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exti4.MakeEXTI(&porta, PUPDR_UP, EXTI_FA;
exti0.MakeEXTI(&portc, PUPDR_UP, EXTI_FA
exti13.MakeEXTI(&portc, PUPDR_UP, EXTI_F
while (1)
{
putchar(‘.’);
DelaySecs(2);
}
return 0;
}
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return ch;
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*
*/
#include <stdio.h>
#include <jsapi.h>
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// Hardware setup and initialization
static void Setup(void);
void SW2_closed(void)
{
putchar(‘2’);
exti4.Debounce();
}
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void SWx_closed(void)
{
putchar(‘x’);
exti13.Debounce();
}
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void SW1_closed(void)
{
putchar(‘1’);
exti0.Debounce();
}
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exti4.MakeEXTI(&porta, PUPDR_UP, EXTI_
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while (1)
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INTRODUCTION
This book, C for Everyone - The JumpStart Guide to C, is part of the JumpStart MicroBox
education kit package. The purpose of this book is to teach the C programming language,
with emphasis on embedded system programming. While it is ideally read in conjunction
with running the tutorial examples included in the JumpStart C for Cortex-M compiler on the
JumpStart MicroBox hardware, that is not specifically required.
Written by authors with more than 30 years of compiler writing and user support experience,
this book is a C reference manual written in a tutorial approachable style. In addition to
explanatory text, this book includes exercise suggestions, coding pitfalls, and other
information. A college level course syllabus, suitable for both hardware and software
engineers, can be constructed around this book and its examples as run on the JumpStart
MicroBox.
The book purposefully does not teach both C and embedded programming in detail at the
same time for two simple reasons: C can be useful for other types of programming, and also
embedded programming does not depend on one particular programming language per se.
By separating the two, this book will not lose its relevance once you gain some proficiency
with C.
Section I contains a single chapter that leads you through the basics of the C language, with
tutorials running on the JumpStart MicroBox that you can modify and play with.
Section II consists of eight chapters explaining all the intricate details of the C programming
language in a logical progression. It is not a dry technical manual, but explanatory text
designed to be referred to again and again.
Section III explores some advanced topics in C, including an all-important chapter on
pointers, a feature which a programmer must master to become an effective C guru.
Section IV, the Appendices, include some needed supplementary information, such as the
basics of computer arithmetic, and the C Abstract Machine.
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For more information on the JumpStart MicroBox and the JumpStart API, please visit
https://imagecraft.com. The JumpStart MicroBox has its own set of tutorials with more
exercises to utilize the hardware devices (e.g. 8x8 LED matrix, RTC), to give the user a better
understanding of low-level embedded programming. The JumpStart API makes getting
started with ARM Cortex-M MCU programming much easier, eliminating much of the
tedium and potential mistakes of low-level peripheral setup procedures. Please look at the
website for more details.
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Typographical Notes
In the examples, hardcoded numbers such as 0x1000, 0x2000,… are arbitrarily chosen
addresses used in the text for example purposes.
Keywords, file names etc. are written in a monospace font, e.g. extern, c:\iccv8cortex\.
The book does not use a formal language such as BNF (Backus-Naur Form) to describe the
language syntax. Instead, informal conventions are used. For example, <data type> is a
placeholder for where you would write the actual data type. A simple variable declaration
may then be given as
<data type> <name>;
This means that you would write a C data type, followed by a “name”, followed by a
semicolon (C declarations can be a lot more complicated. This is just a simple example.)
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SECTION I
INTRODUCTION TO C
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1. TUTORIAL INTRODUCTION
Using example programs, we will examine the basic structures and
features of C programs.
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JumpStart MicroBox Preparation
Before you start: if you are using the JumpStart MicroBox to run the example projects, please
follow the QuickStart Guide1 document and do the following:

•

Install the JumpStart C for Cortex compiler

•

(Optional) Obtain a license2 for the JumpStart C for Cortex compiler

•

Install the PuTTY terminal program

•

Install the ST USB driver for the ST Nucleo

•

(Do not attach the ACE Shield to the ST Nucleo yet!)

•

Connect the ST Nucleo to the PC and make sure that the driver is working
properly

•

Follow the instructions on how to invoke the IDE, build, and run the BlinkNucleo-LED program

•

In the IDE, activate the Hello World project, build, and run the project

Available on https://imagecraft.com
If you do not obtain a license, the program runs in demo mode and is fully functional for 45 days.
This will be sufficient for the simpler programs.

1
2
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Focus of This Chapter
Our aim in this chapter is to show the essential elements of C by presenting examples that
you can run on the JumpStart MicroBox hardware using the JumpStart C for Cortex-M
compiler tools.
This chapter will only use the most basic features of C, as this is a quick introduction chapter.
More advanced topics such as pointers and structures - which are key to effective C
programming - will be presented later, along with more comprehensive descriptions of some
of the topics covered here.
The book assumes that the reader has some basic understanding of computer arithmetic. If
terms such as “bits” and “bytes”, or “the CPU” do not mean anything to you, then you should
read the appendix titled Introduction to Computer Arithmetic.

Focus of This Chapter 11

What Is C?
C is a programming language. A programming language is a created language for
communicating instructions to the Central Processing Unit (CPU), the “heart” of a computer
or microcontroller system. Programming languages are described by formal rules and
definitions. The syntax of a programming language refers to what lexical characters (letters,
symbols, etc.) can be used in a program, and where they may occur. The semantics of a
programming language refer to the meanings of the program elements.
C belongs to a class of programming languages called procedural languages. Most algorithms3
can be expressed in C easily. Since its introduction in late 1960s, followed by an explosive rise
in popularity in the late 1970s and the 1980s, C has become the primary programming
language of any new CPU (except for extremely limited or specialized ones).
C is especially suited for low level programming since much of the low level access code can
be written in C, avoiding the need to deal with machine languages, which are difficult to use.
C does have many modern programming language features, striking a good balance between
power, ease of use, and efficiency.

3

Step by step set of instructions on how to do something.
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The First C Program
If you have followed any programming language tutorials, you may have encountered “Hello
World”, which is a typical first test program that prints out that eponymous phrase. This
practice was in fact popularized by the “C Bible”: The C Programming Language, by Brian W.
Kernighan and Dennis M. Ritchie. The objective of the program is to print the words
hello, world
Life is simple on a UNIX machine, where you use a terminal4 and create a text file containing
the following text:
#include <stdio.h>
void main(void)
{
printf(“hello, world\n”);
}
On a UNIX machine, assuming you save the program in a file name hello.c, using a shell
prompt, you type (‘$’ is the “shell prompt”)
$cc hello.c
$./a.out
hello, world
The first line is the command to run the C compiler (named cc, clever eh?). The C compiler
generates an output file called a.out. The second line runs the program a.out and the third
line shows the output as the program is run.
However, most people do not use a shell on UNIX. For Windows, it’s a lot more complicated
because it requires a lot of support code to create a “window” etc. For embedded systems, it
is complicated because there is no standard method of “writing to a terminal”. Fortunately,
we have made the process easy with the JumpStart MicroBox.

4

Teletype and paper tape, when you go far enough back in the history of C.
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“Hello World”
With the IDE, open the file main.c for the “Hello World” project:

Compared to the hello.c in the previous page, this file looks a bit more complicated. For now,
you can ignore all the elements that are not in the original program (they appear after line 17,
omitted here), as they are for setting up the microcontroller environment.
What do we have here? All C programs make use of functions and variables. A function contains
statements specifying the computing operations. The operations may use variables to store
values. For example, starting at line 105, there is a function called main.

The function main is special, as it is the function that will be run first in a C program, after the
C environment is set up.

The actual example you see might be slightly different from the excerpts in this book, as things
might have been changed in minor ways since publication.

5

14 “Hello World”

1. TUTORIAL INTRODUCTION
When run, its output can be viewed using a terminal emulator program such as PuTTY6:

The first line “ImageCraft JumpStart…” is produced in the Setup function. The second line
“hello, world” is the output we are interested in.

6

See JumpStart MicroBox Preparation.
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Comments
Examine the first 3 lines of the file main.c:
/*
* Hello World example
*/
This is called a comment block, and is ignored by the compiler. A comment block is any text
enclosed by the /* */ pair. They are often used to describe what the program does or what
a piece of code does.
BEST PRACTICE: do not state the obvious, for example:
/* assign 5 to “i” */
i = 5;
The comment repeats what the code is in prose form, which is rarely useful. However:
/* use 5 as the starting seed to get good random value */
i = 5;
This comment is more useful, as it explains why this is being done.
A line comment is a comment that starts with //. Any characters after // are ignored by the
compiler until the next line. For example:
i = 5; // use 5 as the starting seed to get good random value

16 Comments
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#include
After the comment block, we have two lines, starting with the # symbol:
#include <stdio.h>
#include <jsapi.h>
These are include file directives. When compiling, the compiler inserts the contents of these files
(stdio.h and jsapi.h) in place of these lines.
#include and all lines starting with # are preprocessor directives and are described in the
chapter C Preprocessor.
For now, it is sufficient to know that stdio.h contains information about the standard input
/ output library, and jsapi.h contains information about the JumpStart API.

#include 17

Semicolons
You may notice that there are semicolons “;” in a few places in the example. Semicolons are
statement terminators, informing the compiler that the end of a statement has been reached.
Unlike some languages, indentations and white space have no effect on the meaning of a C
program. Carriage returns (or, properly speaking: end-of-line markers) affect the C
preprocessor and terminate a single-line comment beginning with //, but otherwise are not
a part of the C syntax.

18 Semicolons
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Function Definition
The basic form of a function definition, e.g. main, looks as follows:
int main(void)
{
// function body
}
int is the data type of the return value of the function main. A more formal skeleton of a
function definition looks like this:
<return-type> <function-name> ( <parameter-list> )
{
<list-of-statements-and-declarations>
}
Following the data type, you write the name of the function, followed by a list of arguments7
between a set of parenthesis (). In this example, main takes no argument and is denoted by
the use of the keyword void in the argument list.
The function main contains these statements:
Setup();
printf("hello, world\n");
return 0;
The first two lines are function calls and the last line is a return statement.
An example of a function that takes arguments:
char *strcpy(char *dst, const char *src)
{
// body
}

7

“Arguments” are values being passed to a function that you are invoking.

Function Definition 19

The initial char * is the function return-type, strcpy is the name of the function, and “char
*dst, const char *src” is the argument list. There are two arguments:

1. the first argument is named dst, and has the data type char *
2. the second argument is named src, and has the data type const char *
These data types will be explained later. The statements of a function are enclosed in a set of
braces {}.

20 Function Definition
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Calling a Function
Invoking a function is colloquially known as “calling” a function. The preferred method of
communicating information when calling a function is to provide a list of values, called
arguments.
A function call is written as the name of the function, followed by a list of arguments enclosed
by a pair of parenthesis ():
Setup();
printf("hello, world\n");
In this example, there are two function calls. The first one is Setup and it is called without
any arguments, hence the empty parenthesis list. Setup initializes the microcontroller
environment using the JumpStart API and will be discussed later.
The second function call is printf, which is a library function that prints out its argument.
The argument in this case is a literal string, which is a sequence of characters enclosed in a
pair of double quotes. In C, a literal string is also known as a string, or a string constant.
In this example, the string constant is “hello, world\n”. Note that this string constant has
the characters \n. This is an escape sequence.
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Escape Sequence
There are characters that cannot be typed inside a string constant. For example, the newline
character - corresponding to hitting the ENTER key on the keyboard moves the output to the
beginning of next line - cannot be input directly as part of a constant string. If you write:
printf("hello, world
\n");
Compiling this piece of code will result in many error diagnostic messages. For example,
JumpStart C produces:
!E x.c(7): syntax error; found `world' expecting `)'
!E x.c(7): syntax error; found `world' expecting `;'
(… and many more…)
To be able to write non-printable characters in string and character constants, escape sequences
are used. The sequence \n in the string is C notation for the newline character. When printed,
it advances the output to column one on the next line.
All escape sequence starts with the backslash character \. The most common escape sequences
are:
Characters

Escape Sequences

“

\”

‘

\’

\

\\

TAB

\t

Tabstop

NL

\n

Newline

CR

\r

Carriage return

22 Escape Sequence
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A Program to Print Miles to Kilometers
Conversion
The next program prints a table of conversion from miles to kilometers. With the IDE, open
the “Miles to Kilometers” project. When run, the output should look like this:

main looks like this:

A Program to Print Miles to Kilometers Conversion 23

Again, we will ignore the call to Setup for now.
Variables are for storing values used in a program. In this example,
increment, and kilometers are variables used in main.

24 A Program to Print Miles to Kilometers Conversion

miles,

end,
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Variable Declaration
Before using a variable, you must write a declaration for it:
int miles = 20;
This declares a variable with the name miles. The declaration must appear before any
reference to the name miles.
int is the data type of miles. In the sample code, we have a separate declaration for each
variable, but they can be written in a single declaration statement:
int miles = 20, end = 90, increment = 5;
The expression “= 20” after miles is called an initializer. The = is the assignment operator and
the value of the right hand side (20) is assigned to the variable on the left (miles). You can
write a declaration without an initializer, and use the assignment statement separately:
int miles;
miles = 20;
The general form of a variable declaration is:
<data-type> <variable-name> <optional-initializer>;
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Expression Statement
The key computation happens on line 21:
int kilometers = miles * 1.60934;
Or written as separate declaration and assignment:
int kilometers;
kilometers = miles * 1.60934;
This is the mathematical formula which converts miles to kilometers, written in C. The symbol
*is the multiply operator.

26 Expression Statement
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While Loop
The expression kilometers = miles * 1.60934 computes one value of kilometers. To
print out the table, you can write a series of statements, each one computing a new value of
kilometers based on the current value of miles.
kilometers = 20 * 1.60934;
// print it
kilometers = 25 * 1.60934;
// print it
kilometers = 30 * 1.60934;
// print it
…
Or you can use a while loop:

Lines 14 to 16 declare three variables and assign them with initial values. Line 19 is the while
statement. The expression inside the parenthesis following the while keyword is called the
test conditional.
To use a loop, first we initialize miles with the value 20. We want the conversion to end when
miles reaches 90, so the variable end contains this final value.
The body of the loop is a compound statement - from line 20 to line 24 - which is a series of
statements surrounded by a set of {} . You might notice that the body of a function is in fact
a compound statement.
While Loop 27

With a while loop, the body of the loop is run again and again as long as the test conditional
(on line 19) is true:
while (miles <= end)
The conditional tests whether end is greater than or equal to miles, and if true, the loop will
run again. <= is the “greater than or equals to” relational operator.
Starting with a set of initial values, and given the end condition, all we need to add to make
our loop work is to update the miles variable in the loop body so the loop will eventually
terminate. This is done in line 23:
miles += increment;
The += is the addition-assignment operator. It adds the right hand side expression to the
variable on the left hand side, and is equivalent to writing:
miles = miles + increment;
Note that instead of using the end variable, we could have also used a numeric constant on
line 19:
while (miles <= 90)
Similarly, the variable increment does not change, so the expression can be rewritten as
miles += 5;

28 While Loop
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Variables and #define Constant
We have seen two instances where the variables do not change values and the identical
program can be written using the numeric constants. When should a variable be used and
when should a symbolic constant be used? A property of using a variable is that its use would
be self-documenting if a good name is chosen. Consider
miles += increment;
versus
miles += 5;
The constant 5 seems more arbitrary whereas using the name increment is more deliberate.
Moreover, if the value is used in more than one place, using a variable means that if a change
is necessary, you only need to change it in one place.
For example, imagine the value is used in more than one place, and you want to change the
value from 5 to 6. If you have used the constant 5, you will need to find all occurrences of 5
and check if it is referring to the value in question or some other use of the number 5, then
change it to 6. This could be tedious and be error prone. If you have used the variable
increment, then you only need to change the initial assignment code.
Nevertheless, using a constant might have a slight runtime speed advantage. A compromise
is to use the #define C preprocessor directive:
#define INCREMENT (5)
Any reference to INCREMENT will be replaced by its definition (5). There are good reasons
why 5 is inside a set of parenthesis, which will be explained later. C is case-sensitive, therefore
words like Increment, increment, etc. do not match the word INCREMENT exactly and will
not be replaced.
The same program fragment, then, can be written as:
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int miles = 20;
#define END
90
#define INCREMENT 5
while (miles <= END)
{
int kilometers = miles * 1.60934;
// print
miles += INCREMENT;
}
A common convention is to use UPPERCASE for #define names, but this is not a
requirement.
EXERCISE: rewrite the program using the things that you have learned so far.
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For Loop
A while loop is not the only looping construct in C. You can also write a for loop:
#define END
90
#define INCREMENT 5
for (int miles = 20; miles <= END; miles += INCREMENT)
{
int kilometers = miles * 1.60934;
// print
}
One thing to notice is that C encourages writing succinctly. Partially it is because C was
designed in an era where slow 300 baud teletypes were the primary interface, so the fewer
characters used, the better. However, terseness does not equate being unreadable; a best
practice is to make your code succinct but clear.
A for loop combines several elements of a loop in the for expression:
After the keyword for, a set of () surrounds the for expression, which in the case above is a
list of 3 expressions separated by -two semicolons.
The init-expression is run once, before the test conditional and the for loop body. Usually you
write variable initialization(s) in the init-expression. You may also optionally declare the
variable here, if it has not been declared before.
The test conditional serves the same function as the test conditional in a while loop: the loop
body will run as long as the test conditional is true.
The post-expression is run after the loop body is run, but before the next test conditional check.
With a for loop, all the mechanisms related to the looping construct are collected in a single
for expression. While the same code can be done using a while loop, it is more readable to
see the initial condition, the test condition, and the loop-increment in the same place.
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By the way, the init-expression may contain multiple initialization expressions, separated by
commas:
for (a = 0, b = 1, c = 2; …
EXERCISE: rewrite the example project with a for loop and #define values.

32 For Loop

1. TUTORIAL INTRODUCTION

printf Format Code
Astute readers may notice that something is going on with the call to printf in the “miles to
kilometers” conversion program:
printf(“%d\t%d\n”, miles, kilometers);
The first argument to printf is a string constant and specifies a format string. A format string
may contain format codes. A format code starts with the character % followed by format
specifiers. The specifiers can get quite involved, with many options, as explained in printf,
Formatted Output Function. For now, it is sufficient to know these common codes:
Codes

Descriptions

%d

prints the argument as a signed decimal number

%x

prints the argument as a hexadecimal number

%u

prints the argument as an unsigned decimal number

%f

prints the argument as a floating point number

%s

prints the argument as a string

%c

prints the argument as a character

printf processes the format string one character at a time. If it sees a %<code> format code,
it fetches the next argument and prints it out according to the format specifier. Otherwise, it
prints out the character it sees.
VARIADIC FUNCTIONS: Most functions are defined to have a fixed number of arguments,
including “no argument”. You can write functions that take a variable number of arguments;
they are known as variadic functions. printf is such a function. Variadic functions will be
discussed in depth later.
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Integer Constants
Integer constants are numbers, e.g. 42. A negative constant has a - prefix, e.g. -42 8 . For
symmetry, you may also write a positive number with + prefix, e.g. +42.
In normal writing, numbers are written in base 10. That is, each digit in a number is a power
of 10:
123

= 1*100 + 2*10 + 3*1
= 1*102 + 2*101 + 3*100

Other number bases are possible; hexadecimal is base 16. In C, hexadecimal constants are
written with a 0x or 0X prefix, and the letters ‘A’ to ‘F’ and ‘a’ to ‘f’ are used to represent the
numbers 10 to 15. For example, 0xA is 10, 0x1A is 26 etc.
This will be explained further later.

A VERY trivial fact is that there is actually no such thing as a “negative constant” in C, but rather it
is a negation operator applied to a positive constant. However, there is absolutely no difference
between that and a negative constant, except to score points as a C geek.

8

34 Integer Constants

1. TUTORIAL INTRODUCTION

Character Constants
Enclosing a character inside a single quote ‘’ pair is the C method of writing a character
constant. You may write:
int c = ‘C’;
The value of a character constant is its numeric value in the compiler’s environment character
set. In English speaking countries, the ASCII code is almost always used.

Character Constants 35

ASCII Code
ASCII (American Standard Code for Information Exchange) is a standard of encoding
characters. There are plenty of ASCII tables on the web, but we can even write a C program
to print out the values. The important portion is:
#include <ctype.h>
…
printf(“dec\thex\tcharacter\n”);
for (int i = 1; i <= 127; i++)
{
printf(“%d\t0x%x”, i, i);
if (isprint(i))
printf(“%c”, i);
printf(“\n”);
}
The line before the for loop prints out the table header. Notice the use of the escape code \t
to print out tabstops. ASCII is a 7-bit code9, with values from 1 to 127. The test-conditional of
the for loop runs through the printable codes.
The first printf inside the loop prints out the decimal value and the hexadecimal value of
the loop variable i. The if statement executes the if-body if the test conditional is true10:
if (isprint(i))
printf(“%c”, i);
The function isprint is a function in the C Standard Library. The #include <ctype.h>
statement provides information to the compiler about this function. isprint returns a
nonzero value if the input argument is a printable character. printf is called to print out
character code of i by using the format code %c.
EXERCISE: Modify one of the existing projects, or create a new one, and print out the ASCII
codes as above.

9

This is the original definition for ASCII. There are now extended ASCII codes.
A nonzero value is considered as "true" in C.

10
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Floating Point Data Type
The “miles to kilometers” conversion program prints the converted values as whole
integers, even though the conversion factor 1.60934 is a floating point number. Open the
“Miles to Kilometers - FP” project, and when run:

The “Kilometers” are now output as floating point numbers. The changes in the program are
minor:
float kilometers = miles * 1.60934;
printf("%d\t%f\n", miles, kilometers);
The data type for kilometers is now float instead of int. A more subtle change is that
inside the string constant argument to printf, it now reads "%d\t%f\n" instead of
"%d\t%d\n". The %f format code prints out a floating point argument.
Note that floating point operations result in longer and slower than integer operations and
are inexact and should be used with care in embedded system programming.
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Integer and Floating Point Conversion
C allows you to intermix integer and floating point expressions:
float kilometers = miles * 1.60934;
miles is an int. When it is multiplied with a floating point number, 1.60934, the compiler
converts miles into a floating point number and a floating point multiplication is performed.
The floating point result is assigned to kilometers. In the earlier example:
int kilometers = miles * 1.60934;
kilometers is an int in this case. For this example, just like the previous case, miles is
converted into a floating point number and a floating point multiplication is performed.
However, since the target of the assignment is an int, the multiplication result is converted
into an int, and then assigned to kilometers.
C has precise (but sometimes misunderstood) rules on what happens when you mix
expressions with different data types, as we will see later.
IMPORTANT: be sure to get a good understanding of C’s promotion and balancing rules in
Type Promotion and Type Balancing. The rules are simple but may be non-intuitive. Not fully
knowing these rules often result in subtle defects in a C program.
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Fixed Point Data Types
A good alternative to using floating point computations, especially for embedded systems, is
to use fixed point computations. A fixed point number consists of an integer, usually
represented in two’s complement, and a scale factor. There is no single “standard” scale
factor, and each unique scale factor is considered as a separate fixed point type. Obviously in
a given program, only a limited number of scale factors - maybe even just one - will be used.
The choice of the scale factor depends on the expected value range of the data being processed
by the program.
Arithmetic operations with fixed point objects are well-defined, and run faster than floating
point operations, if the target device does not have native floating point instructions, which
is the case with most microcontrollers. The downside of using fixed point is that the value
range of a particular fixed point type is limited compared to the floating point type. Thus, it
is a trade-off between the flexibility of floating point versus the speed of fixed point.
Standard C does not provide fixed point data types or operations. Therefore often there is no
choice but to use floating point. However, an extension called Embedded C does define these.
It is expected that JumpStart C will implement fixed point support in 2016, and this book will
be updated at that time.
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Arrays
An integer or floating point variable is called a scalar variable since it can hold only one value
at a time. C also has compound or aggregate variables that can hold multiple values. The
simplest aggregate variable type is an array.
Open the project “Miles to Kilometers - FPArray”. This is exactly the same as the previous
“Miles to Kilometers - FP” project, except that the results of the conversions are also stored in
an array:
int miles = 20;
int end = 90;
int increment = 5;
#define NUM_OF_ELEMENTS ((90-20)/5 + 1)
float kilos_array[NUM_OF_ELEMENTS];
printf("Miles to Kilometers conversion\n");
for (int i = 0; miles <= end; i++)
{
float kilometers = miles * 1.60934;
printf("%d\t%f\n", miles, kilometers);
miles += increment;
kilos_array[i] = kilometers;
}
An array declaration looks like this:
<data-type> <variable-name> [ <number-of-elements> ];>
Just like a scalar variable declaration, it starts with the data type of the variable, followed by
the variable name, then followed by the number of array elements surrounded by a pair of
[]. All array elements have the same date type.
In this example, kilos_array is an array of float items. When you declare an array, you must
specify its dimension (the number of array elements). In C, array dimensions must be a
constant value, therefore we use the constant expression (90-20)/5+1 which evaluates to the
value 15. As in real math, C expressions use precedence rules to determine the order of
evaluation of the subexpressions, hence the need to use parentheses to force the subtraction
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to be performed first, but there is no need to put parentheses around the division since it will
be evaluated before the +1 addition.
The +1 in the dimension is needed to account for the last element to be stored. Without it, the
array will be one element too small.
The loop has now changed from a while loop to a for loop using the variable i as an index
to store into the array kilos_array. An array index starts with 0 and should not exceed
dimension-1, or NUM_OF_ELEMENTS-1.
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Array Indexing
To access an array element, you write the array variable name, followed by an index enclosed
in a pair of []. An array index must be an integer or an integer expression:
kilos_array[i] = kilometers;
BUG ALERT: C does not check if the indexing is beyond the range of the array. For example,
it’s perfectly legal in C to access kilos_array[-1] or kilos_array[NUM_OF_ELEMENTS];
with the latter being an easy mistake to make. For example, this is a wrongly-written
terminating condition:
#define NUM_OF_ELEMENTS ((90-20)/5 + 1)
float kilos_array[NUM_OF_ELEMNTS];
for (int i = 0; i <= NUM_OF_ELEMENTS; i++)
kilos_array[i] = 0;
By incorrectly using the greater-than-or-equal <= comparison operator, the last element
accessed would be one beyond the dimension of the array.
Reading an out-of-bound array element returns a random value, depending on how the
variables are laid out in memory, but writing to an out-of-bound array element would almost
certainly cause a problem. Unfortunately, this bug may not show up until later, and bad
memory writes such as this are a major source of bugs in C.
Despite the major problems, there are good reasons why C does not perform index bound
checking, as we will see in Out of Bound Array Accesses later. Nevertheless, be careful with
array indexing!
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Character Arrays
Arrays are commonly used to store characters:
char spaceship[] = { “NCC-1701” };
Unlike some -programming languages, C does not have a string data type. Arrays of char are
used instead. In the above declaration, the array variable spaceship is initialized with the
string constant “NCC-1701”. Notice that the the number of elements is omitted in the
declaration, leaving an empty []. Since this is a declaration with an initializer, the compiler
determines the number of elements needed and allocates enough space for spaceship.
A char array holding a string needs a way to determine the end of the string. This is done by
storing a numeric value of 0, also known as the null value, after the last character of the string.
For example, spaceship looks like this in memory:
spaceship:
| ‘N’ | ‘C’ | ‘C’ | ‘-’ | ‘1’ | ‘7’ | ‘0’ | ‘1’ | 0 |
With each | | denoting an 8-bit memory cell (a byte). The integer value 0 ends the string.
The length of a string array includes the terminating 0.
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Chapter Review
Through example programs, this chapter touches upon the following topics:

•

There are special words in C (called keywords), for example, int, while,
return.

•

We have seen the basic structure of a C program.

•

There are good coding practices such as writing clear and useful comments.

•

Functions contain code that performs computations.

•

There are different kind of statements in a function, such as for, while,
return, and if.

•

Functions are called with arguments, containing information you wish to
communicate to the function.

•

printf uses format codes to output arguments in different forms.

•

printf is a variadic function, as it can take a variable number of arguments.

•

There are different kinds of operators, such as + - * / ++

•

Variables are objects that hold values.

•

A variable declaration informs the compiler of a variable’s attributes such as
its name and data type.

•

C has integer and floating point scalar data types.

•

C has aggregate data type such as arrays.

•

Out-of-bound array access can cause runtime problems and is difficult to
detect.

•

Character arrays are used to store strings, and are terminated by a null
element.
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SECTION II
THE C PROGRAMMING LANGUAGE
This section explains the elements of the C programming language.
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Keywords
Some names in C have special meanings. They are called keywords:
auto
const
double
float
long
signed
switch
unsigned

break
continue
else
for
register
sizeof
this
void

case
default
enum
goto if
return
static
typedef
volatile

do
int

Keywords are case sensitive.
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extern

short
struct
union
while

JumpStart C also adds the following extended keywords:
__flash
__firstarg
__typecode

char
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Bits, Bytes, Words…
A bit is either on or off, represented by the values 1 and 0 respectively. In vastly simplified
terms: in electrical circuits, an “on” bit means that current is flowing through, and an “off” bit
means that current is not flowing.
Computer memory and other storage units group bits into addressable units, most common
with 8 bits into a byte. Units of 16 bits and higher have different names, depending on the
native word size:
Number of Bits

32-bit / 64-bit CPU

8-bit / 16-bit CPU

4 bits

Nibble11

Nibble

8 bits

Byte

Byte

16 bits

Halfword

Word

32 bits

Word

Doubleword

64 bits

Doubleword

Quadword

128 bits

Quadword

Octoword

In C, bit numberings are read from right to left. Programmers count starting from zero, so the
bit on the far right, being considered the initial bit, is normally referred to as “bit 0”. Bit 0 is
also called the least significant bit (LSB), and the “zeroth bit”. Bit 7, the far left bit, is likewise
referred as the most significant bit (MSB) and the “seventh bit”.
8 bits:
bit position/name:

11

X X X X X X X X
7 6 5 4 3 2 1 0
MSB
LSB

Seriously.

Bits, Bytes, Words… 49

In a 32-bit word, the leftmost bit is the MSB, and it is bit 31. The most common number
representation used by modern CPUs is the 2’s complement form. In this representation, one
bit is the sign bit and usually the MSB is designated as such. A sign bit of value 0 is a positive
number and a sign bit of 1 is a negative number.
NOTE 1: One may argue that the rightmost bit is the “first bit”, the MSB would be the 8th bit,
or 32nd bit etc. However, most programmers use the 0th bit and 7th bit/31st bit nomenclature.
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Integer Constants
Integer constants are numbers, e.g. 42. A negative constant has a - prefix, e.g. -42. For
symmetry, you may also write a positive number with + prefix, e.g. +42.
In normal writing, numbers are written in base 10. That is, each digit in a number is a power
of 10:
123

= 1*100 + 2*10 + 3*1
= 1*102 + 2*101 + 3*100

Other number bases are possible; hexadecimal is base 16. In C, hexadecimal constants are
written with a 0x or 0X prefix, and the letters A to F and a to f are used to represent the
numbers 10 to 15. An example of converting a hexadecimal number to the decimal equivalent:
0xC0DE

=
=
=
=

C*163 + 0*162 + D*161 +E*160
12*4096 + 0 + 13*16 + 14
49152 + 208 + 14
49374

Hexadecimals are useful since a byte is 8 bits and half of a byte is a nibble, which is 4 bits. A
hexadecimal digit fits in a nibble exactly, and is particular useful when used for writing low
level bit patterns.
Octal is base 8. In C, octal constants are written with a 0 prefix. An octal number fits in 3 bits
exactly and thus is favored by some programmers. The only valid digits are 0..7.
Binary is base 2. The C Standard does not define a binary notation, but most compilers support
the extension of using 0b and 0B as the prefix for a binary number. 0 and 1 are the only valid
digits.
SUFFIXES: the data type of an integer constant is an int. The following suffixes are available
to change data type of the constant. Note that you may use the uppercase or lowercase letters
for the suffixes:
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Suffixes

Data types

u or U

unsigned

l or L

long

ul, UL, uL, or Ul

unsigned long

BUG ALERT: it is easy to forget that a 0 prefix means an octal number, and not a regular base
10 number!

52 Integer Constants

2. BASIC ELEMENTS OF C

Character Constants
Enclosing a character inside a ‘ ’ pair is the C method of writing a character constant. You
may write:
char c = ‘C’;
Character constants are integers and can be assigned to int variable as well:
int ch = ‘C’;
The value of a character constant is its numeric value in the compiler’s environment character
set. In English speaking countries, the ASCII code is almost always used.
You can also use the escape sequence (see string constants below) in a character constant.
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String Constants
A literal string, or string constant, is a sequence of characters enclosed in a pair of double
quotes.
“hello, world”
“I am \”alive\”!”
To write a double quote character “ inside a string, you use the character backslash \, as
shown in the second string above.
You can also put an arbitrary numeric value into a string by using numeric escape sequences:
“hello,\x20world”
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Numeric Escape Sequences
An escape sequence can be used in a character or string constant to insert a non-printable
character such as a tabstop, a new line, or a backspace.
•

octal escape sequence - you write: \d or \dd or \ddd where each d is an octal digit (i.e.
0..7)

•

hexadecimal escape sequence – you write \xh or \xhh or \xhhh … where x is the letter x,
and each h is a hexadecimal digit (i.e. 0..9, A..F or a..f). The example in the previous
page \x20, is hexadecimal 20, which is the space character in the ASCII set.

A numeric sequence terminates at the first invalid character for the sequence. For example,
\0123 is an octal escape sequence, with the value of octal 123, or decimal 83. \01239 is the
value of decimal 83 followed by the decimal digit 9. As 9 is not an octal digit, it terminates the
octal sequence.
A common numeric escape sequence is ‘\0’, the null character.
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Escape Sequences
The complete set of non-numeric escape sequences are:
Characters Escape
Sequences

Notes

“

\”

‘

\’

\

\\

TAB

\t

Tabstop

NL

\n

Newline

CR

\r

Carriage return

BS

\b

Backspace - erase one character in the old terminal
systems

BEL

\a

Bell - emits a tone in the old terminal systems

FF

\f

Form Feed - advances the print head to the top of next
page (mainly useful for the old line printers for
formatting code printout)

VT

\v

Vertical tab

As you can see, a number of the escape sequences are for formatting output on old style CRT
terminals and line printers.
CR and NL require a bit more explanation: CR moves the cursor to the beginning of the line
and NL moves the cursor one line down. A CR-NL combination does what most people expect
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the keyboard key “ENTER” or “RETURN” to do12. In a standard C-conforming compiler, the
escape sequence \n generates the correct sequence for the target environment. In
microcontroller targets, it only matters when communicating to the terminal emulator
running on the host through the UART and the low level character output function must map
‘\n’ into the host requirement.

Traditionally, UNIX accepts just the code NL to this, Windows/DOS needs CR, followed by NL,
and Mac OS (the pre-OSX versions) accepts NL, followed by CR.

12
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Integer Data Types
At the lowest level, the “brain” of a computer, the Central Processing Unit (CPU) operates on
bits, with each bit having a value of 0 or 1. The CPU has basic arithmetic operations (such as
add, subtract, multiply) for signed and unsigned integer types.
C has multiple integer data types, providing a choice of how much space a variable may take
and the range of the values it can hold.
SIGNED DATA TYPE: A signed data type hold negative and positive values. UNSIGNED
DATA TYPE: An unsigned data type hold positive values only.
Keywords

Notes

int

Basic signed integer type, corresponds to the most natural word size
of the underlying CPU.

unsigned
unsigned int

Basic unsigned integer type. Unsigned version of int.

short

Signed integer type. Possibly holds a smaller range than int.

unsigned short

Unsigned version of short.

long

Signed integer type. Possibly holds a wider range than int.

unsigned long

Unsigned version of long.

char

Holds a byte. Might be signed or unsigned, depending on the C
compiler implementation.

signed char

Signed byte.

unsigned char

Unsigned byte.
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Signed and unsigned integers
The size or width of a data type or variable is expressed in number of bits.
The range of a data type depends on its width and whether it is signed or unsigned. Let n be
the number of bits in a data type, a signed type uses n-1 bits to store the magnitude and 1 bit
to store the sign. An unsigned type uses all n bits to store the magnitude.
signed range
= -2n-1..2n-1-1
unsigned range = 0..2n
NOTATION: The “..” between the two integers denotes a range, e.g. -32768..32767 means
from -32768 to 32767 inclusively.
C does not dictate the widths of the basic integer data types. However, the following
relationships and conditions must be observed by a conforming C compiler:
1. The width of a char must be at least 8.
2. The width of a short must be at least 16 and must be at least as wide as of a char.
3. The width of an int must be at least as wide as the short.
4. The width of a long must be at least as wide as the int.
The beauty of C is that by not enforcing fixed size data types, C can be compiled to efficient
code on most architectures. The resulting programs will maintain a large degree of portability
if the programmers are careful with their work. This combination of efficiency and portability
is one of the reasons that makes C the most widely available language across all architectures.
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JumpStart C Integer Type Characteristics
JumpStart C for Cortex Integer Type Characteristics
Number of Bits Ranges
signed char

8

-128..127

unsigned char

8

0..255

short

16

-32768..32767

unsigned short 16

0..65535

int

32

-214748363748..214748363747

unsigned int

32

0..4294967295

long

32

-214748363748..214748363747

unsigned long

32

0..4294967295

JumpStart C for AVR
signed char

8

-128..127

unsigned char

8

0..255

short

16

-32768..32767

unsigned short 16

0..65535

int

16

-32768..32767

unsigned int

16

0..65535

long

32

-214748363748..214748363747

unsigned long

32

0..4294967295
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Choosing an integer Data Type: Using the
Native C Types
With choices for integer data types, the question becomes which types to use. A set of simple
rules for a particular variable is:

1. If you are writing portable code that needs to specify the sizes exactly, e.g.
in embedded systems when mapping to hardware I/O registers whose
sizes are defined by the hardware, or when the range of the data is
important such as in the case of telemetry data, then use the types defined
in stdint.h so that you can specify the size exactly. See stdint.h.
2. If you are writing portable code for “unusual” architectures such as DSP
that don’t have proper C data type support, you may want to use the
“fast” or “least” types defined in the stdint.h.
3. If space usage is a consideration, and you know that the range of the
values will not exceed 8 bits, then use signed char or unsigned char.
4. If space usage is a consideration, and you know that the range of the
values will not exceed 16 bits, then use short and unsigned short.
5. Otherwise, just use int or unsigned int.
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Writing Integer Types
C is quite flexible in how you write integer types. For example, we have seen short, but this
type can be written as short int, signed short, int short, or even totally backward int
short signed, and a few more.

You may think of int is the base type, and it may be qualified by different sets of
modifiers:
•

Size qualifier: none, char, short, or long

•

Sign qualifier: none, signed, or unsigned

If there is a size qualifier, the word int may be omitted, e.g. you can write short instead of
short int.
If there is no sign qualifier, then the data type is signed, unless it also has a char size qualifier;
then the signness is left to the C compiler’s interpretation.
The last rule is that there is no ordering requirement in writing the different parts, as shown
earlier.
Finally, there is a set of type qualifiers (const, volatile, __flash) that is a separate subject,
which we will look at later.
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Floating Point Constants
A floating point number can be written in different ways:
Decimal:

a

decimal

point

is

used,

e.g.

3.14159267

or

1000.0023

etc.

Decimal notation is the “normal” way of writing a floating point number.
Scientific Notation: uses the e-notation, e.g. 1.0000023e3. The number to the left of the letter
e (uppercase E can also be used) is called the digit term, and the number to the right of the
letter e/E is called the 10’s exponent.
Scientific notation is a preferred method to write very large or very small floating number. For
example:
0.0000314159267
is 3.14159267e-5
3141592.67
is 314.159267e4
A normalized floating point number in scientific notation is one where the digit term always
has one and only one digit to the left of the decimal point. For example:
3.14159267e-5
3.14159267e6
are normalized numbers. To convert a number in scientific notation to decimal notation, if the
10’s exponent is positive, then move the decimal point of the digit term to the right by the 10’s
exponent number, adding zeroes as needed. If the 10’s exponent is negative, then move the
decimal point of the digit term to the left by the exponent number, adding zeroes as needed,
e.g. 3.14159267e-5 is 0.0000314159267.
Use f or F suffix: an f/F or lf/LF suffix also denotes that that number is a floating point
constant even if it is a decimal number. You may also use the suffix with floating point
constants in decimal or scientific notation: 10f, 3.14159267f, 3.14159267e6lf.
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Floating Point Data Types
C has two floating point data types: float, double, and one optional type: long double.
float is at least 32 bits, and double is at least 64 bits. long double is as least as wide as
double.
Most CPUs do not support floating point number operations directly. Most C compilers use
the IEEE floating point formats to store a floating point number internally. The internal
representation is similar to using scientific notation, except that instead of using base 10, base
2 is used due to the binary nature of computer arithmetic.
There are two common IEEE floating point formats, corresponding to C’s float point data
types float and double:
C Keyword

IEEE
Format

Number of Notes
Bits

float

Single
precision

32

min: 1.175494351e-38f
max: 3.402823466e+38f

double

Double
precision

64

min: 2.22507385850720138309e-308
max: 1.79769313486231570815e+308

JumpStart C treats long double the same as double. Some C compilers use up to 128 bits to
store a long double in IEEE Quad precision format. Note that storing a written decimal
floating point number, such as 3.14915267 in the internal FP format might not be exact since
the internal format is in binary. See next page.
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The Inexact Nature of Floating Point
Representations
In the world of abstract math, real numbers have infinite precision and range, e.g. pi is
3.14159267… and so on, and it never terminates (or even repeats, as far as we know). Floating
point numbers are the written form of real numbers. For irrational numbers such as pi or other
numbers that do not terminate, you can write an approximation of the real number by
arbitrarily stopping at a decimal digit. For example, 3.14 is reasonably good enough as “pi”
for crude calculations.
Internally, floating point numbers are stored in a format very close to the scientific notation.
If you normalize all numbers in the scientific notation in the form, 0.YYYYYYeZ, where Y and
Z are digits, then the number of Y digits is called the precision, and the difference between
the maximum and minimum values of Z is called the range. The Y portion is known as the
mantissa and the Z portion is known as the exponent.
As the number of bits available to store a floating point number is limited, the precision and
range of the floating point representation is also limited, but by the number of “bits” being
used to store the mantissa and the exponent.
Standard C specifies that float should be at least 32 bits and double should be 64 bits. In the
popular IEEE floating point format, for a 32-bit float, 23 bits are dedicated to the mantissa and
7 bits are dedicated to the exponent.
In practice, this means that the precision of a 32-bit float is approximately 7.3 decimal digits,
e.g. it can store 1.234567, 1.234567e2, 1.234567e3, 1.234567e3 and so on.
Why 7.3 and not 7? The reason is that since all numbers are stored in binary format, floating
point numbers are also stored in binary format. Thus in the scientific notation, the power base
is 2 instead of 10, and a base-10 written representation, such as 3.1415926, when stored in a
base-2 format, may not be stored exactly.
That is, depending on the actual number, 3.1415926 might be stored closer to 3.1415925 with
the last digit being different. This is the nature of mathematical conversion of a fractional
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number from one base to another base. This inexactness gives rise to the approximately 7.3
(decimal) digits of precision.
What this also means is that if you add two floating point numbers together, then results
might be slightly off. For example, adding 3.1415926 and 0.0000001 produces 3.1415927, but
when done in the computer, the result may be 3.1415927 or it may be 3.1415926 as the inexact
nature of the base conversion comes into play.
It Gets Worse! While both 0.1234567e10 and 0.1234567e-10 can be stored as 32-bit floats
(within the limit of base 10 to base 2 conversion), the former is a very large number and the
latter is a very small number. In abstract math, arithmetic operations (e.g. add, subtract,
multiply and divide) on these two numbers have well defined answers. However, as the
number of digits for the range is also limited in the internal representation, arithmetic
operations on numbers varying by a large range may produce wildly incorrect results, much
worse than what may be expected.
BEST PRACTICES:

1. Be careful when comparing two floating point numbers. Sometimes you
need to include a “delta” amount in your comparison, e.g. instead of
writing if (x == 3.1415926), you may need to write if (3.1415925
<= x && x <= 3.1415926)…
2. Be careful that the range of operands of a floating point operation is not too
far apart.
3. Do a web search for the seminal paper “What every computer scientist
should know about floating-point arithmetic” by David Goldberg, and
read the paper at least once, as these issues and many more are explained
in detail.
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Introduction
Algorithms are step-by-step instructions on how to solve a problem. For example, given the
question “how do you convert miles into kilometers”, the answer is to use a mathematical
formula
miles = kilometers * 1.60934
Indeed, programming in a procedural language such as C can be said to be an exercise in finding
the correct algorithms and data structures to solve the particular problem.
The core parts of an algorithm are its computation steps, which are implemented as operators
and expressions. Fortunately, C has a rich set of operators, allowing complex computations
to be expressed.
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Expressions and Operators
Operators are special symbols that are shorthand for operations, e.g. + and – denote the
addition and subtraction respectively. C has a rich set of operators, which contributes greatly
to the expressive power of the language.
A C expression is simply a group of names and operators that produce a value. It is defined
from “bottom-up”:
1. A term is a name, a numeric or a string constant
2. A term is an expression
3. The result of an operation is an expression
4. Operand(s) of an operation are expression(s).
With these rules, you can build arbitrarily long expressions. We have already seen examples
of expressions:
miles = kilometers * 1.60934
Or even
printf(“hello, world\n”);
is an expression consisting of a single function call operator.
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Operator Precedence Levels and Associativity
Given an expression with two different operators <op1> and <op2> with 3 operands:
<expr1> <op1> <expr2> <op2> <expr3>
For example:
c = i + j * k;
The operands of the addition operator + are either i and j, or i and the result of j * k. Which
operands are grouped with the operation depends on the relative precedence levels of the two
operators; with the operands grouping with the operator with a higher precedence level first.
From standard math operator precedent, which C follows, the multiplication is done before
the addition.
An operator may have the same precedence level as another operator. Let say both <op1> and
<op2> below have the same precedence level:
<expr1> <op1> <expr2> <op2> <expr3>
The term grouping or associativity refers to the grouping of the operands if the operations
have the same precedence level. There are two possibilities:
Left-to-right associativity means that the grouping is from left to right in order.
Right-to-left associativity means that the grouping is from right to left.
For example:
c = i + j - k;
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Plus + and minus - have the same precedence level. Since their associativity is from left to
right, the operands of + are i and j, and the operands of - are the result of i + j and k.
A set of parentheses () can be used to override grouping and precedence level:
<expr1> <op1> (<expr2> <op2> <expr3>)
With the parentheses, <op2> is always done with <expr2> and <expr3> as operands.
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Precedence Levels and Associativity Table
The following table summarizes the precedence levels (from highest to lowest) and the
associativity of all the C operators.
Operators
( )
[ ]
->
.

Associativity

function call
left to right
array indexing
pointer to struct/union member ref
struct/union member ref

(all of these are unary operators)
!
logical NOT
~
bitwise NOT
++ increment
-- decrement
+
unary plus
unary minus
*
pointer dereference
&
address-of
(T) type cast operator
sizeof sizeof operator

right to left

*
/
%

multiply
divide
remainder

left to right

+
-

add
subtract

left to right

<<
>>

left shift
right shift

left to right

<
<=
>
>=

less than
less than or equal to
greater than
greater than or equal to

left to right

==
!=

equal to
not equal to

left to right
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&

bitwise AND

left to right

^

bitwise exclusive OR

left to right

|

bitwise OR

left to right

&&

logical AND

left to right

||

logical OR

left to right

?:

conditional operator

right to left

=
+=
-=
*=
/=
%=
&=
^=
|=
<<=
>>=

assign
add-assign
subtract-assign
multiply-assign
divide-assign
remainder-assign
bitwise-AND-assign
bitwise-exclusive-OR-assign
bitwise-OR-assign
left-shift-assign
right-shift-assign

right to left

,

comma operator

left to right
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