—1)+Cy(n—-1) +Cs(n—1) + Cg(n—-1)

(C1+ Cot+ Cy+ Cs+ Cg)n — (C2+ Cy+ Cs+ Cg).

Tuto dobu béhu muzeme vyjadfit jako an + b pro konstanty a a b
zavisejici na cené vyrazu Cj; je t0 linedrni funkce nan.

Pokud je pole v sefazeném obraceném potadi, tj. sestupné
sefazeném, predstavuje pak nejhor$i ptipad. Musime porovnat kazdy
prvek A[j] s kazdym prvkem celého setazeného subpole A[1 ..j — 1], a tak

platit,=jproj=2,3,...,n. Poznamenavame, ze

Z”:'*"(H”—‘
=7

j=2

and

" nn—1)
(j—-1=
; 2

(viz pfiloha A pro kontrolu, jak vyfeSit tyto sumy) v nejhorSim piipadé je
doba béhu INSERTION-SORT

%Tato charakteristika neni nezbytné relevantni pro zdroje jako napiiklad pamét. Vyraz, ktery adresuje m
slov paméti a je provadén n-krat, neadresuje nezbytné na mn ruznych slov paméti.
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T(n) = cln—|—cz(n—l)+c4(n—l)+cs(M—l)

2

—1 -1
+eo (M=) + e (F5=2) + e

= (%"‘%"‘%)”Z‘i‘(fl+02+C4+C_5_E_C_?+Cﬁ)”

—(c2+ca+es+cs).

Nejhorsi pripad doby bhu miZeme vyjadiit jako an’+ bn + ¢ pro
konstanty a, b a ¢, které opét zavisi na cené vyrazu Cj; a proto se jedna
o kvadratickou funkci na n.

Za normalnich okolnosti, stejné jako u insertion sort, je doba b&éhu
algoritmu pro dany vstup pevné stanovena, ackoliv v dalSich kapitolach
se setkdme s nékterymi zajimavymi randomizovanymi algoritmy, jejichz

chovani se mize lisit i pro pevné dany vstup.

Analyza nejhorsi a priimérné doby béhu

V nasi analyze insertion sort jsme se podivali jak na nejlepsi piipad, kde
bylo vstupni pole jiz setazeno, tak na nejhorsi ptipad, kde bylo vstupni
pole sefazeno obracené. Ve zbylé Casti publikace se zaméifujeme pouze
na hledani nejhorsich piipadii doby béhu, tj. nejdelsi doby béhu pro

jakykoliv vstup velikosti n. Pro toto zaméfeni mame tii davody.

e Nejhorsi piipad doby béhu algoritmu nam stanovuje horni mez
doby béhu pro jakykoliv vstup. Tim dostavame zaruku, Ze provedeni
algoritmu nebude trvat déle. Nemusime tedy vytvaret né&jaké
odborné dohady o dob¢ béhu a doufat, ze se situace nikdy nezhorsi.

e Nejhors§i ptipad nastavd pro nékteré algoritmy celkem Ccasto.
Napftiklad kdyz se prohledava databdze kvili konkrétni informaci,
nastane cCasto nejhorSi pripad hledaciho algoritmu, pokud se
informace v databazi nenachazi. Hledani chybéjicich informaci mtize
byt pro nékteré aplikace Casté.

e Primérna doba béhu algoritmu je ¢asto zhruba stejné tak Spatna jako
nejhorSi pfipad. Predpoklddejme, ze nahodné vybereme n ¢Eisel
a pouzijeme insertion sort. Jak dlouho bude trvat urceni, kam do
subpole A[1 .. j — 1] vlozit prvek A[j]? Primémé je polovina

prvkd v A[1 .. j — 1] mens$i neZz hodnota A[j] a hodnoty zbylé
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poloviny prvku jsou vétsi. A proto kontrolujeme prumérné polovinu
subpole A[1 .. j — 1], tedy tjje zhruba j/2. Vysledny pfipad primérné
doby béhu se ukazuje jako kvadraticka funkce na  velikost
vstupnich hodnot, stejné jako doba béhu algoritmu nejhorsiho

ptipadu.

V nékterych konkrétnich ptipadech se budeme zajimat o primérnou
dobu béhu algoritmu a seznamime se s metodou pravdépodobnostni
analyzy pro rizné algoritmy v této publikaci. Ramec analyzy je omezen,
nebot’ by nemohlo byt ziejmé, co predstavuje ,,primérny” vstup pro
konkrétni problém. Casto budeme piedpokladat, e viechny vstupy dané
velikosti jsou stejné pravdépodobné. V praxi mize byt tento piedpoklad
porusen, ale nékdy miizeme pouzit randomizovany algoritmus, ktery déla
nahodna rozhodnuti, aby umoznil provedeni analyzy prvadépodobnosti
avykazuje ofekavané doby béhu. Randomizované algoritmy budeme
vice prozkoumavat v kapitole 5 a nékolika dalSich nasledujicich

kapitolach.

Velikost rustu

Pro ulehceni analyzy procedury INSERTION-SORT jsme pouzili nékteré
zjednodus$ujici abstrakce. Nejprve jsme ignorovali skute¢nou cenu
kazdého wvyrazu, a to stanovenim konstant c; pfedstavujicich tuto
hodnotu. Poté jsme pozorovali, ze i tyto konstanty nam davaji vice
informaci, nez jsme skute¢né potiebovali. Vyjadtili jsme nejhorsi piipad
b&hu &asu jako an? + bn + ¢ pro libovolné konstanty a, b a ¢ zavislé na
cenach vyrazu c;. Proto jsme neignorovali pouze skute¢né ceny vyrazu,
ale také i abstraktni hodnoty c;.

Provedeme jesté jednu zjednoduSujici abstrakci: jde o miru riistu
nebo velikost ritstu doby béhu, ktera nas opravdu zajima. Budeme tedy
uvazovat pouze hlavni &len rovnice (napk. an?)vzhledem k tomu, Ze
hodnoty term niz§iho fadu jsou pro vysoké hodnoty relativné
bezvyznamné. Ignorujeme také konstantni koeficient hlavniho termu,

ktery je méné vyznamny pii podminovani vypocetni ti€innosti pro velké
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vstupy nez mira rustu. Pro insertion sort, kdy ignorujeme ¢leny nizsiho
fddu a konstantni koeficient hlavniho termu, ndm zbyva prvek
n?z hlavniho &lenu. Zapisujeme, Ze insertion sort ma v nejhor$im pripadé
dobu béhu ©(n?) (vyslovovéno ,.théta n na druhou™). V této kapitole
pouzijeme ®-notaci neformalné a budeme ji presné definovat
v kapitole 3.

Obvykle povazujeme jeden algoritmus za uc¢innéjsi nez ten druhy,
jestlize nejhorsi doba béhu ma nizsi rychlost rustu. Kvuli konstantam
a ¢lenim nizsiho fadu, mize provedeni algoritmu, jehoz doba béhu ma
vys$si rychlost rdstu, trvat kratsi dobu pro mensi vstupy nez algoritmus,
jehoz doba béhu ma nizsi rychlost rustu. Ale s dostate¢né velkymi
vstupy, napiiklad ©(n?) algoritmus pob&Zi stale rychleji nez O(n’)

algoritmus v tom nejhorsim piipadé.
Cviceni

2.2-1
Vyjadtete funkci n®1000 — 100n” — 100n + 3 v pojmech ®-notace.

2.2-2

Zvazte setazeni n ¢isel ulozenych v poli A nalezenim prvniho nejmensiho
prvku A a jeho vymeénu za prvek v A[1]. Poté najdéte druhy nejmensi
prvek A a vyménte ho s A[2]. PokraCujte timto zptisobem pro prvnich
n — 1 prvkd A. Napiste pseudokdd pro tento algoritmus, ktery je znam
jako selection sort (sefazeni vybérem). Ktery invariant cyklu uchovava
tento algoritmus? Pro¢ je potieba spustit algoritmus pouze pro prvnich
n — 1 prvka spiSe nez pro vSechny n prvky? Uvedte nejlep$i a nejhorsi
ptipad doby béhu selection sort v ®-notaci.

2.2-3

Zvazte znova linearni prohledavani (viz cviceni 2.1-3). Kolik prvka
vstupni posloupnosti bude zapotiebi praimérné projit za piedpokladu, Ze
hledany prvek je se stejnou pravdépodobnosti jako jakykoliv prvek

Vv poli? Jak to bude s nejhor§im ptipadem? Jaky je primérny a nejhorsi
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piipad doby behu linedrniho prohledavani v ®-notaci? Zdivodnéte vasi

odpovéd..

2.2-4
Jak miZzete zménit vétSinu jakychkoliv algoritmli, abyste dosahli

V nejlepsim piipad€ dobré doby béhu?

2.3 Navrhovani algoritmi

Mame na vybér z Sirokého rozmezi technik navrhii algoritmid. Pro
insertion sort jsme pouzili inkrementa¢ni pfistup, tj. do sefazeného
subpole A[1 .. j — 1] jsme na vhodné misto vloZenim jednoho prvku A[j]

na spravné misto ziskali sefazené subpole A[1 .. j].

V této Casti se budeme zabyvat alternativnim pfistupem k navrhu
znamym jako ,rozdél a panuj” (divide-and-conquer), ktery
prozkoumame detailnéji v kapitole 4. Tento pfistup pouzijeme k navrhu
fadiciho algoritmu, jehoz doba béhu v nejhorSim pfipadé je mnohem
mensi nez U insertion sort. Jednou vyhodou téchto algoritmu je, ze jejich
doby bchu jsou casto lehce urcitelné pomoci technik, se kterymi se

seznamime v kapitole 4.

231 Piistup rozdél a panuj

Mnoho uzite¢nych algoritmtl je ve své struktufe rekurzivai: k vyieseni
problému volaji rekurzivné samy sebe jednou ¢i vickrat s cilem vyfeSit
uzce spjaté podproblémy. Tyto algoritmy bézn¢ nasledu;ji ptistup rozdél a
panuj: rozdéli problém do nékolika podproblémt, které jsou podobné
puvodnimu problému, ale maji mensi velikost. Tyto podproblémy se fesi
rekurzivng, a poté se jejich feseni kombinuji za celem vytvoreni feSeni
puvodniho problému.

Toto paradigma zahrnuje na kazdé urovni rekurze tii kroky:

Rozdél problém na pocet podproblémi, které jsou menSimi
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instancemi stejné¢ho problému.
Panuj nad podproblémy tim, ze je vyfesiS rekurzivné. Pokud je ale
podproblém dostate¢né maly, tak fe$ podproblémy pfimocare.

Zkombinuj feSeni podproblému a vytvor feSeni pro ptuvodni problém.

Algoritmus merge sort (slévani) uzce nasleduje paradigma rozdél

a panuj. Funguje intuitivné podle nasledujicich krokii:

Rozdél: Rozdélte n-prvkovou posloupnost urcenou k sefazeni na dvé
posloupnosti, kazdou o n/2 prvcich.

Panuj: Setiid’te tyto dvé posloupnosti rekurzivné pomoci merge sort.
Zkombinuj: Spojte tyto dvé posloupnosti, abyste vytvofili sefazené

feseni.

Rekurze dosahne limitni podminky, je-li posloupnost uréena k sefazeni
délky 1. V tomto ptipadé rekurze neprobihd, nebot’ je kazda posloupnost
o délky 1 jiz sefazena.

Klicovou operaci algoritmu merge sort je spojovani dvou fad
v kroku kombinace. Slévame je volanim pomocné procedury MERGE
(A, p, q, 1), kde A ptedstavuje pole a p, g a r jsou indexy v poli takové, ze
p <q <. Procedura piedpoklada, ze subpole A[p .. q] a A[q + 1..r] jsou
v sefazeném poradi. To je sléva do formy jednoho setazeného pole
nahrazujiciho soucasné subpole A[p .. r].

Nase procedura MERGE trva ®(n) Casu, kde je n =r — p + 1 souctem
spojovanych prvkii, a funguje podle nésledujiciho popisu. Vratime se
Kk pfipadu s kartami a pfedpokladejme, Ze mame na stole dva balicky
karet licem nahoru. Kazdy bali¢ek je sefazen tak, ze nejmensi karta
balicku je na vrchu balicku. Piejeme si slit tyto dva balicky do jednoho
serazen¢ho tak, ze bude na stole licem dolti. Nas zakladni krok se sklada
z vybéru mensi ze dvou Karet oto¢enych licem nahoru z vrchu balicku,
jejiho odstranéni z balicku, coz odkryje novou vrchni kartu, a umisténi
této karty licem doli na vysledny balicek. Tento krok opakujeme do
doby, nez je jeden ze vstupnich balick prazdny. V tuto chvili uz jen

vezmeme zbyvajici vstupni bali¢ek a umistime ho licem dolti na
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vysledny balicek. Z vypocetniho hlediska trva kazdy krok konstantni Cas,
protoze porovnavame pravé dveé svrchni karty. Vzhledem k tomu, Ze
provadime nejvyse n zakladnich krok, trva slévani ®(n) ¢asu.
Nasledujici pseudokod implementuje vySe zminénou myslenku, ale
s pfidanym vylepSenim odstrafiujicim potiebu kontrolovat v kazdém
zakladnim kroku, zda je bali¢ek prazdny. Na dno balicku umistujeme
sentinel card (mezni Kkartu), obsahujici zvlaStni hodnotu, kterou
zjednodusujeme nas§ kod. Pouzijeme oo jako sentinel value (mezni
hodnotu), takze kdykoliv se odhali karta s hodnotou c v obou bali¢cich,
nemuze se objevit karta mensi hodnoty. Jakmile k tomu dojde, jsou
vSechny ostatni karty vyskladdny do vysledného balicku. Protoze
doptedu vime, Zze bude r — p + 1 karet umisténo na vrch vysledného
balicku, mizeme snimani zastavit tehdy, kdy jsme uz provedli takové

mnozstvi zakladnich kroku.

MERGE (A, p,q,T)

1 n=q-p+1

2 N =r—(

3 necht' L[1..n; +1]aR[1..n; +1] jsou novymi poli
4 fori=1ton;

5 L[iI]=A[p+i-1]
6 forj=1ton,

7 R[] = Alg + ]

8 L[ny + 1] =

9 R[n, + 1] =

10 i=1

11 j=1

12 fork =ptor

13 if L[i] <R[j]
14 A[K] = L[i]

15 i=i+1l

16 else A[K] = R[j]

17 j=j+1
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Procedura MERGE funguje konkrétn¢ podle tohoto pseudokodu. Na
radku 1 se vypocita délka n; subpole A[p..q], na fadku 2 se vypocita
délka n, subpole A[q + 1..r]. Na fadku 3 vytvoiime pole L a R (,,levé”
a ,,pravé”) o délkach n; + 1 a n, + 1; pozice navic v kazdém poli bude
mit ulozenu sentinel value v kazdém poli. Cyklus for na tadcich 4-5
kopiruje subpole A[p .. q] do pole L[1..n;] a cyklus for na tadcich 6-7
kopiruje subpole A[q + 1 .. r] do pole R[1.. n;]. Radky 8-9 vkladaji

sentinel values na konec poli L a R. Na tadcich 10-17, znazornénych

v ilustraci 2.3,
11 12 13 14 15 16 17 10 11 12 13 14 15 16 17
|2|4|5|7| [2]3]6].- |1|4\5|7|1|2|3|6\
2 3 5 1 2 3 4 5 2 3 5 2 3 5
LI?HISI?le R[1]2[3]6]] L|?|4|5|?\°°| R|1|%|3\6|°°|
! J L J
(a) (b)
0 11 12 13 14 15 16 110 11 12 13 14 15 16
|1|2|5|7| \2|3|6| |1|2\2|7|1|2|3|6\
2 3 5 1 2 3 4 5 2 3 5 1 2 3 4 5
LIZ\A}I:"I?IWI rRE2[3]6]~] LIZI‘}ISI?\‘”I r [@]2]3]6]~]
i J ! J

(©) (d)
llustrace 2.3 Operace na tadcich 10-17 predstavuje volani MERGE (A, 9, 12, 16), kdy
subpole [9.. 16] obsahuje posloupnost (2, 4, 5, 7, 1, 2, 3, 6). Po zkopirovani a vloZeni
sentinel values obsahuje pole L hodnoty (2, 4, 5, 7, 1) a pole R hodnoty (1, 2, 3, 6, 1).
Svétle Sedé pozice v poli A obsahuji kone¢né hodnoty a svétle Sedé pozice v polich L
a R obsahuji hodnoty, které nebyly jesté zkopirovany zpét do pole A. Celkové vzato,
svétle Sedé pozice se vzdy skladaji z hodnot objevujicich se puvodné v A[9.. 16]
spole¢né s dvéma sentinel values. Tmavé Sedé pozice v poli A obsahuji hodnoty, které
budou ptepsany, a tmavé Sedé pozice poli L a R obsahuji hodnoty, které byly jiz
zkopirovany zpét do pole A. (a)-(h) znazoriji pole A, L a R a piislu$né indexy kK, i a J,

které piedchazeji kazdé interaci cyklu na Fadcich 12-17.

se provadi r — p + 1 zékladnich krok udrzovanim nasledujiciho
invariantu cyklu:
Na zacatku kazdé iterace cyklu for z radka 12-17 obsahuje subpole
Alp.. k — 1] k — p nejmensich prvkd pole L[1l.n, + 1]
aR[1..n, + 1], a to v sefazeném potadi. Kromé toho, L[i] aR][j] jsou
nejmensimi prvky ptislusnych poli, ktera nebyla dosud zkopirovana

zpét do pole A.
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Musime jeste znazornit, Ze tento invariant cyklu se uchova jesté pred
prvni iteraci cyklu for zapsaného na fadcich 12-17. Kazda iterace cyklu
udrzuje invariant, ktery poskytuje uzite¢nou schopnost zobrazit

spravnost tehdy, kdyz dojde k ukonceni cyklu.

Inicializace: Pfed prvni iteraci cyklu mame k = p, tzn. subpole
A[p .. k — 1] je prazdné. Toto prazdné subpole obsahuje k — p = 0
nejmensich prvkl poli L a R a odtud i = j =1, ¢ili obé L[i] a R[j] jsou

nejmensimi prvky poli, ktera nebyla dosud zkopirovana zpét do pole A.

£ 0 10 11 12 13 1 3 17 8 9 10 11 12 13 1 3 17
v 22 s fafa]aTel] A Ji]z]z2]s]a]2]a]e]...
k k
1 2 3 4 5 1 2 3 4 5§ 1 2 3 4 5 1 2 3 4 §
Rl -] =Rl o] cEEED -] EEE] s
i J i i
(€ (M
8 10 11 12 13 14 15 16 17 9 10 11 12 13 14 15 16 17
224 [5 BN - 2[5 [6[6L.-
£ k
2 3 4 5 2 i 4 5 2 3 4 5 3 3 4 5
: EES7T-]  « (EET - : EETT] (-]
i J i J

iz) (h)

1 9 10 11 2 13 1 3
v fifa2f2]3]a]s]e]7]...
T
I 2 3 4 5 I 2 3 4 5
c2]afs]a]=| =[x]2]5]8]=]
i i

(i)
llustrace 2.3, pokracovani (i) Pole a indexy pti ukonceni. V této chvili je subpole v
A[9 .. 16] sefazeno a dvé sentinel hodnoty v poli L a R jsou pouze dvéma elementy,

které nebyly dosud zkopirovany do pole A.

Udrzba: Abychom mohli vidét, 7e kazda iterace udrzuje invariant cyklu,
piedpokladejme, ze plati L[i] < R[j]. Jakmile je tedy L[i] nejmensim
prvkem, ktery nebyl dosud piekopirovan do pole A.
Protoze A[p .. k — 1] obsahuje k — p nejmensich prvka, po fadku 14
se kopiruje L[i] do A[K] a subpole A[p .. k] bude obsahovat k —p + 1
nejmensich prvkla. Inkrementaci k (v aktualizaci cyklu for)

al(na radku 15) se znovu vytvaii invariant cyklu pro dalsi iteraci.
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Jestlize misto toho plati L[i] > R[]], je pak provedeni tadka 16 — 17
vhodnou ¢innosti pro tdrzbu invariantu cyklu.

Ukondéeni: Pfi ukoncCeni plati, ze K = r + 1. Diky invariantu cyklu
subpole A[p .. k — 1], které je A[p .. r], obsahuje K —p=r—-p+1
nejmensich prvkd pole L[1 .. n, + 1] a pole R[1 .. n, + 1], ato v
sefazeném pofadi. Pole L a R budou spoleéné obsahovat
n,+n,+ 2 =r—p+ 3 prvki. Ne vSechny, ale jen tyto dvé nejvetsi
pole byla zkopirovdna zpét do A a tyto dva nejvétsi pvrky jsou

sentinel values.
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CONCLUSION

The theoretical part of the bachelor thesis provided a distinction between the
aforementioned types of translation and equivalence. The scientific style of writing has
helped to understand the features that should be considered during a translating process.
Afterwards, the analysis of the text emphasized the key attributes of the text and
contributed to better understanding of settings used thereof. The translated text followed
the analysis with a focus on creating a true and readable copy.

The translation of the text revealed several findings examined in the analysis. Firstly,
the translating process showed that the translator should be well educated in computer
science and mathematics in order to preserve the precise meaning. Secondly, this kind of
text confirmed that a text can be understood more easily with some corresponding
illustrations, however, it seemed difficult to omit some summarizing or repeating parts in
order to sustain a coherent text. The translated text also presented several options for
translating certain parts, though a discussion on the choice from these options was
necessary.

To sum up, the translated text also posed a question whether a translation should
contain some explanative footnotes because it transpired that expectations regarding the

education of the source and target audiences may differ.
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APPENDICES
Pl Terminological glossary

PII Original of translated text



APPENDIX P I: TERMINOLOGICAL GLOSSARY

Insertion sort
Running time
Merge sort
Sequence
Pseudocode
Element
Array
Subarray

Loop

Iteration
Inductive step
Loop invariant
Increment
Decrement
Assignment
Loop counter
Loop header
Parenthesize
Caller

Calling procedure
Nil

Integer

Vertex

Edge

Cost statement
Order of growth
Term

Formula

Short circuiting
Linear search
Floor

Ceiling

[in'sa:8n so:t]
[ranin taim]
[moa:dz so:t]
['si:kwans]
['s(ju:dov koud]
[elimoant]

[o'rei]

[saba'rei]

[lu:p]
[,ito'reisn]
[in‘daktiv step]
[lu:p m've:riont]
[inkromant]
['dekrim(o)nt]
[o'sainmant]
[lu:p kaunto]
[lu:p heds]
[pa'renOisaiz]
[ko:1a]

[ko:lin pra'si:dzs]
[nil]

[intidZa]
[va:teks]

[edZ]

[kost steitmant]
[0:do ov groub]
[to:m]
[fo:mjuls]

[So:t "sa:kitin]
[linia sa:¢]
[flo:]

[si:lin]

Razeni vkladanim
Doba béhu

Setazeni slévanim
Posloupnost (¢isel / prvkii)
Pseudokod

Prvek

Pole (obsahujici prvky)
Subpole

Cyklus

Iterace, opakovani
Indukéni krok
Invariant cyklu

Zvysit

Snizit

Ptifazeni (hodnoty, parametru)
Cita¢

Hlavicka cyklu
Uzéavorkovat

Volajici funkce
Volajici procedura
Nula

Celé cislo

Vrchol (grafu)

Hrana (grafu)

Cena vyroku

Mira rstu

Term / Elen

Formule, vzorec, rovnice
Liné vyhodnocovani
Linearni prohleddvéani
Zaokrouhleni doll

Zaokrouhleni nahoru



Floating point
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APPENDIX P II: ORIGINAL OF TRANSLATED TEXT

2 Getting Started

This chapter will familiarize you with the framework we shall use throughout the
book to think about the design and analysis of algorithms. It is self-contained, but
it does include several references to material that we introduce in Chapters 3 and 4.
(It also contains several summations, which Appendix A shows how to solve.)

We begin by examining the insertion sort algorithm to solve the sorting problem
introduced in Chapter 1. We define a “pseudocode” that should be familiar to you if
you have done computer programming, and we use it to show how we shall specify
our algorithms. Having specified the insertion sort algorithm, we then argue that it
correctly sorts, and we analyze its running time. The analysis introduces a notation
that focuses on how that time increases with the number of items to be sorted.
Following our discussion of insertion sort, we introduce the divide-and-conquer
approach to the design of algorithms and use it to develop an algorithm called
merge sort. We end with an analysis of merge sort’s running time.

2.1 Insertion sort

Our first algorithm, insertion sort, solves the sorting problem introduced in Chap-
ter 1:

Input: A sequence of n numbers {(a,,as,.... ay).

Qutput: A permutation (reordering) {(a}.d’. . ... a') of the input sequence such
P pe g 124 n p q
thata) <a) <--- <a,.

The numbers that we wish to sort are also known as the keys. Although conceptu-
ally we are sorting a sequence, the input comes to us in the form of an array with n
elements.

In this book, we shall typically describe algorithms as programs written in a
pseudocode that is similar in many respects to C, C++, Java, Python, or Pascal. If
you have been introduced to any of these languages, you should have little trouble
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Figure 2.1 Sorting a hand of cards using insertion sort.

reading our algorithms. What separates pseudocode from “real” code is that in
pseudocode, we employ whatever expressive method is most clear and concise to
specify a given algorithm. Sometimes, the clearest method is English. so do not
be surprised if you come across an English phrase or sentence embedded within
a section of “real” code. Another difference between pseudocode and real code
is that pseudocode is not typically concerned with issues of software engineering.
Issues of data abstraction, modularity, and error handling are often ignored in order
to convey the essence of the algorithm more concisely.

We start with insertion sort, which is an efficient algorithm for sorting a small
number of elements. Insertion sort works the way many people sort a hand of
playing cards. We start with an empty left hand and the cards face down on the
table. We then remove one card at a time from the table and insert it into the
correct position in the left hand. To find the correct position for a card. we compare
it with each of the cards already in the hand, from right to left, as illustrated in
Figure 2.1. At all times, the cards held in the left hand are sorted, and these cards
were originally the top cards of the pile on the table.

We present our pseudocode for insertion sort as a procedure called INSERTION-
SORT, which takes as a parameter an array A[l..n] containing a sequence of
length n that is to be sorted. (In the code, the number 7 of elements in A is denoted
by A.length.) The algorithm sorts the input numbers in place: it rearranges the
numbers within the array A, with at most a constant number of them stored outside
the array at any time. The input array A contains the sorted output sequence when
the INSERTION-SORT procedure is finished.
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Figure 2.2 The operation of INSERTION-SORT on the array A = (5.2, 4,6, 1, 3). Array indices
appear above the rectangles, and values stored in the array positions appear within the rectangles.
(a)—(e) The iterations of the for loop of lines 1-8. In each iteration, the black rectangle holds the
key taken from A[j ], which is compared with the values in shaded rectangles to its left in the test of
line 5. Shaded arrows show array values moved one position to the right in line 6, and black arrows
indicate where the key moves to in line 8. (f) The final sorted array.
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INSERTION-SORT (A)

1 for j = 2to A.length

2 key = A[j]

3 // Insert A[j] into the sorted sequence A[l..j —1].
4 i=j-1

5 while i > 0and A[i] > key

6 Ali + 1] = A[i]

7 i=1i-—1
8 Ali + 1] = key

Loop invariants and the correctness of insertion sort

Figure 2.2 shows how this algorithm works for 4 = (5.2, 4, 6, 1. 3). The in-
dex j indicates the “current card” being inserted into the hand. At the beginning
of each iteration of the for loop, which is indexed by j, the subarray consisting
of elements A[l..j — 1] constitutes the currently sorted hand, and the remaining
subarray A[j + 1..n] corresponds to the pile of cards still on the table. In fact,
elements A[l..j — 1] are the elements originally in positions 1 through j — I, but
now in sorted order. We state these properties of A[l..j — 1] formally as a loop
invariant:

At the start of each iteration of the for loop of lines 1-8, the subarray
A[l.. j—1] consists of the elements originally in A[1 .. j — 1], but in sorted
order.

We use loop invariants to help us understand why an algorithm is correct. We
must show three things about a loop invariant:
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Initialization: It is true prior to the first iteration of the loop.

Maintenance: If it is true before an iteration of the loop, it remains true before the
next iteration.

Termination: When the loop terminates, the invariant gives us a useful property
that helps show that the algorithm is correct.

When the first two properties hold, the loop invariant is true prior to every iteration
of the loop. (Of course, we are free to use established facts other than the loop
invariant itself to prove that the loop invariant remains true before each iteration.)
Note the similarity to mathematical induction, where to prove that a property holds,
you prove a base case and an inductive step. Here, showing that the invariant holds
before the first iteration corresponds to the base case, and showing that the invariant
holds from iteration to iteration corresponds to the inductive step.

The third property is perhaps the most important one, since we are using the loop
invariant to show correctness. Typically, we use the loop invariant along with the
condition that caused the loop to terminate. The termination property differs from
how we usually use mathematical induction, in which we apply the inductive step
infinitely; here, we stop the “induction” when the loop terminates.

Let us see how these properties hold for insertion sort.

Initialization: We start by showing that the loop invariant holds before the first
loop iteration, when j = 2. The subarray A[l..j — 1], therefore, consists
of just the single element A[1], which is in fact the original element in A[l].
Moreover, this subarray is sorted (trivially, of course). which shows that the
loop invariant holds prior to the first iteration of the loop.

Maintenance: Next, we tackle the second property: showing that each iteration
maintains the loop invariant. Informally, the body of the for loop works by
moving A[j — 1], A[j — 2], A[j — 3]. and so on by one position to the right
until it finds the proper position for A[] (lines 4-7), at which point it inserts
the value of A[/] (line 8). The subarray A[l.. j] then consists of the elements
originally in A[1.. j], but in sorted order. Incrementing j for the next iteration
of the for loop then preserves the loop invariant.

A more formal treatment of the second property would require us to state and
show a loop invariant for the while loop of lines 5-7. At this point, however,

!When the loop is a for loop, the moment at which we check the loop invariant just prior to the first
iteration is immediately after the initial assignment to the loop-counter variable and just before the
first test in the loop header. In the case of INSERTION-SORT, this time is after assigning 2 to the
variable j but before the first test of whether j < A.length.
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we prefer not to get bogged down in such formalism, and so we rely on our
informal analysis to show that the second property holds for the outer loop.

Termination: Finally, we examine what happens when the loop terminates. The
condition causing the for loop to terminate is that j > A.length = n. Because
each loop iteration increases j by 1, we must have j = n + 1 at that time.
Substituting n + 1 for j in the wording of loop invariant, we have that the
subarray A[l..n] consists of the elements originally in A[1..n], but in sorted
order. Observing that the subarray A[l ..n] is the entire array, we conclude that
the entire array is sorted. Hence, the algorithm is correct.

We shall use this method of loop invariants to show correctness later in this
chapter and in other chapters as well.

Pseudocode conventions

We use the following conventions in our pseudocode.

* Indentation indicates block structure. For example, the body of the for loop that
begins on line 1 consists of lines 2-8, and the body of the while loop that begins
on line 5 contains lines 67 but not line 8. Our indentation style applies to
if-else statements? as well. Using indentation instead of conventional indicators
of block structure, such as begin and end statements, greatly reduces clutter
while preserving, or even enhancing, clarity.’

* The looping constructs while, for, and repeat-until and the if-else conditional
construct have interpretations similar to those in C, C++, Java, Python, and
Pascal.* In this book, the loop counter retains its value after exiting the loop,
unlike some situations that arise in C++, Java, and Pascal. Thus, immediately
after a for loop, the loop counter’s value is the value that first exceeded the for
loop bound. We used this property in our correctness argument for insertion
sort. The for loop header in line 1 is for j = 2 to A.length, and so when
this loop terminates, j = A.length + 1 (or, equivalently, j = n + 1, since
n = A.length). We use the keyword to when a for loop increments its loop

2In an if-else statement, we indent else at the same level as its matching if. Although we omit the
keyword then, we occasionally refer to the portion executed when the test following if is true as a
then clause. For multiway tests, we use elseif for tests after the first one.

3Each pseudocode procedure in this book appears on one page so that you will not have to discern
levels of indentation in code that is split across pages.

#Most block-structured languages have equivalent constructs, though the exact syntax may differ.
Python lacks repeat-until loops, and its for loops operate a little differently from the for loops in
this book.
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counter in each iteration, and we use the keyword downto when a for loop
decrements its loop counter. When the loop counter changes by an amount
greater than 1, the amount of change follows the optional keyword by.

*  The symbol **//" indicates that the remainder of the line is a comment.

* A multiple assignment of the formi = j = e assigns to both variables i and j
the value of expression e; it should be treated as equivalent to the assignment
J = e followed by the assignment i = ;.

* Variables (such as i, j, and key) are local to the given procedure. We shall not
use global variables without explicit indication.

*  We access array elements by specifying the array name followed by the in-
dex in square brackets. For example, A[i] indicates the ith element of the
array A. The notation “.." is used to indicate a range of values within an ar-
ray. Thus, A[l.. /] indicates the subarray of A consisting of the j elements
A[1], A[2]...., A[j].

*  We typically organize compound data into objects, which are composed of
attributes. We access a particular attribute using the syntax found in many
object-oriented programming languages: the object name, followed by a dot,
followed by the attribute name. For example, we treat an array as an object
with the attribute /ength indicating how many elements it contains. To specify
the number of elements in an array A, we write A. length.

We treat a variable representing an array or object as a pointer to the data rep-
resenting the array or object. For all attributes f of an object x. setting y = x
causes y.f to equal x.f. Moreover, if we now set x.f = 3, then afterward not
only does x.f equal 3, but y.f equals 3 as well. In other words, x and y point
to the same object after the assignment y = x.

Our attribute notation can “cascade.” For example, suppose that the attribute f
isitself a pointer to some type of object that has an attribute g. Then the notation
x.f.g is implicitly parenthesized as (x.f).g. In other words, if we had assigned
y = x.f,then x.f.g is the same as y.g.

Sometimes, a pointer will refer to no object at all. In this case, we give it the
special value NIL.

*  We pass parameters to a procedure by value: the called procedure receives its
own copy of the parameters, and if it assigns a value to a parameter, the change
is not seen by the calling procedure. When objects are passed, the pointer to
the data representing the object is copied, but the object’s attributes are not. For
example, if x is a parameter of a called procedure, the assignment x = y within
the called procedure is not visible to the calling procedure. The assignment
x.f = 3, however, is visible. Similarly, arrays are passed by pointer, so that
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a pointer to the array is passed, rather than the entire array, and changes to
individual array elements are visible to the calling procedure.

* A return statement immediately transfers control back to the point of call in
the calling procedure. Most return statements also take a value to pass back to
the caller. Our pseudocode differs from many programming languages in that
we allow multiple values to be returned in a single return statement.

* The boolean operators “and” and “or™ are short circuiting. That is, when we
evaluate the expression “x and y” we first evaluate x. If x evaluates to FALSE,
then the entire expression cannot evaluate to TRUE, and so we do not evaluate y.
If., on the other hand, x evaluates to TRUE, we must evaluate y to determine the
value of the entire expression. Similarly, in the expression “x or y” we eval-
uate the expression y only if x evaluates to FALSE. Short-circuiting operators
allow us to write boolean expressions such as “x 7 NIL and x.f = y" without
worrying about what happens when we try to evaluate x.f when x is NIL.

* The keyword error indicates that an error occurred because conditions were

wrong for the procedure to have been called. The calling procedure is respon-
sible for handling the error, and so we do not specify what action to take.

Exercises

2.1-1
Using Figure 2.2 as a model, illustrate the operation of INSERTION-SORT on the
array A = (31.41,59,26,41.58).

2.1-2

Rewrite the INSERTION-SORT procedure to sort into nonincreasing instead of non-

decreasing order.

2.1-3

Consider the searching problem:

Input: A sequence of n numbers A = (ay.aa,...,a,) and a value v.

Output: An index i such that v = A[i] or the special value NIL if v does not
appear in A.

Write pseudocode for linear search, which scans through the sequence. looking

for v. Using a loop invariant, prove that your algorithm is correct. Make sure that
your loop invariant fulfills the three necessary properties.

2.14
Consider the problem of adding two n-bit binary integers, stored in two n-element
arrays A and B. The sum of the two integers should be stored in binary form in
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an (n + 1)-element array C. State the problem formally and write pseudocode for
adding the two integers.

2.2 Analyzing algorithms

Analyzing an algorithm has come to mean predicting the resources that the algo-
rithm requires. Occasionally, resources such as memory, communication band-
width, or computer hardware are of primary concern, but most often it is compu-
tational time that we want to measure. Generally, by analyzing several candidate
algorithms for a problem, we can identify a most efficient one. Such analysis may
indicate more than one viable candidate, but we can often discard several inferior
algorithms in the process.

Before we can analyze an algorithm, we must have a model of the implemen-
tation technology that we will use, including a model for the resources of that
technology and their costs. For most of this book, we shall assume a generic one-
processor, random-access machine (RAM) model of computation as our imple-
mentation technology and understand that our algorithms will be implemented as
computer programs. In the RAM model, instructions are executed one after an-
other, with no concurrent operations.

Strictly speaking, we should precisely define the instructions of the RAM model
and their costs. To do so, however, would be tedious and would yield little insight
into algorithm design and analysis. Yet we must be careful not to abuse the RAM
model. For example, what if a RAM had an instruction that sorts? Then we could
sort in just one instruction. Such a RAM would be unrealistic, since real computers
do not have such instructions. Our guide, therefore. is how real computers are de-
signed. The RAM model contains instructions commonly found in real computers:
arithmetic (such as add, subtract, multiply, divide, remainder, floor, ceiling), data
movement (load, store, copy), and control (conditional and unconditional branch,
subroutine call and return). Each such instruction takes a constant amount of time.

The data types in the RAM model are integer and floating point (for storing real
numbers). Although we typically do not concern ourselves with precision in this
book. in some applications precision is crucial. We also assume a limit on the size
of each word of data. For example, when working with inputs of size n, we typ-
ically assume that integers are represented by ¢ lgn bits for some constant ¢ > 1.
We require ¢ > 1 so that each word can hold the value of 1, enabling us to index the
individual input elements, and we restrict ¢ to be a constant so that the word size
does not grow arbitrarily. (If the word size could grow arbitrarily, we could store
huge amounts of data in one word and operate on it all in constant time—clearly
an unrealistic scenario.)
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Real computers contain instructions not listed above, and such instructions rep-
resent a gray area in the RAM model. For example, is exponentiation a constant-
time instruction? In the general case, no; it takes several instructions to compute x*
when x and y are real numbers. In restricted situations, however, exponentiation is
a constant-time operation. Many computers have a “shift left” instruction, which
in constant time shifts the bits of an integer by k positions to the left. In most
computers, shifting the bits of an integer by one position to the left is equivalent
to multiplication by 2, so that shifting the bits by & positions to the left is equiv-
alent to multiplication by 2%, Therefore, such computers can compute 2¥ in one
constant-time instruction by shifting the integer 1 by k positions to the left, as long
as k is no more than the number of bits in a computer word. We will endeavor to
avoid such gray areas in the RAM model, but we will treat computation of 2 as a
constant-time operation when k is a small enough positive integer.

In the RAM model, we do not attempt to model the memory hierarchy that is
common in contemporary computers. That is, we do not model caches or virtual
memory. Several computational models attempt to account for memory-hierarchy
effects, which are sometimes significant in real programs on real machines. A
handful of problems in this book examine memory-hierarchy effects, but for the
most part, the analyses in this book will not consider them. Models that include
the memory hierarchy are quite a bit more complex than the RAM model, and so
they can be difficult to work with. Moreover, RAM-model analyses are usually
excellent predictors of performance on actual machines.

Analyzing even a simple algorithm in the RAM model can be a challenge. The
mathematical tools required may include combinatorics, probability theory, alge-
braic dexterity, and the ability to identify the most significant terms in a formula.
Because the behavior of an algorithm may be different for each possible input, we
need a means for summarizing that behavior in simple, easily understood formulas.

Even though we typically select only one machine model to analyze a given al-
gorithm, we still face many choices in deciding how to express our analysis. We
would like a way that is simple to write and manipulate, shows the important char-
acteristics of an algorithm’s resource requirements, and suppresses tedious details.

Analysis of insertion sort

The time taken by the INSERTION-SORT procedure depends on the input: sorting a
thousand numbers takes longer than sorting three numbers. Moreover, INSERTION -
SORT can take different amounts of time to sort two input sequences of the same
size depending on how nearly sorted they already are. In general, the time taken
by an algorithm grows with the size of the input, so it is traditional to describe the
running time of a program as a function of the size of its input. To do so, we need
to define the terms “running time” and “size of input” more carefully.
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The best notion for input size depends on the problem being studied. For many
problems, such as sorting or computing discrete Fourier transforms, the most nat-
ural measure is the number of items in the inpur—for example, the array size n
for sorting. For many other problems, such as multiplying two integers, the best
measure of input size is the total number of bits needed to represent the input in
ordinary binary notation. Sometimes, it is more appropriate to describe the size of
the input with two numbers rather than one. For instance, if the input to an algo-
rithm is a graph, the input size can be described by the numbers of vertices and
edges in the graph. We shall indicate which input size measure is being used with
each problem we study.

The running time of an algorithm on a particular input is the number of primitive
operations or “steps” executed. It is convenient to define the notion of step so
that it is as machine-independent as possible. For the moment, let us adopt the
following view. A constant amount of time is required to execute each line of our
pseudocode. One line may take a different amount of time than another line, but
we shall assume that each execution of the ith line takes time ¢;, where ¢; is a
constant. This viewpoint is in keeping with the RAM model, and it also reflects
how the pseudocode would be implemented on most actual computers.®

In the following discussion, our expression for the running time of INSERTION-
SORT will evolve from a messy formula that uses all the statement costs ¢; to a
much simpler notation that is more concise and more easily manipulated. This
simpler notation will also make it easy to determine whether one algorithm is more
efficient than another.

We start by presenting the INSERTION-SORT procedure with the time “cost™
of each statement and the number of times each statement is executed. For each
J =2i% s n, where n = A.length, we let t; denote the number of times the
while loop test in line 5 is executed for that value of j. When a for or while loop
exits in the usual way (i.e., due to the test in the loop header), the test is executed
one time more than the loop body. We assume that comments are not executable
statements, and so they take no time.

5There are some subtleties here. Computational steps that we specify in English are often variants
of a procedure that requires more than just a constant amount of time. For example, later in this
book we might say “sort the points by x-coordinate,” which, as we shall see, takes more than a
constant amount of time. Also, note that a statement that calls a subroutine takes constant time,
though the subroutine, once invoked, may take more. That is, we separate the process of calling the
subroutine — passing parameters to it, etc.—from the process of executing the subroutine.
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INSERTION-SORT (A) cost times
1 for j = 2to A.length c n
2 key = A[j] I n—1
3 // Insert A[j] into the sorted
sequence A[l..j —1]. 0 n—1
4 i=j—1 Ca n—1
5  whilei > 0and A[i] > key ¢s gty
6 Ali + 1] = A[i] cs Y= 1)
7 i=i-1 ¢ Yt —=1)
8 Ali + 1] = key cg n—1

The running time of the algorithm is the sum of running times for each state-
ment executed; a statement that takes ¢; steps to execute and executes n times will
contribute ¢;n to the total running time.® To compute 7'(n), the running time of
INSERTION-SORT on an input of n values, we sum the products of the cost and
times columns, obtaining

n n
T(n) = cin+can—1)+cs(n—1)+ ('SZI,- + ¢¢ Z(l,— —1)

j=2 j=2

+er ) (=1 +esn—1).

j=2

Even for inputs of a given size, an algorithm’s running time may depend on
which input of that size is given. For example, in INSERTION-SORT, the best
case occurs if the array is already sorted. For each j = 2.3,..., n, we then find
that A[i] < key in line 5 when i has its initial value of j — 1. Thus ¢; = 1 for
J =2.3,....n, and the best-case running time is

T(n) cin+cn—1)4cyn—1)+cs(n—1)+cg(n—1)

(cr+ca+es+es+eg)n—(ca+c¢y+cs+cg).

Il

We can express this running time as an + b for constants a and b that depend on
the statement costs ¢;; it is thus a linear function of n.

If the array is in reverse sorted order—that is, in decreasing order—the worst
case results. We must compare each element A[;] with each element in the entire
sorted subarray A[l..j — 1],and sot; = j for j = 2,3,...,n. Noting that

SThis characteristic does not necessarily hold for a resource such as memory. A statement that
references m words of memory and is executed n times does not necessarily reference mn distinct
words of memory.
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(see Appendix A for a review of how to solve these summations), we find that in
the worst case, the running time of INSERTION-SORT is

1
T(n) = cn+caln—1)+cyn—1)+cs ("("2—+) — l)
nn—1 nn-—1
N i PR L s N
2 2
¢ ¢ c c ¢ ¢
(?54—?64'37)"24'(('1 +('2+('4+§—76—?7+('8)"

—(c2+cs+cs5+cg) .

We can express this worst-case running time as an® + bn + ¢ for constants a, b,
and ¢ that again depend on the statement costs ¢;; it is thus a quadratic function
of n.

Typically, as in insertion sort, the running time of an algorithm is fixed for a
given input, although in later chapters we shall see some interesting “randomized”
algorithms whose behavior can vary even for a fixed input.

Worst-case and average-case analysis

In our analysis of insertion sort, we looked at both the best case, in which the input
array was already sorted, and the worst case, in which the input array was reverse
sorted. For the remainder of this book, though, we shall usually concentrate on
finding only the worst-case running time, that is, the longest running time for any
input of size n. We give three reasons for this orientation.

* The worst-case running time of an algorithm gives us an upper bound on the
running time for any input. Knowing it provides a guarantee that the algorithm
will never take any longer. We need not make some educated guess about the
running time and hope that it never gets much worse.

* Forsome algorithms, the worst case occurs fairly often. For example, in search-
ing a database for a particular piece of information, the searching algorithm’s
worst case will often occur when the information is not present in the database.
In some applications, searches for absent information may be frequent.
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* The “average case” is often roughly as bad as the worst case. Suppose that we
randomly choose n numbers and apply insertion sort. How long does it take to
determine where in subarray A[l..j — 1] to insert element A[j]? On average,
half the elements in A[1.. j — 1] are less than A[/]. and half the elements are
greater. On average, therefore, we check half of the subarray A[1..; — 1], and
so t; is about j/2. The resulting average-case running time turns out to be a
quadratic function of the input size, just like the worst-case running time.

In some particular cases, we shall be interested in the average-case running time
of an algorithm; we shall see the technique of probabilistic analysis applied to
various algorithms throughout this book. The scope of average-case analysis is
limited, because it may not be apparent what constitutes an “average” input for
a particular problem. Often, we shall assume that all inputs of a given size are
equally likely. In practice, this assumption may be violated, but we can sometimes
use a randomized algorithm, which makes random choices, to allow a probabilistic
analysis and yield an expected running time. We explore randomized algorithms
more in Chapter 5 and in several other subsequent chapters.

Order of growth

We used some simplifying abstractions to ease our analysis of the INSERTION-
SORT procedure. First, we ignored the actual cost of each statement, using the
constants ¢; to represent these costs. Then, we observed that even these constants
give us more detail than we really need: we expressed the worst-case running time
as an® + bn + ¢ for some constants a, b, and ¢ that depend on the statement
costs ¢;. We thus ignored not only the actual statement costs, but also the abstract
costs ¢;.

We shall now make one more simplifying abstraction: it is the rate of growth,
or order of growth, of the running time that really interests us. We therefore con-
sider only the leading term of a formula (e.g., an?), since the lower-order terms are
relatively insignificant for large values of n. We also ignore the leading term’s con-
stant coefficient, since constant factors are less significant than the rate of growth
in determining computational efficiency for large inputs. For insertion sort, when
we ignore the lower-order terms and the leading term’s constant coefficient, we are
left with the factor of n” from the leading term. We write that insertion sort has a
worst-case running time of @ (n2) (pronounced “theta of n-squared”). We shall use
®-notation informally in this chapter, and we will define it precisely in Chapter 3.

We usually consider one algorithm to be more efficient than another if its worst-
case running time has a lower order of growth. Due to constant factors and lower-
order terms, an algorithm whose running time has a higher order of growth might
take less time for small inputs than an algorithm whose running time has a lower
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order of growth. But for large enough inputs, a @ (n?) algorithm, for example, will
run more quickly in the worst case than a @ (n?) algorithm.

Exercises

22-1
Express the function n? /1000 — 10072 — 1002 + 3 in terms of ®-notation.

222

Consider sorting n numbers stored in array A by first finding the smallest element
of A and exchanging it with the element in A[1]. Then find the second smallest
element of A4, and exchange it with A[2]. Continue in this manner for the firstn — 1
elements of A. Write pseudocode for this algorithm, which is known as selection
sort. What loop invariant does this algorithm maintain? Why does it need to run
for only the first 7 — 1 elements, rather than for all n elements? Give the best-case
and worst-case running times of selection sort in ®-notation.

22-3

Consider linear search again (see Exercise 2.1-3). How many elements of the in-
put sequence need to be checked on the average, assuming that the element being
searched for is equally likely to be any element in the array? How about in the
worst case? What are the average-case and worst-case running times of linear
search in ®-notation? Justify your answers.

224
How can we modify almost any algorithm to have a good best-case running time?

2.3 Designing algorithms

We can choose from a wide range of algorithm design techniques. For insertion
sort, we used an incremental approach: having sorted the subarray A[l..; — 1],
we inserted the single element A[j] into its proper place. yielding the sorted
subarray A[l.. j].

In this section, we examine an alternative design approach, known as “divide-
and-conquer.” which we shall explore in more detail in Chapter 4. We'll use divide-
and-conquer to design a sorting algorithm whose worst-case running time is much
less than that of insertion sort. One advantage of divide-and-conquer algorithms is
that their running times are often easily determined using techniques that we will
see in Chapter 4.
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Chapter 2 Genting Started

2.3.1 The divide-and-conquer approach

Many useful algorithms are recursive in structure: to solve a given problem, they
call themselves recursively one or more times to deal with closely related sub-
problems. These algorithms typically follow a divide-and-conquer approach: they
break the problem into several subproblems that are similar to the original prob-
lem but smaller in size, solve the subproblems recursively, and then combine these
solutions to create a solution to the original problem.

The divide-and-conquer paradigm involves three steps at each level of the recur-
sion:

Divide the problem into a number of subproblems that are smaller instances of the
same problem.

Congquer the subproblems by solving them recursively. If the subproblem sizes are
small enough, however, just solve the subproblems in a straightforward manner.

Combine the solutions to the subproblems into the solution for the original prob-
lem.

The merge sort algorithm closely follows the divide-and-conquer paradigm. In-
tuitively, it operates as follows.

Divide: Divide the n-element sequence to be sorted into two subsequences of 1 /2
elements each.

Conquer: Sort the two subsequences recursively using merge sort.

Combine: Merge the two sorted subsequences to produce the sorted answer.

The recursion “bottoms out” when the sequence to be sorted has length 1, in which
case there is no work to be done, since every sequence of length 1 is already in
sorted order.

The key operation of the merge sort algorithm is the merging of two sorted
sequences in the “combine” step. We merge by calling an auxiliary procedure
MERGE(A. p.q.r), where A is an array and p. ¢, and r are indices into the array
such that p < ¢ < r. The procedure assumes that the subarrays A[p..q] and
Alg + 1..r] are in sorted order. It merges them to form a single sorted subarray
that replaces the current subarray A[p..r].

Our MERGE procedure takes time ®&(n), where n = r — p + 1 is the total
number of elements being merged, and it works as follows. Returning to our card-
playing motif, suppose we have two piles of cards face up on a table. Each pile is
sorted, with the smallest cards on top. We wish to merge the two piles into a single
sorted output pile, which is to be face down on the table. Our basic step consists
of choosing the smaller of the two cards on top of the face-up piles, removing it
from its pile (which exposes a new top card), and placing this card face down onto
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the output pile. We repeat this step until one input pile is empty, at which time
we just take the remaining input pile and place it face down onto the output pile.
Computationally, each basic step takes constant time, since we are comparing just
the two top cards. Since we perform at most n basic steps, merging takes ©(n)
time.

The following pseudocode implements the above idea, but with an additional
twist that avoids having to check whether either pile is empty in each basic step.
We place on the bottom of each pile a sentinel card, which contains a special value
that we use to simplify our code. Here, we use oc as the sentinel value, so that
whenever a card with oc is exposed, it cannot be the smaller card unless both piles
have their sentinel cards exposed. But once that happens, all the nonsentinel cards
have already been placed onto the output pile. Since we know in advance that
exactly r — p + | cards will be placed onto the output pile, we can stop once we
have performed that many basic steps.

MERGE(A. p.q.r1)

I ny=¢q—p+1

2 np=r—gq

3 let L[1..ny + 1] and R[1..n> + 1] be new arrays
4 fori = 1ton,

5 Lli] = Alp+i—1]
6 forj = 1ton,

7 R[l=Alg+ ]

8

9

Lim+1] =
Rny+1] = ¢
10 i =1
1 j=1
12 fork = ptor
13 if L[i] < R[/]
14 Alk] = L[i]
15 i=i+1
16 else A[k] = R[]
17 j=Jj+1

In detail, the MERGE procedure works as follows. Line 1 computes the length 1,
of the subarray A[p..g], and line 2 computes the length n, of the subarray
Alg + 1..r]. We create arrays L and R (“left” and “right”), of lengths n, + 1
and n, + 1, respectively, in line 3; the extra position in each array will hold the
sentinel. The for loop of lines 4-5 copies the subarray A[p..q¢] into L[1..n,],
and the for loop of lines 6-7 copies the subarray Afg + 1..r] into R[1..n,].
Lines 8-9 put the sentinels at the ends of the arrays L and R. Lines 10-17, illus-
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Figure 2.3 The operation of lines 1017 in the call MERGE(A,9, 12, 16), when the subarray
A[9.. 16] contains the sequence (2,4, 5.7, 1,2, 3,6). After copying and inserting sentinels, the
array L contains (2, 4, 5.7, oc), and the array R contains (1, 2, 3. 6, oc). Lightly shaded positions
in A contain their final values, and lightly shaded positions in L and R contain values that have yet
to be copied back into A. Taken together, the lightly shaded positions always comprise the values
originally in A[9..16], along with the two sentinels. Heavily shaded positions in A contain values
that will be copied over, and heavily shaded positions in L and R contain values that have already
been copied back into A. (a)—(h) The arrays A, L, and R, and their respective indices k, i, and j
prior to each iteration of the loop of lines 12-17.

trated in Figure 2.3, perform the r — p 4 1 basic steps by maintaining the following
loop invariant:

At the start of each iteration of the for loop of lines 12-17, the subarray
Alp..k — 1] contains the k — p smallest elements of L[1..n; + 1] and
R[1..n, + 1], in sorted order. Moreover, L[i] and R[] are the smallest
elements of their arrays that have not been copied back into A.

We must show that this loop invariant holds prior to the first iteration of the for
loop of lines 12-17, that each iteration of the loop maintains the invariant, and
that the invariant provides a useful property to show correctness when the loop
terminates.

Initialization: Prior to the first iteration of the loop, we have k& = p. so that the
subarray A[p ..k — 1] is empty. This empty subarray contains the k — p = 0
smallest elements of L and R, and sincei = j = 1, both L[i] and R[/] are the
smallest elements of their arrays that have not been copied back into A.
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Figure 2.3, continued (i) The arrays and indices at termination. At this point, the subarray in
A[9..16] is sorted, and the two sentinels in L and R are the only two elements in these arrays that
have not been copied into A.

Maintenance: To see that each iteration maintains the loop invariant, let us first
suppose that L[i] < R[j]. Then L[i] is the smallest element not yet copied
back into A. Because A[p ..k — 1] contains the k — p smallest elements, after
line 14 copies L[i] into A[k], the subarray A[p ..k] will contain the k — p + 1
smallest elements. Incrementing k (in the for loop update) and 7 (in line 15)
reestablishes the loop invariant for the next iteration. If instead L[i] > R[j].
then lines 1617 perform the appropriate action to maintain the loop invariant.

Termination: At termination, k = r + 1. By the loop invariant, the subarray
A[p ..k —1]. which is A[p..r], contains the k — p = r — p + | smallest
elements of L[1..n; + 1] and R[1..n2 + 1], in sorted order. The arrays L
and R together contain n, 4+ n, + 2 = r — p + 3 elements. All but the two
largest have been copied back into A, and these two largest elements are the
sentinels.



