Chapter 1

Program Design

1.1 Introduction

The programming process is similar in approach and creativity to writing a paper. In composition, you
are writing to express ideas; in programming you are expressing a computation. Both the programmer
and the writer must adhere to the syntactic rules (grammar) of a partianfzrage In prose, the funda-
mental idea-expressing unit is the sentence; in programming, two-tgitiementandcomments-are
available.

Standing back, composition from technical prose to fiction should be organized broadly, usually
through an outline. The outline should be expanded as the detail is elaborated, and the whole re-examined
and re-organized when structural or creative flaws arise. Once the outline settles, you begin the actual
composition process, using sentences to weave the fabric your outline expr€dadsy in writing
occurs when your sentences, both internally and globally, communicate the outline succinctly and clearly.
We stress this approach here, with the aim of developipgopgramming style that produces efficient
programs that humans can easily understand

To a great degree, no matter which language you choose for your composition, the idea can be ex-
pressed with the same degree of clarity. Some subtleties can be better expressed in one language than
another, but the fundamental reason for choosing your language is your audience: People do not know
many languages, and if you want to address the American population, you had better choose English
over Swahili. Similar situations happen in programming languages, but they are not nearly so complex
or diverse. The number of languages is far fewer, and their differences minor. Fortran is the oldest lan-
guage among those in use today. C and C++ differ from it somewhat, but there are more similarities
than not. MATLAB's language, written in C and Fortran, was created much later than these two, and its
structure is so similar to the others that it can be easily mastered. The C++ language is an extension of
the C language that places its emphasis on object oriented programming (OOP) methods. Fortran added
object oriented capabilities with its F90 standard, and additional enhancements for parallel machines
were issued with F95. The Fortran 2000 standard is planned to contain more user-friendly constructs for
polymorphism and will, thus, enhance its object-oriented capabilities. This creation of a new language
and its similarity to more established ones are this book’s main points: More computer programming lan-
guages will be created during your career, but these new languages will probably not be much different
than ones you already know. Why should new languages evolve2AtnAs’s case, it was the desire to
express matrix-like expressions easily that motivated its creation. The difference betweensgvand
Fortran 90 is infinitesimally small compare to the gap between English and Swalhili.

An important difference between programming and composition is that in programming you are writ-
ing for two audiences: people and computers. As for the computer audience, what you write is “read” by
interpreters and compilers specific to the language you used. Thegignegid about syntactic rules,
and perfornexactlythe calculations you say. It is like a document you write being read by the most de-
tailed, picky person you know; every pronoun is questioned, and if the antecedent is not perfectly clear,
then they throw up their hands, rigidly declaring that émire document cannot be understood. Your
picky friend might interpret the sentence “Pick you up at eight” to mean that you will literally lift him or
her off the ground at precisely 8 o’clock, and then demand to know whether the time is in the morning or
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afternoon and what the date is.

Humans demand even more from programs. This audience consists of two main groups, whose goals
can conflict. The larger of the two groups consistsi®érs Users care about how the program presents
itself, its user interfaceand how quickly the program runs, heifficientit is. To satisfy this audience,
programmers may use statements that are overly terse because they know how to make the program more
readable by the computer’s compiler, enabling the compiler to produce faster, but less human-intelligible
program. This approach causes the other portion of the audiep@@rammers-to boo and hiss. The
smaller audience, of whicjou are also a member, must be able to read the program so that they can
enhance and/or change it. A characteristic of programs, which further distinguishes it from prose, is
that you and others will seek to modify your program in the future. For example, in the 1960s when
the first version of Fortran was created, useful programs by today’s standards (such as matrix inversion)
were written. Back then, the user interface possibilities were quite limited, and the use of visual displays
was limited. Thirty years later, you would (conceivably) want to take an old program, and provide a
modern user interfacdf the program is structurally sound (a good outline and organized well) and is
well-written, re-using the “good” portions is easy accomplished.

The three-audience situation has prompted most languages to sbpfgiocomputer-oriented and
human-oriented “prose”. The program’s meaning is conveyest@gmentsand is what the computer
interprets. Humans read this part, which in virtually all languages bears a strong relationship to mathe-
matical equations, and also ree@mmentsComments areotread by the computer at all, but are there
to help explain what might be expressed in a complicated way by programming language Jyreax.
document or program you write today should be understandable tompnatonly by you, but also by
others. Sentences and paragraphs should make sense after a day or so of gestation. Paragraphs and larger
conceptual units should not make assumptions or leaps that confuse the reader. Otherwise, the document
you write for yourself or others served no purpose. The same is true with programming; the program’s
organization should be easy to follow and the way you write the program, using both statements and com-
ments, should help you and others understand how the computation proceeds. The existence of comments
permits the writer to directly express the program'’s outline in the program to help the reader comprehend
the computation.

These similarities highlight the parallels between composition and programming. Differences become
evident because programming is, in many ways, more demanding than prose writing. On one hand, the
components and structure of programming languages are far simpler than the grammar and syntax of any
verbal or written language. When reading a document, you can figure out the misspelled words, and not
be bothered about every little imprecision in interpreting what is written. On the other, simple errors, akin
to misspelled words or unclear antecedents, can completely obviate a program, rendering it senseless or
causing it to go wildly wrong during execution. For example, there is no real dictionary when it comes
to programming. You can define variable names containing virtually any combination of letters (upper
and lower case), underscoresid numbers. A typographical error in a variable’s name can therefore
lead to unpredictable program behavior. Furthermore, computer execution speeds are becoming faster
and faster, meaning that increasingly complex programs can run very quickly. For example, the program
(actually groups of programs) that run NASA's space shuttle might be comparable in size to Bego's
Misérables but its complexity and immediate importance to the “user” far exceeds that of the novel.

As a consequence, program design must be extremely structured, having the ultimate intentions of
performing a specific calculation efficiently with attractive, understandable, efficient programs. Achiev-
ing these general goals means breaking the program into components, writing and testing them separately,
then merging them according to the outline. Toward this end, we stredslar programmingModules
can be on the scale of chapters or paragraphs, and share many of the same features. They consist of a se-
quence of statements that by themselves express a meaningful computation. They can be merged to form
larger programs by specifying what they do and how timgrfaceto other packages of software. The
analogy in prose is agreeing on the character's names and what events are to happen in each paragraph
so that events happen to the right people in the right sequence once the whole is formed. Modules can be
re-used in two ways. As with our program from the 1960s, we would “lift” the matrix inversion routine
and put a different user interface around it. We can also re-use a routine within a program several times.
For example, solving the equations of space flight involves the inversion of many matrices. We would
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want our program to use the matrix inversion routine over and over, presenting it with a different matrix
each time.

The fundamental components of good program design are

1. Problem definition, leading to a program specification

2. Modular program design, which refines the specification

3. Module composition, which translates specification into executable program

4. Module/program evaluation and testing, during which you refine the program and find errors
5. Program documentation, which pervades all other phases

The result of following these steps is an efficient, easy-to-use program that has a user’s guide (how does
someone else run your program) and internal documentation so that other programmers can decipher the
algorithm.

Today it is common in a university education to be required to learn at least one foreign language.
Global interactions in business, engineering, and government make such a skill valuable to one’s career.
Soitis in programming. One often needs to be able to read two or three programming largaages
if you compose programs in only one language. It is common for different program modules, in different
languages, to be compiled separately and then brought together by a “linker” to form a single executable.
When something goes wrong in such a process it is usually helpful to have a reading knowledge of the
programming languages being used.

When composing to express ideas there are, at least, two different approaches to consider: poetry and
prose. Likewise, in employing programming languages to create software there are distinctly different
approaches available. The two most common ones are “procedural programming” and “object-oriented
programming.” The two approaches are conceptually sketched in Fig. 1.1. They differ in the way that the
software development and maintenance are planned and implemented. Procedures may use objects, and
objects usually use procedures, calfadthods Usually the object-oriented code takes more planning
and is significantly larger, but it is generally accepted to be easier to maintain. Today when one can have
literally millions of users active for years or decades, maintenance considerations are very important.

1.2 Problem Definition

The problem the program is to solve must be well specified. The programmer must broadly frame the
program’s intent and context by answering several questions.

e What must the program accomplish?
From operating the space shuttle to inverting a small matrix, some thought must be gham to
the program will do what is needed. In technical terms, we need to defirdgbethmemployed
in small-scale programs. In particular, numeric programs need to consider well how calculations
are performed. For example, finding the roots of a general polynataraknds numeric (non-
closed form) solution. The choice of algorithm is influenced by the variations in polynomial order
and the accuracy demanded.

e What inputs are required and in what forms?
Most programs interact with humans and/or other programs. This interaction needs to be clearly
specified as tovhatformat the data will take andthenthe data need to be requested or arrive.

e What is the execution environment and what should be in the user interface?
Is the program a stand-alone program, calculating the quadratic formula for example, or do the
results need to be plotted? In the former case, simple user input is probably all that is needed, but
the programmer might want to write the program so that its key components could be used in other
programs. In the latter, the program probably needs to be written so that it meshes well with some
pre-written graphics environment.
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Generation n Generation n+1

Figure 1.1 Here, the game is played on & 8 square array, and the filled squares indicate the presence
of life. The arrows emanating from one cells radiate to its eight neighbors. The rules are applied to the

nth generation to yield the next. The row of three filled cells became a column of three, for example.
What is going to happen to this configuration the next generation?

e What are the required and optional outputs, and what are their formats (printed, magnetic, graph-
ical, audio)?
In many cases, output takes two formmsteractiveandarchival. Interactive output means that the
programs results must be provided to the user or to other programs. Data format must be defined
so that the user can quickly see or hear the programs results. Archival results need to be stored on
long-term media, such as disk, so that later interpretation of the file's contents is easy (recall the
notion of being able to read tomorrow what is written today) and that the reading process is easy.

The answers to these questions help programmers organize their thoughts, and can lead to decisions
about programming language and operating environment. At this point in the programming process, the
programmer should know what the program is to do and for whom the program is written. We don’t yet
have a clear notion of how the program will accomplish these tasks; that comes down the road. This
approach to program organization and design is knowio@gslowndesign. Here, broad program goals

and context is defined first, with additional detail filled in as needed. This approach contraststéath-
updesign, where the detail is decided first, then merged into a functioning whole. For programming, top-
design makes more sense, but you as well as professional programmers are frequently lured into writing
code immediately, usually motivated by the desire to “get something running and figure out later how to
organize it all.” That approach is motivated by expediency, but usually winds up being more inefficient
than a more considered, top-down approach that takes longer to get off the ground, but with increased
likelihood of working more quickly. The result of defining the programming problemsigeification

how is the program structured, what computations does it perform, and how should it interact with the
user.

An Extended Example: The Game of Life
To illustrate how to organize and write a simple program, let’s structure a program thafplyame

of Life. Conway'’s “Game of Life” was popularized in Martin Gardner’'s Mathematical Games column in
the October 1970 and February 1971 issueSa@éntific AmericanThis game is an example of what is
known in computer science asllular automata An extensive description of the game can be found in
The Recursive Univerdgy William Poundstone (Oxford University Press, 1987).

The rules of the game are quite simple. Imagine a rectangular array of square cells that are either
empty (no living being present) or filled (a being lives there). As shown in Fig. 1.1, each cell has eight
neighboring cells. At each tick of the clock, a new generation of beings is produced according to how
many neighbors surround a given cell.

o If a cell is empty, fill it if three of its neighboring cells are filled; otherwise, leave it empty.

e Ifacellisfilled, it
dies of loneliness if it has zero or one neighbors,
continues to live if it has two or three neighbors,
dies of overcrowding if it has more than three neighbors.
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The programming task is to allow the user to “play the game” by letting him or her define initial
configurations, start the program, which applies the rules and displays each generation, and stop the
game at any time the user wants, returning to the initialization stage so that a new configuration can be
tried. To understand the program task, we as programmers need to pose several questions, some of which
might be

e What computer(s) are preferred, and what kind of display facilities do they have?
¢ |s the size of the array arbitrary or fixed?
e Am | the only programmer?

No matter how these questions are answered, we start by forming the program’s basic outline. Here is
one way we might outline the program in a procedural fashion.

1. Allow the user to initialize the rectangular array or quit the program.
2. Start the calculation of the next generation.

(a) Apply game rules to the current array.

(b) Generate a new array.

(c) Display the array.

(d) Determine whether the user wants to stop or not.

i. If not, go back to 2a.
ii. Ifso,gotostepl

Note how the idea of reusing the portion of the program that applies game rules arises naturally. This
idea is peculiar to programming languages, having no counterpart in prose (It's like being told at the end
of a chapter to reread it!). This kind tdfopingbehavior also occurs when we go back and allow the user

to restart the program.

This kind of outline is a form opseudocode’ A programming language-like expression of how
the program operates. Note that at this point, the programming process is language-independent. Thus
informal pseudocodallows us to determine the program’s broad structure. We have not yet resolved
the issue of how, or if, the array should be displayed: Should it be refreshed as soon as a generation
is calculated, or should we wait until a final state is reached or a step limit is exceeded? Furthermore,
if calculating each generation takes a fair amount of time, our candidate program organization will not
allow the user to stop the program until a generation’s calculations have been finished. Consequently, we
may, depending on the speed of the computer, want to limit the size of the array. A more detailed issue
is how to represent the array internally. These issues can be determined later; programmers frequently
make notes at this stage about how the program would behave with this structure. Informal pseudocode
should remain in the final program in the form of comments.

Writing a program’s outline is not a meaningless exercisiaw the program will behave is deter-
mined at that point. An alternative would be to ask the user how many generations should be calculated,
then calculate all generations, and display the results as a movie, allowing the user to go backward, play
in slow motion, freeze-frame, etc. Our outline will not allow such visual fun. Thus, programmers usually
design several candidate program organizations, understand the consequences of each, and determine
which best meets the specifications.

fThe use of the word “code” is interesting here. It means program as both a noun and a verb: From the earliest days of
programming, what the programmer produced was caltete and what he or she did was “code the algorithm.” The origin of
this word is somewhat mysterious. It may have arisen as an analogy to Morse code, which used a series of dots and dashes as an
alternative to the alphabet. This code is tedious to read, but ideal for telegraphic transmission. A program is an alternate form of an
algorithm better suited to computation.
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Program

Main Control
Subprogram #1

Subprogram #2

Figure 1.2 Modular program organization relies on self-contained routines where the passage of data (or
messages) from one to the other is very well defined, and each routine’s (or objects) role in the program
becomes evident.

1.3 Modular Program Design

We now need to define what the routines are and how they are interwoven to archive the program’s goals.
(We will deepen this discussion to include objects and messages when we introduce object-oriented
formulations in Sec. 1.7.) What granulariyhow large should a routine becomes with programming
experience and depends somewhat on the language used to express it. A program typically begins with
a main segment that controls or directs the solution of the problem by dividing it into sub-tasks (see
Figure 1.2). Each of these may well be decomposed into other routines. This step-wise refinement
continues as long as necessary, as long as it benefits program clarity and/or efficiencmodihiar
program desigts the key feature of modern programming design practice. Furthermore, routines can be
tested individually, and replaced or rewritten as needed. Before actually writing each routine, a job known
in computer circles as thenplementationthe program’s organization can be studied: Will the whole
satisfy design specifications? Will the program execute efficiently? As the implementation proceeds,
each routine’snterfaceis defined: How does it interact with its mastethe routine thatalledit —and

how are data exchanged between the two? In some most languages, this interfaceaatyyged

The routine’s interface-what it expects and what values it calculatesan be defined and the whole
program merged together and compiled to check for consistency without perfamycglculations. In

small programs, where you can have these routine definitions easily fitting onto one page, this prototyping
can almost be performed visually. In complex programs, where there may be hundreds or thousands of
routines, such prototypingally pays off. Once the interfaces begin to form, we ask whether they make
sense: Do they exchange information efficiently? Does each routine have the information it needs or
should the program be reorganized so that data exchange can be accomplished more efficiently?

From another viewpoint, you should develop a programming style that “hedges your bets:” Programs
should be written in such a way that allows their components to be used in a variety of contexts. Again,
using a modular programming style, the fundamental components of the calculation should be expressed
as a series of subroutines or functions, the interweaving of which is controlled by a main program that
reads the input information and produces the output. A modular program can have its components ex-
tracted, and used in other programs (program re-use) or interfaced to environments. So-called monolithic
programs, which tend not to use routines and express the calculation as a single, long-winded program,
should not be written.

We emphasize that this modular design process proeeidusutactually writing program statements.

We use a programming-like language, knowificamal pseudocodeo express in prose what routines call
others and how. This prose might re-express a graphic representation of program organization, such as
that shown in Figure 1.2. In addition, expressing the program’s design in pseudocode eases the transition
to program compoaosition, the actual programming process. The components of formal pseudocode at this
point are few:
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1 I This is a comment line in Fortran 90

2

3 program main I a program called main

4 ! begin the main program

5 print *,"Hello, world" ! * means default format

6 end program main ! end the main program

1 /I This is a comment line in C++ .

2 #include <iostream.h>  // standard input output library

3

4 main () /I a program called main

5 /I begin the main program
6 cout << "Hello, world" << endl ; // endl means new line )

7 return O; /I needed by some compilers
8 /I end the main program
% % This is a comment line in MATLAB

3 function main () % a program called main

4 % begin the main program

5 disp ('Hello, world’); % display the string

6 % end the main program

Figure 1.3 'Hello World’ Program and Comments in Three Languages

e commentshat we allow to include the original outline and to describe computational details;

e functionsthat express each routine, whether it be computational or concerned with the user inter-
face;

e conditionalsthat express changing the flow of a program; and
o |oopsthat express iteration.

Comments. A comment begins with a comment character, which in our pseudocode we take to be the
exclamation point , and ends when the line ends. Comments can consume an entire line or the right
portion of some line.

| This is a comment: you can read it, but the computer won't

Statements

statement | From the comment character to end of this line is a comment

Statements

The statements cited in the above lines share the status of the sentence that characterizes most written

languages. It is made up of components specific to the syntax of the programming language in use. For
example, most programming books begin with a program that does nothing but print “Hello world” on
the screen (or other output device). The pseudocode for this might have the following form:

! if necessary, include the device library

initiate my program, say main

send the character string “Hello world” to the output device library

terminate my program

Figure 1.3 illustrates this in three common languages, beginning with F90. At this point one can now
say that they are multi-lingual in computer languages. Here, too, we may note that, unlike the other two
languages shown, in Fortran when we begin a specific type of software construct, we almost always ex-
plicitly declare where we are ending its scope. Here the construct papra@ram andend program

but the same style holds true fiér andend if pairs, for example. All languages have rules and syntax

to terminate the scope of some construct, but when several types of different constructs occur in the same
program segment, it may be unclear in which order they are terminating.

Functions. To express a program’s organization through its component routines and routines, we use
the notation of mathematicainctions Each program routine accepts inputs, expressed as arguments of
a function, performs its calculations, and returns the computational results as functional values.

output _1 = routine (input _1,...input —_m)

or
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call routine (input _1,.., input _m, output _1,..., output —_n)

In Fortran, a routine evaluating a single output object, as in the first style, is cdileatt#onand, oth-

erwise, it is called asubroutine Other languages usually use the term function in both cases. Each
routines’s various inputs and results are representedhbigbles which, in sharp contrast to mathemat-

ical variables, have text-like names that indicate what they contain. These hames norsaates, but

may contain several words. There are two conventions for variable names containing two or more words:
either words are joined by the underbar character (like next _generation ) or each word begins

with an uppercase letter (likdextGeneration ). The results of a routines’s computation are always
indicated by a sequence of variables onléfeside of the equals siga. The use of an equals sign does

not mean mathematical equality; it is a symbol in our pseudocode that means “assign a routines’s results
to the variables (in order) listed on the left.”

Conditionals. To create something other than a sequential execution of routines, conditionals form a
test on the values of one or more variables, and continue execution at one point or another depending
on whether the test was true or false. That is usually done with thetatement. It either performs the
instruction(s) that immediately follow (after thieen keyword) if some condition is valid (like>0) or

those that follow thelse statement if the condition is not true.

if test then

statement group A ! executed if true
else

statement group B I executed if false
end if

The test here can be very complicated, but is always based on values of variables. Parentheses should be
used to clarify exactly what the test is. For example,

(x > 0) and (y = 2)

One special statement frequently foundfinstatements istop : This command means to stop or abort
the program, usually with a fatal error message.

Conditionals allow the program to execute non-sequentiallygtig mode allowed by statements).
Furthermore, program execution order can be data-dependent. In this way, how the program be-
haves—what output it produces and how it computes the outpdépends on what data, or messages, it
is given.This means that exact statement execution order is determined by the data, and/or messages, and
the programmer- not just the programmett is this aspect of programming languages that distinguishes
them from written or spoken languages. An analogy might be that chapters in a novel are read in the
order specified by the reader’s birthday; what that order migli$ determined by the novelist through
logical constructs. The tricky part is that in programming languages, each executiomustenake
sense and not lead to inconsistencies or, at worst, errors: The novel must make sense in all the ways the
novelist allows. This data- and message-dependent execution order can be apgliguicgramming
levels, from routine execution to statements. Returning to our analogy to the novel, chapter (routine)
order and sentence (statement) order depend on the reader’s birthday. Such complexity in prose has little
utility, but does in programming. How else can a program be written that informs the user on what day
of the week and under what phase of the moon she was born given the birth date?

Loops. Looping constructs in our formal pseudocode take the forrdaofoops where the keyword

do is paired with the key phrassnd do to mean that the expressions and routine invocations contained
therein are calculated in order (from top to bottom), then calculated again starting with the first, then
again, then again, ..., forever. The loogases only when we explicitly exit it with tlegit command.

The pseudocode loop shown below on the left has the execution history shown on the right.

do

y = routine  _1(x) y = routine _1(x)

z = routine 2(y z = routine _2(y

X = routine 3(z X = routine _3(z) [let's say x=-1]

if x > 0 then y = routine _1(X

exit z = routine _2(y

end if X = routine _3(z) [let's say x=1]

end do [program ends]
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| Loop | Pseudocode |

Indexed loop do index=b,i,e
Statements
end do

Pre-test loop while (test)
statements
end while

Post-test loop do
Statements
if test exit

end do

Table 1.1 Pseudocode loop constructs

Infinite loopsoccur when the Boolean expression always evaluates to true; these are usually not what
the programmer intended and represent one type of program-eartioug.” The constructs enclosed
by the loop can banything statements, logical constructs, and other loops! Because of this variety,
programs can exhibit extremely complex behaviors. How a program behaves dep¢inelg on the
programmer and how their definition of the program flows based on user-supplied data and messages.
The pseudocode loops are defined in Table 1.1.

1.4 Program Composition

Composing a program is the process of expressing or translating the program design into computer lan-
guage(s) selected for the task. Whereas the program design can often be expressed as a broad outline,
each routine’s algorithm must be expressed in complete detail. This writing process elaborates the formal
pseudocode and contains more explicit statements that more greatly resemble generic program state-
ments.

Generic programming language elements fall into five basic categories: the four we had be-
fore—comments, loops, conditionals, and functiersnd statements We will expand the variety of
comments, conditionals, loops, and functions/subroutines, which define routines and their interfaces.
The new element is the statement, the workhorse of programming. It is the statement that actually per-
forms a concrete computation. In addition to expanding the repertoire of programming constructs for
formal pseudocode, we also introduce what these constructs arainAd, Fortran, and C++. As we
shall see, formal pseudocode parallels these languages; the translation from pseudocode to executable
program is generally easy.

1.4.1 Comments

Comments need no further elaboration for pseudocode. However, programmers are encouraged to make
heavy use of comments.

1.4.2 Statements

Calculation is expressed tstatementswhich share the structure (and the status) of the sentence that
characterizes virtually all written language. Statements that are always executed one after the other as
written. A statement in most languages has a simple, well-defined structure common to them all.

variable = expression

TThis term was originated by Grace Hopper, one of the first programmers. In the early days of computers, they were partially
built with mechanical devices known as relays. A relay is a mechanical switch that controls which way electric current flows:
The realization of the logical construct in programming languages. One day, a previously working program stopped being so.
Investigation revealed that an insect had crawled into the computer and had become lodged in a relay’s contacts. She then coined
the term “bug” to refer not only to such hardware failures, but to software ones as well since the user becomes upset no matter
which occurs.

©2001 J.E. Akin 9



Statements are intended to bear a great resemblance to mathematical equations. This analogy with math-
ematics can appear confusing to the first-time programmer. For example, the statementl , which
means “increment the variabdeby one” makes perfect sense as a programming statement, but no sense
as an algebraic equality since it seems to say(@hatl. Once you become more fluent in programming
languages, what is mathematics and what is programming become easily apparent. Statements are said to
beterminatedwhen a certain character is encountered by the interpreter or the compiler. In Fortran, the
termination character is a carriage return or a semicgldnlf C++, all statements must be terminated
with a semicolon or a comma, carriage returnsndbterminate statements. MLAB statements may
end with a semicolon;” to suppress display of the calculated expression’s value. Most statements in
MATLAB programs end thusly.

Sometimes, statements become quite long, becoming unreadable. Two solutions to improve clarity
can be used: decompose the expression into simpler expressionsamtiseiation markerso allow
the statement to span more than one line of text. The first solution requires you to use intermediate vari-
ables, which only results in program clutter. Multiline statements can be broken at convenient arithmetic
operators, and this approach is generally preferred. C++ has no continuation character; statements can
span multiple text lines, and end only when the semicolon is encounteredalnAd, the continuation
character sequence comprise three periods* placed at the end of each text line (before the carriage
return or comment character). In Fortran, a statement is continued to the next line when an angersand
is the last character on the line.

Variables. A variableis a named sequence of memory locations to which values can be assigned. As
such, every variable has an address in memory, which most languages conceal from the programmer so as
to present the programmer wittseorage modeihdependent of the architecture of the computer running

the program. Program variables correspond roughly to mathematical variables that can be integer, real,
or, complex-valued. Program variables can be more general than this, being able in some languages
to have values equal to a user-defined data type or object which, in turn, contains sequences of other
variables. Variables in all languages haxames a sequence of alphanumeric characters that cannot
begin with a number. Thus, A, a2, andadb are feasible variable names (i.e., the interpreter or compiler

will not complain about these) whika is not. Since programs are meant to be read by humans as well as
interpreters and compilers, such names may not lead to program degityifthey are carefully defined

and documented. The compiler/interpreter does not care whether humans can read a program easily or
not, but you shouldUse variable names that express what the variables repregemtexample, use

force as aname rather thdnusei ,j, andk for indices rather thain ori1l .

In most languages, variables haype the kind of quantity stored in them. Frequently occurring
data types are integer and floating point, for example. Integer variables would be chosen if the variable
were only used as an array index; floating point if the variable might have a fractional part.

In addition to having a name, type, and address, each variable has a value of the proper type. The
value should be assigned before the variable is used elsewhere. Compilers should indicate an error if a
variable is used before it has been assigned a value. Some languages allow variables to have aliases which
are usually referred to as “pointers” or “references”. Most higher level languages also allow programmers
to create “user defined” data types.

Assignment Operator. The symbok in a statement mearssignmentf the expression into the vari-
able provided on the left. This symbol does not mean algebraic equality; it means thakpirssion

is computed, its value is stored in thariable . Thus, statements that make programming sense, like
a=a+1, make no mathematical sense becausarieans different things in the two contexts. Fortran
90, and other languages, allow the user to extend the meaning of the assignment synbater
operations. Such advanced features are referred to as “operator overloading”.

Expressions. Just as in mathematics, expressions in programming languages can have a complicated
structure. Most encountered in engineering programs amount to a mathematical expression involving
variables, numbers, and functions of variables and/or numbers. For example the following are all valid
statements.

A=B

X = sin(2*z
force = G*massl*mass2/(r*r)
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Thus, mathematical expressions obey the usual mathematical conventions, but with one added complex-
ity: Vertical position cannot be used help express what the calculation is; program expressions have only
one dimension. For example, the notatipnclearly expresses to you how to perform the calculation.
However, the one-dimensional equivalent, obtained by smashing this expression onto one line, becomes
ambiguous: doesa/bc mean dividea by b then multiply bye, or divide a by the product ob andc?
This ambiguity is relieved in program expressions in two ways. The first, the human-oriented way, de-
mands the use of parenthesegrouping constructs-to clarify what is being meant, as {a/b)c . The
language-oriented way makes usepafcedence rulesVhat an expression means is inferred from a set
of rules that specify what operations take effect first. In our example, because division is stronger than
multiplication,a/bc means(a/b)c. Most people find that frequent reliance on precedence rules leads to
programs that take a long time to decipher; the compiler/interpreter is “happy” either way.

Expressions make use of the common arithmetic and relational operators. They may also involve
function evaluations; thein function was called in the second expression given in the previous example.
Programming expressions can be as complicated as the arithmetic or Boolean-algebra ones they emulate.

1.4.3 Flow Control

If a program consisted of a series of statements, statements would be executed one after the other, in the
order they were written. Such is the structure of all prose, where the equivalent of a statement is the
sentence. Programming languages differ markedly from prose in that statements can be meaningfully
executed over and over, with details of each execution differing each time (the value of some variable
might be changed), or some statements skipped, with statement ordering dependent on which statements
were executed previously or upon external events (the user clicked the mouse). With this extra variability,
programming languages can be more difficult for the human to trace program execution than the effort
it takes to read a novel. In written languages, sentences can be incredibly complex, much more so
than program statements; in programming, the sequencing of statery@otgram flow—can be more
complex.

The basic flow control constructs present in virtually all programming languagedoaps
— repetitive execution of a series of statementndconditionals—diversions around statements.

Loops. Historically, the loop has been a major tool in designing the flow control of a procedure and one
would often code a loop segment without giving it a second thought. Today massively parallel computers
are being widely used and one must learn to avoid coding explicit loops in order to take advantage of
the power of such machines. Later we will review which intrinsic tools are included in F90 for use on
parallel (and serial) computers to offer improved efficiency over explicit loops.

The loop allows the programmer to repeat a series of statements, with a paratietéyop vari-
able—taking on a different value for each repetition. The loop variable can be an integer or a floating-
point number. Loops can be used to control iterative algorithms, such as the Newton-Raphson algorithm
for finding solutions to nonlinear equations, to accumulate results for a sequential calculation, or to
merely repeat a program phrase, such as awaiting for the next typed input. Loops are controlled by a
logical expression , which when evaluated toue allows the loop another iteration and when false
terminates the loop and commences program execution with the statement immediately following those
statements enclosed within the loop.

There are three basic kinds of looping constructs, the choice of which is determined by the kind
of iterative behavior most appropriate to the computation. ifldexed loopoccurs most frequently in
programs. Here, one loop variable varies across a range of values. In pseudocode, the index’s value
begins ab, increments each time through the loopihyand the loop ends when the index exceeds
For example:

doj=D, e i
or using the default increment of unity:
doj=b, e

As an example of an indexed loop, let’s explore summing the series of numbers stored in the array
If we knew the number of elements in the array when we write the program, the sum can be calculated
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explicitly without using a loop.
sum = A1 + A + A3 + A4

However, we have already said that our statements must be on a single line, so we need a way to repre-
sent the subscript attached to each number. We develop the convention that a subscript is placed inside
parentheses like

sum = A(l) + A(2) + A@3) + A@)

Such programs are very inflexible, and thard-wiredprogramming style is discouraged. For example,
suppose in another problem the array contains 1,000 elements. With an indexed loop, a more flexible,
easier to read program can be obtained. Here, the index assumes a succession of values, its value tested
against the termination vallreforethe enclosed statements are executed, with the loop terminating once
this test fails to be true. The following generic indexed loop also sums array elements, but in a much
more flexible, concise way.

sum = 0

for i = 1,n

sum = sum + A(i)

end for
Here, the variablea doesnotneed to be known when the program is written; this value can wait until the
program executes, and can be established by the user or after data is read.

In F90 the extensive support for matrix expressions allowglicit loops For example, consider

the calculation onfil z;y;. The language provides at least three ways of performing this calculation.
Assuming the vectors andy are column vectors,

1. sumxy =0
N = size(x)
doi = 1N
sumxy = sum_xy + Xx(i)*y(i)
end do

2. sum xy = sum(x*y)

3. sum xy = dot _product(x,y)

The first method is based on the basic loop construct, and yields the slowest running program of the
three versions. In fact, avoiding tde statement by using implicit loops will almost always lead to faster
running programs. The second, and third statements employ intrinsic functions and/or operators designed
for arrays. In many circumstances, calculation efficiency and clarity of expression must be balanced. In
practice, it is usually necessary to set aside memory to hold subscripted arrays, sushdgsabove,

before they can be referenced or used.

Conditionals. Conditionals test the veracity of logical expressions, and execute blocks of statements
accordingly (see Table 1.2). The most basic operation occurs when we want to execute a series of state-
ments when a logical expression, sest , evaluates tarue . We call that a simple if conditional; the
beginning and end of the statements to be executed whenevaluates tarue are enclosed by special
delimiters, which differ according to language. When only one statement is needed, C++ and Fortran
allow that one statement to end the line that begins with the if conditional. When you want one group
of statements to be executed whest is true and another set to be executed wifdse , you use

the if-else construct. When you want to test a series of logical expressions that are not necessarily com-
plementary, the nested-if construct allows for essentially arbitrarily complex structure to be defined. In
such cases, the logical tests can interlock, thereby creating programs that are quite difficult to read. Here
is where program comments become essential. For example, suppose you want to sum only the positive
numbers less than or equal to 10 in a given sequence. Let’s assume the entire sequence is stored in array
A. In informal pseudocode, we might write

loop across A
if A() > 0 and A()) < = 10 add to sum
end of loop

More formally, this program fragment as a complete pseudocode would be
sum = 0
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Conditional Pseudocode
if if (test) statement

if if test then
statements
end if

if-else if test then
statements A
else
Statements B
end if

nested if if testl then
statements A
if test2 then
statements B
end if % end of test2
end if

Table 1.2 Syntax of pseudocode conditionals

do i=1,n
if (A() > 0) & (A®) <= 10)
sum = sum + A(i)
end if
end do

Several points are illustrated by this pseudocode example. First of all, the statements that can be included
with a loop can be arbitrary, comprised of simple statements, loops, and conditionals in any order. This
same generality applies to statements within a conditional as well. Secondly, logical expressions can
themselves be quite complicated. Finally, note how each level of statements in the program is indented,
visually indicated the subordination of statements within higher level loops or conditionals. This stylistic
practice lies at the heart sfructured programmingexplicit indication of each statement within the sur-
rounding hierarchy. In modern programming, the structured approach has become the standard because
it leads to greater clarity of expression, allowing others to understand the program more quickly and the
programmer to find bugs more readily. Employing this style only requires the programmer to use the
space key liberally when typing the program. Since sums are computed so often you might expect that a
language would provide an intrinsic function to compute it. For F90 amadiMB you would be correct.

1.4.4 Functions

Functions, which define sub-programs having a well-defined interface to other parts of the program, are
an essential part of programming languages. For, if properly developed, these functions can be included
in future programs, and they allow several programmers to work on complex programs. The function
takes an ordered sequence of messages, objects, or variableargamentsandreturnsto the calling
program a value (or set of values) that can be assigned to an object or variable. Familiar examples of
a function are the mathematical ones: #ire function takes a real-valued argument, uses this value to
calculate the trigonometric sine, and returns that value, which can be assigned to a variable.

y = sin(x)
Note that the argument need not be a variable: a number can be explicitly provided or an expression
can be used. Thusin(2.3)  andsin(2*cos(x)) are all valid. Functions may require more than one

argument. For example, tlgan2 function, which computes the arctangent function in such a way that
the quadrant of the calculated angle is unambiguous, needsaihey components of the triangle.

z = atan2(x, y)

Note that the order of the argumentshe x component must be the firstand the number of argu-
ments—bothx andy are needed matter for all functions: The calling program’s argument ordering
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A Clip(x, L)

Loeen -L

Figure 1.4: Input-output relationship for the function clip). So long agz| < L, this function equals
its argument; for larger values, the output equals the clipping constantmatter how large the input
might be.

and number must agree with those imposed by the function’s definition. Said another way, the inter-
face between the two must agree. Analogous to plugs and electric sockets in the home, a three prong
plug won't fit into a two-hole socket, and, if you have a two-prong plug, you must plug it in the right
way. A function is usually defined separately, outside the body of any program or other function. We
call a program’s extent itscope In MATLAB, a program’s scope is equivalent to what is in a file; in

C and C++, scope is defined by brace pairs; and in Fortran, scope equals what occurs between function
declaration and its correspondiegd statement. Variables are also defined within a program’s and a
function’s scope. What this means is that a variable namaefined within a function is available to all
statements occurring within that function, and different functions can use the same variablgitteoue

any conflict occurringWhat this means is that two functiofis andf2 can each make use of a variable
namedk, and the value of depends on which function is being referred to. In technical terms, the scope

of every variable is limited to its defining function. At first, this situation may seem terribly confusing
(“There are two variables both of which are nam&t); further thought brings the realization that this
convention is what you want. Because each function is to be a redtiqgrogram having a well-defined
interface, execution of the function’s internal statements must not depend on the program that uses it.
This convention becomes especially important when different people write the programs or functions.
Thus, such local variablesthose defined locally within a functieado not conflict, and they are stored

in different memory locations by the compiler or interpreter.

This limited scope convention can be countermanded when you explicitly declare variables to be
global. Such variables are now potentially available to all functions, and each function cannot define a
variable having the same name. For example, you may well want a variable pointedly piartede
available to all functions; you can do so by declaring it to be a global variable. To demonstrate scope,
consider the following simple example. Here, we want to clip the values stored in thexaarad/store
the results in the array.

Main Pseudocode Program Function Pseudocode Definition
! Clip the elements of an array ! function clip(x, edge)
limit = 3 I X - input variable
do i=in ! edge - location of breakpoint
y(@i) = clip(x(i), limit) function clip(x, edge)
end do if abs(x) > edge then
y = sign(x)*edge
else B
end’if
end
The clipping function has the generic form show in Figure 1.4. Thus, values of the argument that are
less thanL in magnitude are not changed, while those exceeding this limit are set equal to the limiting
value. In the program example, note that the name of the array in the calling pregranis the same
as the argument’s name used in the definition of the function. Within the scope of a program or function,
an array and a scalar variable cannot have the same name. In our case, because each variable’s scope is
limited to the function or program definition, no conflict occurs: Each is well defined and the meaning
should be unambiguous. Also note that the second argument has a different name in the program that in

the function. No matter how the arguments are defined, we say that thegssedo the function, with
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the function’s variables set equal to values specified in the calling program. These interface rules allows
the function to be used in other programs, which means that we can reuse functions whenever we like!

1.4.5 Modules

Another important programming concept is that of packaging a group of related routines and/or selective
variables into a larger programming entity. In the Ada language they are ¢aldcigeswhile C++

and MATLAB call themclasses F90 has a generalization of this concept that it caltlscalule As we

will see later the F90 module includes the functionality of the C++ classes, as well as other uses such as
defining global constants. Therefore, we will find the use of F90 modules critical to our object-oriented
programming goals. In that context modules provide us with the means to take several routines related
to a specific data type and to encapsulate them into a larger programming unit that has the potential to be
reused for more than one application.

1.4.6 Dynamic Memory Management

From the very beginning, several decades ago, there was a clear need to be able to dynamically allocate
and deallocate segments of memory for use by a program. The initial standards for Fortran did not allow
for this. It was necessary to invoke machine language programs to accomplish that task or to write tools
to directly manage arrays by defining “pseudo-pointers” to manually move things around in memory or to
overwrite space that was no longer needed. It was very disappointing that the F77 standard failed to offer
that ability, although several “non-standard” compilers offered such an option. Beginning with the F90
standard a full set of dynamic memory management abilities is now available within Fortran. Dynamic
memory management is mainly needed for arrays and pointers. Both of these will be considered late,
with a whole chapter devoted to arrays. Both of these entities can be declared as ALLOCATABLE and
later one will ALLOCATE and then DEALLOCATE them. There are also new “automatic arrays” that
have the necessary memory space supplied and then freed as needed.

Pointers are often used in “data structures”, abstract data types, and objects. To check on the status
of such features one can invoke the ALLOCATED intrinsic and use ASSOCIATED to check on the
status of pointers and apply NULLIFY to pointers that need to be freed or initialized. Within F90
allocatable arrays cannot be used in the definitions of derived types, abstract data types, or objects.
However, allocatable pointers to arrays can be used in such definitions. To assist in creating efficient
executable codes, entities that might be pointed at by a pointer must have the TARGET attribute.

Numerous examples of dynamic memory management will be seen later. Persons that write compilers
suggest that, in any language, it is wise to deallocate dynamic memory in the reverse order of its creation.
The F90 language standard does not require that procedure but you see that advice followed in most of
the examples.

1.5 Program evaluation and testing

Your fully commented program, written with the aid of editor, must now come alive and be trans-

lated into another language that more closely matches computer instructions; it rexstbgecr run.
Statements expressed inAVLAB, Fortran, or C++ may not directly correspond to computational instruc-
tions. However, the Fortran syntax was designed to more clearly match mathematical expressions. These
languages are designed to allow humans to define computations easily and also allow easy translation.
Writing programs in these languages provides some degpasriatbility: A program can be executed on

very different computers without modification. So-calestembly languageslow more direct expres-

sion of program execution, but are very computer specific. Programmers that write in assembly language
must worry about the exquisite details of computer organization, so much so that writing of what the
computation is doing takes much longer. What they produce might run more rapidly that the same com-
putation expressed in Fortran, for example, but no portability results and programs become incredibly
hard to debug.

Programs become executable machine instructions in two basic ways. They arntstipeetedor
compiled In the first case, an interpreter reads your program and translates it to executable instructions
“on the fly.” Because interpreters essentially examine programs on a line-by-line basis, they usually allow
instructions accept typed user instructions as well as fully written programsLA& is an example of
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an interpretef. It can accept typed commands created as the user thinks of them (plot a graph, see that
a parameter must have been typed incorrectly, change it, and replot, for example) or entire programs.
Because interpreters examine programs locally (line-by-line), program execution tends to be slower than
when a compiler is used.

Compilers are programs that take your program in its entirety and produce an executable version of
it. Compiler output is known as agxecutabldile that, in UNIX for example, can become a command
essentially indistinguishable from others that are available. C++ is an example of a language that is
frequently compiled rather than interpreted. Compilers will produce much more efficient (faster running)
programs than interpreters, but if you find an error, you must edit and re-compile before you can attempt
execution again. Because compilation takes time, this cycle can be time-consuming if the program is
large.

Interpreters are themselves executable files written in compiled languages:AB is written in
C. Executable programs produced by compilers are stand-alone prodesergthing—user input and
output, file reading, ete- must be handled by the user’s program. In an interpreter, you can supplement a
program’s execution by typed instructions. For example, in an interpreter you can type a simple command
to make the variablea equal to 1; in a compiled program, you must include a program that asks for the
value ofa. Consequently, users frequently write programs in the context of an interpreter, understand
how to make the program better by interacting with it, and then re-express it in a compiled language.

Both interpreters and compilers make extensive use of what are kndilneetg commands or func-
tions. A natural example of a library function is tsie function: Users typically do not want to program
explicitly the computation of the trigonometric sine function. Instead, they want to be able to pull it “off
the shelf” and use as need be. Library modules are just programs written in a computer language like
you would write. Consequently, both interpreters and compilers allow user programs to become part
of the library, which is usually written by many programmers over a long period of time. It is through
modules available in a library that programming teams cooperate. Library modules tend to be more ex-
tensive and do more things in an interpreter. For exampleruMB provides a program that produces
pseudo-three-dimensional plots of functions. Such routines usually do not come with a compiler, but
may be purchased separately from graphics programming specialists. For compiled languages, we refer
to linking the library routines to the user’s program (in interpreters, this happens as a matter of course). A
linker is a program that takes modules produced by the compiler, be they yours or others, associates the
modules, and produces the executable file we mentioned earlier. Most C++ compilers “hide” the linking
step from you; you may think you are typing just the command to compile the program, but it is actually
performing that step for you. When you are compiling a module not intended for stand-alone execution,
a compiler option that you type can prevent the compiler from performing the linking step.

Debuggingis the process of discovering and removing program errors. Two main types of errors
occur in writing programs: what we would generally term “typos” and what are design errors. The first
kind may be readily found (where is the functism ?) or more subtle (you typaa instead ofa for a
variable’s name anda also exists!). The second kind of error can be hard or subtle to find. The main
components of this process are

1. Search the program module by eye as you do a “mental run through” of its task. This kind of error
searching begins when you first think about program organization, and continues as you refine the
program. Why write a program that is logically flawed?

2. If written in a compiled language, compile the program to find syntax errors or warnings about
unused or undefined variables. If in an interpreted language, attempt preliminary execution to
obtain similar error messages. Linking also can locate modules or libraries that are improperly
referenced.

3. Running the executable file with typical data sets often causes the program te-ablwatsh
word that expresses the situation where the program goes crazy and ceases te-laeithtiee
system to supply an error message, such as division by zero. Error messagdedp locate the
programming error.

TThis statement is only partially true. AtLAB does have some features of a compiler, like looking ahead to determine if
interface errors exist with respect to functions called by the main program.
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Easy errors to find arsyntacticerrors: You have violated the language’s rules of what a well-formed
program must be. Usually, the interpreter or compiler complain bitterly on encountering a syntax error.
Compilers find these at compile time (when the program is compiled), interpreters at run time. Design
errors are only revealed when we supply the program with data. The programmer should design test data
that exercises each of the program’s valid operations. Invalid user input (asking for the logarithm of a
negative number, for example) should be caught by the program and warning messages sent to the user.

The previous description of generic programming languages indicates why finding bugs can be quite
complicated. Programs can exhibit quite complex behaviors, and tracing incorrect behaviors can be
correspondingly difficult. One often hears the (true) statement “Computers do what we say, not what
we want.” Users frequently want computers to be smart, fixing obvious design (mental) errors because
they obviously conflict with what we want. However, this situation is much like what the novelist faces.
Inexact meaning can confuse the reader; he or she does not have a direct pathway to the novelist's mind.
As opposed to the novelist, extensive testing of your program can detect such errors and make your
program approach perfection. Many operating systems supply interaetiveggermprograms that can
trace the execution of a program in complete detail. They can display the values of any variable, stop
at selected positions for evaluation, execute parts of the code in a statement-by-statement fashion, etc.
These can be very helpful in finding difficult-to-locate bugs, but they still cannot read your mind.

Be that as it may, what can the programmer do when the program compiles (no syntactic errors),
doesn't cause system error messages (no dividing by zero), but the resuitt eoerect? The simplest
approach is to include extra statements in your program, referred to as debugging statements, that display
(somewhat verbosely) values of internal variables. For example, in a loop you would print the value of the
loop index and all variables that the loop might be affecting. Because this output can be voluminous, the
most fruitful approach is to debug smaller problems. With this debugging information, you can usually
figure out the error, correct ignd change the comments accordingly. Without the latter, your program
and your internal documentation are out-of-sync.

Once debugged, you could delete the debugging statements you added. A better approach is to just
hide them. You can do this two ways: Comment them out or encase them in a conditional that is true when
the program is in “debugging mode.” The commenting approach completely removes the debugging
statements from the program execution stream, and allows you to easily put them back if further program
elaborations result in errors. The use of conditionals does put an overhead on computational efficiency,
but usually a small one.

1.6 Program documentation

Comments inside a program are intended to help you and others understand program design and how
it is organized. Frequently, comments describe what each variable means, how program execution is to
proceed, and what each module’s interface might be (what are the expected inputs and their formats, and
what outputs are produced). Program comments occur in the midst of the program’s source, and tem-
porarily interrupts the highly restricted syntax of most programming languages. Comments are entirely
ignored by the interpreter or compiler, and are allowed to enhance program clarity for humans.

Documentatiorincludes program comments, but also includes external prose that describes what the
program does, how the user interface controls program behavior, and how the display of results means.
Making an executable program available to users does not help them understand how to use it. In UNIX,
all provided commands are accompanied by what are referredirmasal pagesconcise descriptions
of what the program does, all user options, and descriptions of what error messages Rregreans
are useless without such documentatibtany programs provide such documentation whenever the user
types something that clearly indicates a lack of knowledge about how to use the program. This kind
of documentation must also be supplemented by prose that a user can read. Professional programmers
frequently write the documentation as the program is being designed. This simultaneous development of
the program and documentation of how it is used often uncovers user interface design flaws.
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1.7 Object Oriented Formulations

The above discussion of subprograms follows the older programming style where the emphasis is placed
on the procedures that a subprogram is to apply to the supplied data. Thus, it is referrpbtzedsral
programming The alternate approach focuses on the data and its supporting functions, and is known as
an object orientecapproach and is the main emphasis of this work. It also generalizes the concept of
data types and is usually heavily dependent on user defined data types and their extension to abstract data
types. These concepts are sketched in Fig. 1.5.

data — Procedure e data

a) Procedural Based Programming

message =P Object — data

b) Object-Oriented Programming

Figure 1.5 Two Approaches to Programming

The process or creating an “object-oriented” (OO) formulation involves at least three stages: Object-
Oriented Analysis (OOA), Object-Oriented Design (OOD), and Object-Oriented Programming (OOP).
Many books have been written on each of these three subjects. Formal graphical standards for represent-
ing the results of OOA and OOD have been established and are widely used in the literature. Here the
main emphasis will be placed on OOP on the assumption that the two earlier stages have been completed.
In an effort to give some level of completeness, summaries of OOA and OOD procedures are given in
Tables 1-1 and 1-2, respectively. Having completed OOA and OOD studies one must select a language
to actually implement the design. More than 100 objected-oriented languages are in existence and use
today. They include “pure” OO languages like Crisp, Eiffel, Rexx, Simula, Smalltalk, etc. and “hybrid”
OO languages like C++, F90 , Object Pascal, etc. In which of them should you invest your time? To get
some insight into answers to this question we should study the advice of some of the recognized leaders
in the field. In his 1988 book on OO software construction B. Myers listed seven steps necessary to
achieve object-orientedness in an implementation language. They are summarized in Table 1-3 and are
all found to exist in F90 and F95 . Thus we proceed with F90 as our language of choice. The basic F90
procedures for OOP will be illustrated in some short examples in Chapter 3 after covering some prelim-
inary material on abstract data types in Chapter 2. Additional OOP applications will also be covered in
later chapters.
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Table 1-1. OO Analysis Summary

Find objects and classes:

Create an abstraction of the problem domain.

Give attributes, behaviors, classes, and objects meaningful names.

Identify structures pertinent to the system’s complexity and responsibilities.

Observe information needed to interact with the system, as well as information to be stored.
Look for information re-use; are there multiple structures; can sub-systems be inherited?

Define the attributes::

e Select meaningful names.

e Describe the attribute and any constraints.

e What knowledge does it possess or communicate?
e Putitin the type or class that best describes it.

e Select accessibility as public or private.

o |dentify the default, lower and upper bounds.

¢ |dentify the different states it may hold.

e Note items that can either be stored or re-computed.

Define the behavior:

e Give the behaviors meaningful names.

e What questions should each be able to answer?

e What services should it provide?

e Which attribute components should it access?

e Define its accessibility (public or private).

e Define its interface prototype.

e Define any input/output interfaces.

o Identify a constructor with error checking to supplement the intrinsic constructor.
o Identify a default constructor.

Diagram the system:

e Employ an OO graphical representation such as the Coad/Yourdon method or its extension by
Graham.
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Table 1-2. OO Design Summary

e Improve and add to the OOA results during OOD.

¢ Divide the member functions into constructors, accessors, agents and servers.
e Design the human interaction components.

e Design the task management components.

e Design the data management components.

¢ |dentify operators to be overloaded.

e |dentify operators to be defined.

¢ Design the interface prototypes for member functions and for operators.
e Design code for re-use through “kind of” and “part of” hierarchies.

¢ Identify base classes from which other classes are derived.

e Establish the exception handling procedures for all possible errors.

Table 1-3. 7 Steps to Object-Orientedness (B. Myer, 1988)

. Object-based modular structure :

e Systems are modularized on the basis of their data structure (in F90).

. Data Abstraction:

¢ Objects should be described as implementations of abstract data types (in F90).
. Automatic memory management:

e Unused objects should be deallocated by the language system (mostin F9O0, in F95).

. Classes:

e Every non-simple type is a module, and every high-level module is a type (in F90).

. Inheritance:

¢ A class may be defined as an extension or restriction of another (in F90).
. Polymorphism and dynamic binding :

e Entities are permitted to refer to objects of more than one class and operations can have different
realizations in different classes (partially in F90/F95, expected in Fortran 2000).

. Multiple and repeated inheritance :

e Can declare a class as heir to more than one class, and more than once to the same class (in F90).
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1.8 Exercises

1

Checking trigonometric identities

We know that the sine and cosine functions obey the trigonometric ideiiity + cos?8 = 1

no matter what value df is used. Write a pseudocode, omWM.AB , or F90 program that checks

this identity. Let it consist of a loop that increments acrdssqually spaced angles betweeand

m, and calculates the quantity in question, printing the angle and the result. Test your program for
several values oN. (Later we will write a second version of this program that does not contain
anyanalysis loops, using insteadAviLAB's, or F90's, ability to calculate functions of arrays.)

Newton-Raphson algorithm

A commonly used numerical method of solving the equatfé¢m) = 0 has its origins with the
beginnings of calculus. Newton noted that the slope of a function tended to crasstiienear a
function’s position of zero value (calledraot).

A f¥)
b 1(x)
\ E E > X
N X+1 X

Because the function’s slope at some paipequals its derivativg’ (z;), the equation of the line
passing througlf (z;) is f'(z;)z + (f(;ri) — f’(mi)mi). Solving for the case when this expression
equals the next trial roat; , ; .

f(i)

Tirq = @5 —
i—+1 i fl(xz)

The algorithm proceeds by continually applying this iterative equation until the error is “small.”

The definition of “small” is usually taken to mean that the absolute relative difference between

successive iterates is less than some tolerance val@i@aphson extended these concepts to an

array of functions.)

(&) In pseudocode, write a program that performs the Newton-Raphson algorithm. Assume that
functions that evaluate the function and its derivative are available. What is the most conve-
nient form of loop to use in your program?

(b) Translate your pseudocode into F90, onAB, and apply your program to the simple
function f(z) = €2* — 5z — 1. Use the functional expressions directly in your program or
make use of functions.

Game of Life pseudocode
Develop a pseudocode outline for the main parts of the “Game of Life” which was discussed earlier
and shown in Fig. 1.3. Include pseudocode for a function to compute the next generation.
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