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This includes the type system, arithmetic operations, control structures, error handling, and the design,
implementation, and use of functions and user-defined types. Then, it shows how to present numeric data, text,
and geometric shapes as graphical output, and how to get input into a program from a graphical user interface
GUI. It shows how containers such as vector, list, and map are implemented using pointers, arrays, dynamic
memory, exceptions, and templates and used. Where the set of topics needed to present an idea conflicts with
the overall classification, we explain the minimum needed for a good presentation, rather than just referring to
the complete explanation elsewhere. Rigid classifications work much better for manuals than for tutorials. For
a presentation organized around language features, see Appendix A. This book is designed to be read chapter
by chapter from the beginning to the end. However, despite the index and the cross-references, this is not a
book that you can open to any page and start reading with any expectation of success. Each section and each
chapter assume understanding of what came before. Other criteria include that a chapter is a suitable unit for
drills and exercises and that each chapter presents some specific concept, idea, or technique. These parts make
good units of review. However, that cannot be the whole ideal. We raise questions that a novice would
probably not think of. We aim to ask and answer questions that you need to consider when writing quality
software for the use of others. Learning to ask the right often hard questions is an essential part of learning to
think as a programmer. We try to respect your intelligence and to be considerate about your time. We do not
pretend that our ideas or the tools offered are perfect. At best, it can help you to develop and express your
solution. Programming is not just an intellectual activity, so writing programs is necessary to master
programming skills. We provide two levels of programming practice: A drill is a very simple exercise devised
to develop practical, almost mechanical skills. A drill usually consists of a sequence of modifications of a
single program. You should do every drill. A drill is not asking for deep understanding, cleverness, or
initiative. We consider the drills part of the basic fabric of the book. Some exercises are trivial and others are
very hard, but most are intended to leave some scope for initiative and imagination. At least do enough to
know which are difficult for you. Then do a few more of those. The exercises are meant to be manageable
without exceptional cleverness, rather than to be tricky puzzles. We do not expect you to do them all, but feel
free to try. In addition, we recommend that you every student take part in a small project and more if time
allows for it. A project is intended to produce a complete useful program. Ideally, a project is done by a small
group of people e. Most people find the projects the most fun and what ties everything together. Some people
like to put the book aside and try some examples before reading to the end of a chapter; others prefer to read
ahead to the end before trying to get code to run. A Try this is generally in the nature of a drill focused
narrowly on the topic that precedes it. If you pass a Try this without trying â€” maybe because you are not
near a computer or you find the text riveting â€” do return to it when you do the chapter drill; a Try this either
complements the chapter drill or is a part of it. They are intended to point you to the key ideas explained in the
chapter. One way to look at the review questions is as a complement to the exercises: In that, they resemble
good interview questions. If you want to understand what people say about programming topics and to
articulate your own ideas, you should know what each means. Our ideal is to make every important point at
least twice and to reinforce it with exercises. When done well, programming is a subtle, deep, and highly
skilled art building on a variety of technical skills. You should no more expect to be an expert at programming
in four months than you should expect to be an expert in biology, in math, in a natural language such as
Chinese, English, or Danish , or at playing the violin in four months â€” or in half a year, or a year. What you
should hope for, and what you can expect if you approach this book seriously, is to have a really good start
that allows you to write relatively simple useful programs, to be able to read more complex programs, and to
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have a good conceptual and practical background for further work. The best follow-up to this initial course is
to work on a real project developing code to be used by someone else. Eventually, you should learn another
programming language.
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Much of the effort in programming is spent finding and refining solutions. Often, a problem is only fully
understood through the process of programming a solution for it. This book is for someone who has never
programmed before but is willing to work hard to learn. My aim is for you to gain sufficient knowledge and
experience to perform simple useful programming tasks using the best up-to-date techniques. How long will
that take? As part of a first-year university course, you can work through this book in a semester assuming that
you have a workload of four courses of average difficulty. Also, all learning is gradual: Your ability to express
ideas in code â€” getting a computer to do what you want it to do â€” gradually and steadily increases as you
go along. Our civilization runs on software. When I talk about programming, I think of the whole spectrum of
computer programs from personal computer applications with GUIs graphical user interfaces , through
engineering calculations and embedded systems control applications such as digital cameras, cars, and cell
phones , to text manipulation applications as found in many humanities and business applications. Like
mathematics, programming â€” when done well â€” is a valuable intellectual exercise that sharpens our ability
to think. However, thanks to feedback from the computer, programming is more concrete than most forms of
math, and therefore accessible to more people. It is a way to reach out and change the world â€” ideally for the
better. Finally, programming can be great fun. This is not the easiest book on beginning programming; it is not
meant to be. I just aim for it to be the easiest book from which you can learn the basics of real-world
programming. My fundamental assumption is that you want to write programs for the use of others, and to do
so responsibly, providing a decent level of system quality; that is, I assume that you want to achieve a level of
professionalism. Consequently, I chose the topics for this book to cover what is needed to get started with
real-world programming, not just what is easy to teach and learn. If you need a technique to get basic work
done right, I describe it, demonstrate concepts and language facilities needed to support the technique, provide
exercises for it, and expect you to work on those exercises. If you just want to understand toy programs, you
can get along with far less than I present. If your desire is to use the work of others without understanding how
things are done and without adding significantly to the code yourself, this book is not for you. If so, please
consider whether you would be better served by another book and another language. If that is approximately
your view of programming, please also consider from where you got that view and whether it in fact is
adequate for your needs. People often underestimate the complexity of programming as well as its value. I
would hate for you to acquire a dislike for programming because of a mismatch between what you need and
the part of the software reality I describe. This book is aimed to serve those who do want to write or
understand nontrivial programs. If you fit into one of those categories, I refrain from guessing how long it will
take you to read this book, but I do encourage you to do many of the exercises. This will help you to
counteract the common problem of writing programs in older, familiar styles rather than adopting newer
techniques where these are more appropriate. In this, programming is similar to other endeavors with a
practical component. You cannot learn to swim, to play a musical instrument, or to drive a car just from
reading a book â€” you must practice. Nor can you learn to program without reading and writing lots of code.
This book focuses on code examples closely tied to explanatory text and diagrams. You need those to
understand the ideals, concepts, and principles of programming and to master the language constructs used to
express them. For that, you need to do the exercises and get used to the tools for writing, compiling, and
running programs. You need to make your own mistakes and learn to correct them. There is no substitute for
writing code. On the other hand, there is more to programming â€” much more â€” than following a few rules
and reading the manual. Only well-designed code has a chance of becoming part of a correct, reliable, and
maintainable system. What about computer science, software engineering, information technology, etc.? Is
that all programming? Programming is one of the fundamental topics that underlie everything in
computer-related fields, and it has a natural place in a balanced course of computer science. I provide brief
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introductions to key concepts and techniques of algorithms, data structures, user interfaces, data processing,
and software engineering. However, this book is not a substitute for a thorough and balanced study of those
topics. Code can be beautiful as well as useful. This book is written to help you see that, to understand what it
means for code to be beautiful, and to help you to master the principles and acquire the practical skills to
create such code. Good luck with programming! Most succeeded, so you can do it, too. The book is widely
used for self-study. However, whether you work your way through as part of a course or independently, try to
work with others. Programming has an â€” unfair â€” reputation as a lonely activity. Most people work better
and learn faster when they are part of a group with a common aim. Learning together and discussing problems
with friends is not cheating! It is the most efficient â€” as well as most pleasant â€” way of making progress.
If nothing else, working with friends forces you to articulate your ideas, which is just about the most efficient
way of testing your understanding and making sure you remember. Most students â€” especially thoughtful
good students â€” face times when they wonder whether their hard work is worthwhile. There, I try to
articulate what I find exciting about programming and why I consider it a crucial tool for making a positive
contribution to the world. You might find the weight of this book worrying, but it should reassure you that part
of the reason for the heft is that I prefer to repeat an explanation or add an example rather than have you
search for the one and only explanation. Learning any major new and valuable skill takes time and is worth it.
A note to teachers No. This is not a traditional Computer Science course. It is a book about how to construct
working software. As such, it leaves out much of what a computer science student is traditionally exposed to
Turing completeness, state machines, discrete math, Chomsky grammars, etc. Even hardware is ignored on the
assumption that students have used computers in various ways since kindergarten. This book does not even try
to mention most important CS topics. It is about programming or more generally about how to develop
software , and as such it goes into more detail about fewer topics than many traditional courses. It tries to do
just one thing well, and computer science is not a one-course topic. Please try to convey those ideas to your
students along the way. It was most frustrating not to be able to use the novel features such as uniform
initialization, range-for-loops, move semantics, lambdas, and concepts to simplify the presentation of
principles and techniques.
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Even if it does run, it typically gives wrong results at first until you find the flaws in your logic. Every
function in a program must be declared with exactly the same type in every translation unit in which it is used.
We use header files to ensure that. Every function must also be defined exactly once in a program. Either of
these rules being violated the linker will give an error. Functions with the same name but different types will
not give a linker error. Linkage rules for functions also hold for other entities of a program, such as variables
and types: But this can lead to "brittle" code. Why not always check in function? Callee or caller check?
Check your arguments in a function unless you have a good reason not to. The fundamental idea is to separate
detection of an error which should be done in the callee from the handling of an error which should be done in
the caller. They are used when we need to specify a type, rather than a value, to express an idea and are called
template arguments. The word cast means "type conversion". It does exactly what you tell it to do, and that
can be most humbling. Output for dataset 2: Is this answer to this particular problem plausible? You should
also ask the more general and far harder question: How would I recognise a plausible result? Estimation is a
noble art that combines common sense and some very simple arithmetic to a few facts. How would I know if
the program actually worked correctly? Decide on how to report errors: Make the program easy to read so that
you have a chance of spotting bugs: Comment your code well. The name of the program The purpose of the
program Who wrote this code and when Version numbers What complicated code fragments are supposed to
do What the general design ideas are How the source code is organised What assumptions are made about
inputs What parts of code are still missing and what cases are still not handled. But not necessarily long
names. Use a consistent layout of code. Remember you are responsible for code readability. Break code into
small functions, each expressing a logical action Try to avoid functions longer than a page or two; most
functions will be much shorter. Avoid complicated nested sequences Use library facilities rather than your
own code when you can. Likely better thought out and better tested. Unless you are a real expert, assume the
compiler is always right. When looking for a bug, carefully follow the code statement by statement from the
last point that you are sure it was correct. Messy code easily harbours bugs. A function with no comments will
be assumed to handle every possible argument value. But we still need to check too! Good testers are worth
their weight in gold. Later, you can think about how the program could be written to do that. Maybe discuss
the problem and how to solve with a friend. Figure out what should be done and write a description of your
current understanding. A set of requirements or a specification. Create an overall structure detailing the parts
of the implementation and how they interact. Consider what tools and think about libraries. Write, debug, test,
repeat, possibly going back to previous stages. Try to be specific. Is problem statement clear? For real
problems it never is. It is almost always better to ask for less to make a program easier to specify, understand,
use and implement. Once it works we can always build a fancier v2. Does the problem seem manageable,
given the time, skills and tools available? Try breaking the program into manageable parts. Do you know of
any tools, libraries, etc. The answer is almost always yes. Look for parts of the solution that can be separately
described and potentially used in several places in a program or even in other programs. Build a small, limited
version that solves a key part of the problem. When we start we rarely know the problem well, but often think
we do. This brings out problems in our understanding, ideas and tools. Allows us to see if details of the
problem statement need changing to make the problem manageable. It is rare we anticipate everything. An
early version like this is a prototype. Do not proceed with a mess, they just grow in time. Build a full-scale
solution, ideally by using parts of the initial version. The ideal is to grow a program from working parts, rather
than writing all the code at once. The conventional solution is to represent our tokens as a kind,value pair. We
define a type Token to represent tokens. Remember why we use types. They hold the data we need and give us
useful operations to perform on that data. Then what do we do to the rest of the expression? We need to back
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off, stop programming for a while and think about how we read and understand an input string and evaluate it
as an arithmetic expression. This first enthusiastic attempt to solve the problem ran out of steam. What would
an experienced programmer do when faced with a tricky question such as this? There is often a standard
answer. This is what experience, the literature, and Mentors are for. How do you read a grammar? Given some
input you start with the "top rule", Expression and search through the rules to find a match for the tokens as
they are read. Reading a stream of tokens according to a grammar is called parsing and a program that does
that is called a parser or a syntax analyser. Distinguish a rule from a token. Put one rule after another
sequencing. Express alternative patterns alteration. Express a repeating pattern repetition. Recognise the
grammar rule to start with. Differing notation may refer to tokens as terminals and rules as non-terminals or
productions. We will use the simplest: Each functions deals with a specific part of an expression and leaves
everything else up to other functions: Not all recursions are infinite and recursion is a very useful
programming technique. But how about ? It will read 1 as a Term then read as an Expression consisting of
Term 2 followed by Expression 3. A dangerous situation because it gives the right answer in many cases.
What fundamentally did we do wrong from a programming point of view? We should always ask ourselves
this question when we have found an error. That way we might avoid making the same mistake again and
again. Analysing our errors is often the best way to find a correct solution. It is the wrong grammar: If you
want to define and initialise variables in a switch statement, you must place them in a block. The result seems
not to be printed immediately but postponed until it sees the first token of the next expression. Importantly, we
can now correct problems and add features one by one while maintaining a working program as we go along.
Why the relatively verbose putback name rather than put? We wanted to emphasise the asymmetry between it
and the get function, this is an input stream not something you can also use for general purpose output. Also
istream has a putback:
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