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1.0 Afirst program

In order for a computer to obey our instructionsmugst put them in a simple code that the
computer can understand. To do this the inswostmust be precise and detailed. The
instructions which C programmers give to the corapate called theource codebut the
computer must translate it into the language whiokes itself for the execution of programs.
This is known as thebject code This translation process is knowncasnpiling and at this
stage any errors of syntax which have been matteiprogram are shown up. The computer
cannot execute the program if the instructionsateclear or if the correct syntax has not been
used, so it sends back error messages which paimtieere the problem is. The task for the
programmer is then to modify the program in a weat the computer can understand.
Computers are easily confused and the error maglyniee the omission of a semicolon or a
closing bracket.

The best way to understand how C works is to verisémple program. The following program
shows you how to command the computer to printbéoscreen.

(1) Open a new file by typing vi demo.c
(2) Enter the programme given below
(3) Save it and exit using the :wq vi command

#include<stdio.h>
main()

{
}

printf("Cogito ergo sum.\n");

e The first line of the program is a message to thapiler that it should link to the standard
input-output header file (abbreviatedgtdio’) which includes a library of definitions of
commands such ggintf() which means 'print to the screen'

* main() is the heading which labels the core part of ttoggam, that is, its main function
which is contained in curly brackets { and }. Ndie position of these in the layout of the
program - placed so that it is easy to see atrcglahere the main function begins and ends.
The final } terminates the program execution. like writing "The End".

» printf() is a pre-defined function in tlsdio.h file. The specific details of what is to be
printed must be contained in brackets, as shovineiprogram above.

» The set of characters inside the inverted commashwére to be printed are known astdng

* \n means 'go to a new line'

» Each command is terminated by a semicolon.

» Make sure to close the curly brackets at the enbeoprogram.

To compile the program type
gcc -0 demo demo.c

this will create an executable file called deme (ftlame is given after the —o option in the Gnu C
compiler command you just gave).



Type

Is —Is

to see that demo has been created. To run thegonote type
./demo

The ./ may be required to tell the operating sysietook for demo in the current directory.

1.1 Error and warning messages

If you make a syntax error in entering your progmerthe compiler will issue an error message
and demo will not be created. An example of aayetror would be to omit the semi colon
from the line containing the print statement. Asleerious error will result in the compiler
issuing a warning message. It is a good ideavestigate why the warning was issued, even
though the compiler may produce a working programme

1.2 Using a control string

In general the format of the print commangistf("control string", other parameters);

The control string does not need to be writtenimatetail. For example, an integer may be
represented &d and the value of this integer is specified as lsgrgparameter after the comma.
These symbols are called "conversion specificatiand several may appear in the string, each
identified by a different parameter after the comriae program below (write.c) shows how this
works.

#include<stdio.h>

main()

{
printf("Printing to the screen\n");
printf("%s%s%d\n","This is a string ", "and here is an integer: ",
542);
printf("%s%c\n", "this is a character: ", 'k);
printf("\n%s%d%c%d%c%d\n", "The date is ",24,".",6,".",97);
printf("%s%f\n%s%e","this is a floating point number: ",35421.79,
"This is the same number in scientific notation: ",34521.79);

}
» Theconversion specificationsised here are as follows (see also Table 1 ingperedix):
Character %cC char
Integer %d int
Floating point %f float
Scientific notation %e float
String %s char*

Note that a string is enclosed by double invertedotcnmas, a character by single inverted
commas, and a number does not require any such eosure



Exercises:

1. Type out the program above. See what happensiibyat the final} or ; and then
try to compile the program. Make a note of theemessages that these mistakes
generate.

2. Experiment with spacing in the control string ard svhat happens when a new line
(\n) character is omitted.

1.3 Reading from the Keyboard

This program requests an input and then readarit the keyboard. In order to do this, variables
must be used. The variables must be declaree abghof the program (see section 11.1.2) and
their types defined. This tells the computer toesgpace in its memory for the variables to be
used in the program. The amount of memory putadépends on how you define the variable.
For example, an integer requires 16 bits but aifiggoint number requires 32. (See Table 1 in
the appendix.) It is therefore important notrtoto fit a number in a box which is too small for
it, e.g. do not put a float into a variable des@jfer the input of an integer. This would confuse
the computer and produce a strange outcome togganation, if it works at all! Look akad.c
below:

#include <stdio.h>

main()
{ .
int a, b;
char one, two;

printf("Enter two integers with a space or <RET> between: ");
scanf("%d%d", &a, &b);

printf("The integers are %d and %d.\n", a, b);

printf("\nEnter two characters\n");

scanf(" %c %c", &one, &two);

printf("%s %c %s %c\n", "The characters are", one, "and ", two);

* int a, binstructs the computer to put aside memory spacevp integer variables which will
be

named a and b. Codes for other types ébkarincludechar for characterfloat for
floating point

numberdouble for long floating point variables.

» scanf( )instructs the computer to read the values that he@en entered on the screen and
store their values in the appropriate variabteuseswhite spaceto distinguish between
inputs to be assigned to different variablé¢hite spacemeans a space, a tab space or the
use of the <RET> key (which produces a new lin#.you type in '345'or '3 4 5'it
will recognise the three figures as separate ingaitsassign them appropriately. However,
'345' is identified as a single number.

» Itis essential that the variable names to whiehitfiormation is to be assigned are prefixed
with the& character which indicates the address where thiabla in question is held
within the memory.



* Not all variable names are acceptable to C. Fiairte, C keywords suchias, while,
float, etc., are restricted and cannot be used as l@nalmes (see Table 5 at back of
manual). C also treats upper and lower case $ediedistinct. Hence Count, COUNT and
count will be treated as three distinct variables.

Exercises:

1. Enter a figure as a character

2. Enter characters which are not letters

3. Enter a negative integer

4. Examine the effect of changing the spacing in dwosd part:
scanf("%c%c", &one, &two); Can you explain the result?

5. Write a similar program to redbbats.

2.0 Mathematical Operations

I* mathsl.c
This programme performs a variety of simple arithmetical operations. */

#include <stdio.h>

main()
{
int a, b, isum, iproduct, idifference;
float c, d, sum, product, difference, quotient;

printf("Enter two integers, a and b: ");

scanf("%d%d", &a, &b);

isum = a+b;

idifference = a-b;

iproduct = a*b;

guotient = a/b;

printf("\n%s %d %s %d %s %d %s %f\n", "a+b=", isum, "a-b=",
idifference, "a*b=", iproduct, "a/b=", quotient);

printf("\nEnter two floating point numbers, ¢ and d: ");
scanf("%f%f", &c, &d);

sum = c+d;

difference = c-d;

product = c*d;

guotient = c/d;

printf("\n%s %f %s %f %s %f %s %f\n", "c+d=", sum, "c-d=",
difference, "c*d=", product, "c/d=", quotient);

» The comment at the top of the program is enclosétiand */. This informs the computer to
ignore what is inside these marks . Comments sg&ilin setting out a program clearly so
that it can be easily understood by others andeidg®eurself if you wish to come back some
time in the future to alter your file.



« Even though the quotient of the integers a ardddeclared to be a floating point, the value
returned is in fact the integer below a/b. Thibesauselividing an integer by another
always returns an integer valueFor example, 5/2 is 2, 13/7is 1, 1/2 is 0.

» =is not the same as an 'equals' sign in algebia.called theassignment operatoras it
assigns the value resulting from the operatiorherright to the variable on the left=b does
not mean thad andb are equal but instructs the computer to assigwahes ofb to the
variablea.

* Note that the last statement spreads over two.lidgine of code can be broken in this way
at any point where a space is allowed - aftermarga in the parameter list in this case -
unless the break occurs within a string. To inadateak when typing a string use the
character\ before pressing <RET>, to indicate that the gtivill continue on the next line.

Exercises:

1. Try writing statements to evaluate more complicatethmetic expressions -
precedence of
operations and use of brackets is exactly as iimargalgebra. (See Table 3 at the
back of manual.)

2. Find out what the operatét does. This operator requires two integers (€h)3
and has
the same precedence as * and /. It will not woitk floats - see what error message
you get
if you try to use it with floats.

3. Write a program which asks for an angle in degted® entered, converts that angle
to radians, and prints the answer on the scre@&ra(flans = 360 degreesitis a
constant number which must be defined for the cderput is possible to type in
3.1415 wherever it is needed but it is much méfieient to definemat the beginning
of the program. To do this use the commat#idefine PI 3.1415 which is placed at
the very top of the program with ti#@nclude commands. Any constant can be
defined in this way rather than inserting the actwmber all the way through the
program. (It is called aymbolic constan. It is also useful if you want to change the
constant (for example, to use a value for Pl cotieea larger number of digits). If
this is the case you only have to change the digfinat the top and will not have to
go through the program changing each value manually

2.1 More Mathematical Operations

This section introduces the operators -+#++=, -=, *= and /=. The hierarchy of operators and
use of brackets is the same as in ordinary algaeeaTable 3 in the appendix for further details).

The effects of the operators ++ and -- depend ogthdr they are placed before or after the
variable, as demonstrated by the following example:

Consider the statementx = y++; Both ++y and y++increase the value of y by 1, but in the
case of y++, the value of y is increasdtér the original value of y has been assigned to x.
Therefore, if y = 5 initially, after the operatian= y++ the value of x is 5 and the value of y.is 6
(This is one of the operations that the prograaths2.cbelow performs.) However, if the
expression were phrased



X = ++y; the outcome would be different. This instructsd¢beputer to increase the value of y
by one first, and then assign this new value td@ kus after the operation x=++y both x and y
would equal 6.

The -- operator works according to the same logic.

Other expressions used in the prograaths2.care c+=2 and d-=4. These mean
respectively, increase the value of ¢ by 2, andredese the value of d by 4. Similarly *= and /=
respectively multiply and divide the variable oe tbft by the number on the right.

Examine, compile and rumaths2.c

I* maths2.c More arithmetical operations */
#include <stdio.h>

main()

{

inta, b, c, d;

printf("Enter two integers, a and b: ");

scanf("%d%d", &a, &b);

c=a++;

printf("After the operation c=a++, a=%d, c=%d\n", a, c);
d=++b;

printf("After the operation d=++b, b=%d, d=%d\n", b, d);

C+=2;
d-=4;
printf("\nNow c=%d, d=%d\n", c, d);

Exercises:

1. Edit the program to find out the effects of theastbperators. Also try their effects on
floats.

2. Write a program to evaluate the distance s tradelleng a straight line in time t and
the speed v at time t, where s=uffiand v=u+at. The program should ask for
values of u, a and t to be entered, and print tisgvar to the screen. Test your
program in the cases of zero acceleration andagle@tion under gravity
(a=g=9.8m3).

2.2 Predefined mathematical functions

Just as the functionwintf() andscanf( )are defined in the header fi&dio.h, some useful
mathematical functions are contained in the hefildemath.h. These include those used in the
programmaths3.cwhich is printed below. For example,

sgrt(x) =vx
fabs(x) = |X|
pow(x,y) = X’



See Table 4 in the appendix for other predefinedtfans inmath.h. Note that the functions in
Table 4 must be fedalue of x which is a double precision floatingmtaiumber, and thus x
should be declared as a variable of the tygpéble, and the appropriate conversion specification
is %lf . The function then returns the value approptiatibat particular value of x, and this will
also be a double precision floating point numbefabs() is so called to distinguish it froabs()
which takes an integer parameter, and is of intgge. abs()is defined irstdlib.h).

/*  maths3.c
This program introduces some predefined mathematical functions. */

#include <stdio.h>
#include <math.h>

main()

{
double x, y;

printf("Enter two numbers, x and y: ");
scanf("%lf %If", &x, &y);

printf("The square root of x is %If\n", sqrt(x));
printf("The absolute value of y is %If\n", fabs(y));
printf("x to the power y is %If\n", pow(x,y));

Exercise:
Change the prograso that it calculates the position and speed @hale harmonic
oscillator at any desired time t:

S = a cost+¢), V = -aw sin (t+¢)
The program should ask for the amplitude (a inth®,angular frequencyin s*,
related to the time T for 1 oscillation by=217T) and the constant phase angi®it
radians.

3.0 Iterations.

Often we require a computer program to repeatdhgesoperation or set of operations a number
of times. This is achieved very concisely by udowps which cause the statements within the
loop to be repeated until a certain condition &cheed. In C there are three main types of loop:
the 'for' loop, the 'while' loop, and the 'do-whiteop.

N.B. When learning how to use iterations it is egsto create a continuous loop
accidentally. One way to interrupt the program isto restart the computer by
holding down the keys <CTRL><ALT><DEL> simultaneoudy. However you will
lose any unsaved work by this method, so make suyeu save all your work
BEFORE you compile and run any program.



3.1 The 'for' loop.
The general form of théor' loop is:

for(initialisation; condition; increment)
statement;

Theinitialisation sets the initial value for the variable to be used

Thecondition must be true in order for the loop to continue.

If it is found to be true the statement is execut€eincrement then increases or decreases the
value of the variable as instructed, and this nalueris now operated on by the loop.

Thefor loop
for(x=10; x>0; x--)
printf("\n%d", x);

prints the numbers 10-1 down the screen. Exarhimédllowing programfor.c, and try to work
out what will be printed on the screen when iuis.r Then compile and run it and see if you were
right.

/* for.c The for statement. */

#include <stdio.h>
#define MAX 10 /* Names of constants are usually written in capitals */

main()
{
inti, j, k;
int add=0, sum=0;

printf("\n");
for (i=1; i<MAX; i++)
printf("i=%d, result=%d\n", i, i*);

printf("\n");

for (j=1; [<MAX; j++)
sum=sum-+j*j;

printf("j=%d, result=%d\n", j, sum);

printf("\n");
for (k=1; k<MAX; k++) {

add=add+k*k;

printf("k=%d, result=%d\n", k, add);
}

}

» The operators < and > used in this programeaeples of relational operators, which are
used in conditional statements. Logical operatarsalso be used in such statements. A list
of relational and logical operators is given belawd also in Table 2 of the appendix.



Relational operators:

> greater than

>= greater than or equal to
< less than

<= less than or equal to

1= not equal to

== equal to (remember thatdoes not signify ‘equal to' but 'assign
the
value of the expression on the right to thealde on the left'.)

Logical operators:
&& AND
[ OR
! NOT

For examplex >=5 && x!=10 means the condition that 'x is greater than aaktp 5 and is
not equal to 10'.

Exercises

1. Run for.c with a different value of the constanAXi.

2. Try using<=instead ok in the condition and see what difference it makes.

3. Write a program which prints to the screen a tabhlealues of log(xfor x=1.0to 2.0
in steps of 0.1. The table should consist ablRmns with the value of x in the first
column separated by a tab space from the correggprdiue of log(x) in the
second.

4. See what happens when you compile the programobligmn 3 if you try to start
from x=0 instead of x=1.0. (log(0) =).

3.2 The 'while' loop.
The general formis while (condition) statement;

or while (condition){
statement 1;
statement 2;

}

Look atwhile.c. (below) The first 'while' loop performs exacthe same function as the first ‘for
loop infor.c:

for(initialisation; condition ;increment)
statement;
is equivalent to: initialisation;
while (condition){
statement;
increment;

10



/* while.c The while statement */

#include <stdio.h>
#define MAX 10

main()

{ o
inti=1, j=1, n;
int add=0, sum=0;
float x;
char c;
printf("\n");

/* The following while loop is equivalent to the first for loop in for.c */

while (i< MAX){
printf("i=%d, result=%d\n", i, i*);
i=i+1

}

/* A while statement can be used to read in a list of numbers when the
number of items is not predetermined, as follows: */

printf("\nEnter a list of numbers separated by spaces. \n\
Type 0 followed by <RET> to indicate the end of your list. \n");
n=1;
while(scanf("%f", &x)==1 && x!=0){
printf("Entry number %d is %f\n", n, X);
n++;
}

printf("You entered %d numbers"”, n-1);

» Note that it is possible (and sometimes necessa@3sign a value to a variable while
declaring it. This is callemitialising the variable (look back at paragraph 1.1.3).

It is important to understand how C evaludtas andfalse In a conditional statement, 1 is
returned if the condition is true, and 0 if it @de. This is shown in the last sectionvwbile.c
where a while statement is used to read a lisuoflers when the number of items is not
predetermined:
In the condition while(scanf(“%f”, &x) ==1 && x!=0), scanf(“%f", &x) is only true
(returning the value 1) when a number has beerdtypeotherwise it is false (returning 0). The
loop continues while two conditions are met, i.ailey
1. afloating point number has been entered (i.e §tafif &x) is true and returns the
value 1)
2. the number entered is not zero (which the prograsimstructed the user to enter
when their list of numbers is finished). When @igered, the second condition is
false, and the returned value 0 causes the prograxit the loop).

11



Exercises:

1. Experiment to see what happens if you enter a ctarastead of a float.

2. Write 'while' loops which have the same effectresdther two for ' loops ifor.c.
Any of the logical and relational operators carubed in the condition statement.

3. Write a program which asks for a list of numberbécentered, and calculates their
mean and standard deviation and prints them. (Tden of n numbers, &,
...... a, is <a> = (atat...+a) /n, and their standard (or root mean square)atievi
is V(<& - <a¥), where <&> is the mean of the squares of the numbers: =4a?
+a?+..+a%)In.)

3.3 The do-while loop

The ‘for’ and ‘while’ statements test the conditidpefore performing the operations defined
within the loop. So if the condition is not trueea for the first value of the variable, the
operations in the loop will never be performed.wedwer, the do-while loop tests the condition at
the end of the loop, so the loop operations araydvperformed at least once. The general form
of the loop is

do { statement ;

} while( condition);

The prograndowhile.c generates a random number each time the loopfirped, and asks
whether another random number is required:

*/ dowhile.cThe do-while loop.  */

#include <stdio.h>

#include <stdlib.h> /* For rand() */
#include <ctype.h> /* For isspace() */
main()
{

char ans;

printf("\nThis program will print out random numbers\
between 0 and %d.\n", RAND_MAX);

do{
printf("%d \n", rand());
printf("Find another? (Y/N)\n");
do{
scanf("%c", &ans);
} while(isspace(ans)); /* Skips white space */
} while(ans=="y' || ans=="Y"); /* Exits unless Y or y input */

12



Note that two new header files have been includddis program:

ctype.h defines the functioisspace( Wwhich returns a value of true if white space is
encountered and a value false if there is an itebetread from the keyboard. The loop is
thus repeated until non-white space is encounterien the computer moves to the next
statement.

stdlib.h defines the functiorand( ) which picks a pseudo-random integer between 0 and
RAND_MAX. RAND_MAX is a constant which is also dieéd in the file and represents the
upper limit of the range of numbers from which @ salect a random integer.

(This is a very primitive random number generateor information about how such
generators work, and prescriptions for better easisee Numerical Recipes idi§€ed in the
references section of the appendix.)

Note the do-while loop within the main one. Thisalled nesting .

Exercises:
1. Modify the program to generate a random number &éatvd and 1.
2. Write a program to print to the screen a tableadfies of x and sin(x). The value of x

should

appear in the left hand column separated by apgabesfrom the corresponding sin(x)
in the right hand column. Each different valuexshould appear on a new line. Start
from x = 0, and evaluate sin(x) for 20 further \eduending at x =12

NB. To 9 decimal places = 3.141592654. It is clearly meaningless to qwelees

of x and

sin(x) to a greater accuracy than this. Choosetimber of places of decimals to
which your table will be accurate, and use thecfgien specifier’ (see bottom of
Table 1) to restrict the number of decimal placasted. (e.9%.4If will print a
double precision floating point

number correct to 4 places of decimals.)

3.4 Selection statements

Theif andif-else statements are used to instruct the computerdoute one statement if a
particular condition is true, but to execute apralative statement if the condition is false. The
general form is:

if (expression) statement;
else statement;

Theelseclause is not essential. If it is absent, exeoutiroceeds from the statement following
theif clause when the condition is false.

13



Look atifelse.c, compile and run it.

[* ifelse.c The use of selection statements. */
#include <stdio.h>
main()
{
int i,j,k, a, b, c;
int min, middle, max;

printf("\nEnter three integers: \n");
scanf("%d %d %d", &i, &j, &K);

if (i<j)

else

a=i;

a=j;
if (a<k)
min=a;
else
min=Kk;
printf("The smallest is %d\n", min);

printf("This part of the program will order three integers by size.\n");
printf("Enter three integers:\n");

scanf("%d %d %d", &a, &b, &c);

if (a<b && a<c) {

min=a;

if (b<c) {
middle=b;
Mmax=c;

}

else {
middle=c;
max=b;

}

}
else {

if (a>b && a>c) {
max=a;
if(b<c) {

min=b;
middle=c;
}
else {
middle=b;
min=c;

}

}

else {

14



middle=a;

if (b<c) {
min=Db;
Mmax=c;
}
else {
min=c;
max=b;
}

}

}
printf("%d , %d, %d", min, middle, max);

» The first section determines which of three intedeithe smallest. It consists of a sequence
of twoif-else statements. (There is information about sortmgines in Numerical Recipes
in C - see references section in the appendix.)

» The second section prints three integers in orfisize. Note the nesting of tlifeelse
statements and the use{aind} when more than one statement is to be processadladif
condition.

» If no elseclause is included, the program executes themseats) associated withprovided
the expression is true. Otherwise it proceedstjréo the statement which follows
if (condition){statement};.

* Note that statements nested withinifaclause are indented, as are nested clauses.sThis i
common practice for readability and helps prevewial mistakes such as the omission of a
bracket.

N.B. Although statements can be nested theymeagr overlap i.e. each inner loop must
be completely contained in the outer loop.

4.0 Functions

Functions are an essential elemendtafictured programming. This involves dividing a large,
complex program into specific tasks, to be perfatimesequence. Each specific task is defined
in a separate function, which performs its taslependently of the rest of the program. The
sequence in which the separate tasks are perfasedermined by thmain function (which

you have already used.) The main functiaiis other functions in the appropriate sequence, and
the command is simply the name of the functiobdaalled, with the values of any parameters
that are needed in brackets after the name.

Often the called function will return a value t@ tlmain function. However it may also change
the value of aglobal variable. A global variable is one that is receguqi by the complete
program, i.e. bynain() and all other functions. This means that thealde must be declared in
exactly the same way in all other relevant function

Like variables, all functions must be declared.isThust be done before the function is called.
So if main() is the first function in the program, and a secfurdttion,name(), is called from
within it, the functiorname() must be declared at the top of a program, atfovdeginning of
main(). The declaration is calledfanction prototype, and takes the general form

type name(parameter list);

15



type specifies the type of object that will be returigcthe function. For example, if the
function returns a floating point value the typdl we float . If the function does not return
anything the type will beoid.

nameis the name of the function.

parameter list is the set of variables (separated by commas)hichvihe function depends.

main( ) is a function which does not usually return a vaared in this case may be assigned the
typevoid. However the type specifier for main() is usualtyitted, which results in the
assignment of the default type, whichiris.

Examine the prograrfunction.c which demonstrates the use of a second functitbedchy the
main function.

/*  functionl.c
This program contains the main function and a second function called by main. */

#include<stdio.h>

int square(int y); [*function prototype */
main()
t . .

int X, answer; [*local variable declaration */

printf("/nEnter an integer value between 1 and 100: ");
scanf("%d", &x);

answer = square(x); [*calls the square() function */
printf("\nThe square of %d is %d.", X, answer);

}

int square(int y) /* function header, and declaration of parametery */
int y_squared,; /* local variable declaration */
y_squared=y*y;

} return y_squared;

» Themain part of the program will often be quite short, @ven in complex programs may
consist almost entirely of a sequence of functiwhih are called in sequence, and defined
below main().

» Note that the function header is identical to tiwecfion prototype but without a semicolon.

» After the commandeturn value; has returned the appropriate value to the maictim,
the operation of the program continues (usingithiairned value) from the point main at
which the function was called.

* Local variables, declared within a function, canbetused outside that function.

» Theparameter(s)on which a function depends are variables (e.on the prototype and
header for the function square(y) in this prograihen the function is called by main, this
variable is assigned a particular value, callecatigeiment (the current value of variable x in
this case.)
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5.0 Using files

It is often more useful to place the results okrwation in a file rather than print them to the
screen. In particular, a data fifdlename.dat, containing one data point per line, can be
used withGnuplot to plot graphs of the data. (See section 5). A datat is a pair (in 2D) or

triple (in 3D) of values, separated by a spadcalor By defaulGnuplot takes the values in the
first column to be the x coordinates of the poiatg] those in the second to be the y coordinates.
If there is a third column, the values are takebddhe z coordinates.

The program below writes values of x and cos(g fibe which is called ‘cosine.dat’

[* datafilel.c This program writes data for cos(x) to a file. */

#include <stdio.h>
#include <math.h>
#define Pl 3.14159265

main()
{
double x, d=0;
int i=0, n=0;
FILE *cosp; [* file type declaration */

printf("\nEnter the number of values of x between x=0 and x=2PI\n");
scanf("%d", &n);

if((cosp=fopen("cosine.dat", "w"))==0){

printf("cannot open file\n"); [* returns error message if file
exit(1); cannot be opened */
}
d=2*PI/(n-1); [* calculates the interval in x to be used. */
x=0 [* initialise x */

for(i=0; i<n; ++i){
fprintf(cosp, "\t%If\t%If\n", X, cos(x));
X+=d;
}
fclose(cosp);
printf("data for cosx has been written to the file cosine.dat");

» FILE *cosp is the file declaration, anmbspis the address of an area of memory where all the
information associated with the file cosine.dabie stored. cosp is callegha@inter to a
memory area, anttosp declares the pointer cosp. (To declare a pqiittename is prefixed
by an asterisk. ) The 'p'in the name cosp heas beluded to remind us that it is a pointer
name. A FILE type is defined in the header fidigh, and the definition includes
information about the current state of the filgy(@pen or closed) as well as its contents.

You can find out more about pointers in section 7.
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Before information can be written to a file, thie finust be opened. The simplest command to
use is

pointername = fopen(“filename”, “w")

fopen creates a file callefilenameif it does not already exist, aftd” tells the computer to
write to the file. This command will overwrite wigaer is already contained in the file if it
already exists. “(" would tell the computer to read the file, datl to append information to
the end of the file). fopen() is a pointer nantethds command implies. In this program it
associates the pointer cosp with the file cosine.da order to check for possible problems, a
more complicated set of file-opening statementssed indatafile.c. If the file cannot be
opened, then the expression

cosp=fopen("cosine.dat", "w")

is false(==0 ), and the program generates the error messagadtapen file” before quitting
the program. Exit(1) tells execution to stop duat error.

A file must always be closed after use, and thitise by the commarfdlose(pointername)
(The functionsexit( ), fopen( ), andfclose( )are all defined istdio.h.)

fprintf is the command used to write to a file. The figrthe same as that fprintf except
that there is an additional parameter which tlkésgrogram the address to print to:
fprintf(filepointername, “command string”, other pa rameters)

fscanfis not used in this program but it is used to rieanh the file whose pointername is
specified before the command string.

6.0 Using GNUPLOT

GNUPLQOT is a windows based, command-driven intéragtlotting program. It is case sensitive
(i.e. it distinguishes lowercase from capital lefje
The GNUPLOT window has a set of pull-down menusssthe top, including:

* File, which contain®©pen andSaveoptions

* Plot, which contains the commangtot, 3D Plot andData filename This last
enables you to open a data file (with extensiof) aantaining data to be plotted.

* Functions, which contains a list of predefined functions.

» Axes which includes options for defining the rangevalues to be shown along the
X, Y Of Z axes.

» Styles which allows you to choose to plot using poifites, etc.

Commands may be entered either using these memiog tgping the appropriate command
directly after the promginuplot>.

Plotting predefined functions

SelectPlot from the pull-down menu (or typ#ot - with lowercase p - at the gnuplot prompt).
Select a function from theunctions menu, and (to show it is a function of x) typg''(x
immediately after the function name. For examiflgou have chosen the sine function, at this
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stage you should see the following line on youesnr
gnuplot> plot sin(x)
Now press <RET>, and the graph of sin x will bettgld on a new window.

Changing the range

GNUPLOT uses a default range of x and y unlessdgdine these ranges. To change the x
range, seleck Rangefrom theAxesmenu, enter the lower limit in the dialogue boxath
appears, and press <RET®hen enter the upper limit in the new dialogue hod press <RET>.
Now click on the REPLOT button at the top of the@dw, and your most recent graph will be
replotted with your chosen range of x values. wiagively, select the range and then enter the
plot command for your chosen function. The y amdriges may be chosen similarly.

Symbols used by GNUPLOT

*  GNUPLOT uses * and / to represent multiplicatiod aivision respectively. The
multiplication sign must always be inserted exglijci For example, GNUPLOT wiill
understand 2*x, but not 2x.

» To enter the square of x, enter 'x*x'. Similarlyoxthe power 3 should be entered as
X*X*X' etc.

*  GNUPLOT recognises the tenm, so, for example, to plot sin x from x=0 to x£2
you can type '2*pi' for the upper limit of theange. (Notice that the sign "' must
be used to indicate multiplication).

Plotting user-defined functions:

To plot a function which does not appear in GNUPLOTist of functions, first define the
function, f(x) for a 2-dimensional graph, or f(xfgr a 3-dimensional one. For example:

gnuplot> f(x)=3*x*x-4

Now use the plot command from the pull-down memutype 'plot’) and type 'f(x)' after the plot
command. The graph will be plotted when you prd8E&>. (If you do not like the default
choice of range on the x axis, change the rangiesayibed in paragraph 4.2 and repeat the plot
command (or press tiREPLOT button.)

Variable names

By default, GNUPLOT assumes that the independetdia for theplot command is x (2D),
and the independent variables for gpéot command are x and y (3D). They are called the
dummy variables. Theet dummycommand changes these default dummy variable ndfoes
example, it may be more convenient to call the dynaariable t when plotting functions of time.
The following commands plot sine and cosine astfans of t, on the same graph :

gnuplot> set dummy t

gnupiqtlot sin(t), cos(t)
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To set two dummy variables in the case of a 3-dgimeral plot, use theet dummycommand
with the two variables separated by a comma:

gnupiset dummy u, v
gnupAd(u,v)=u*u+v*v
gnupiaplot f(u,v)

Plotting data from a data-file

Data contained in a file can be displayed by spawfthe name of the data file (enclosed in
single quotes) aftgalot or splot. After choosing the appropriate plot commandect®ata
filename on thePlot menu to obtain a window in which you may browséird the file you
want. Data files have a '.dat' extension (filegatat), and should contain the information for
plotting one data point per line. (Lines beginnith # will be treated as comments and
ignored). Fomplot, each data point represents an (x,y) pair, anld ke of the data file should
contain an x value followed by a blank space aed the corresponding y value. Bplot, each
point is an (x,y,z) triple. Again the numbers atleline of the data file must be separated by
blank space, which divides each line into columns.

Plotting data from a data-file containing multiple columns

It is possible to select two columns to plot fromada-file containing more than two columns.
For example, the command

plot 'datafile’ using 1:3

will use the first column of the file datafile.d& the x column, and the third column as the y
column. To show two curves on the same plot, usoglgmn 1 of the data-file as the x
column and columns 2 and 3 as separate functiorstgbe

plot 'datafile’ using 1:2 , 'datafile’ using 1
Alternatively the following two lines will have treame effect:

plot 'datafile’ using 1:2
replot 'datafile' using 2:3

7.0 Arrays

Programmers use arrays to store many elements chie type (e.g. integer, float, etc.). Only
one variable name is used, and the elements diegdished from each other by a subscript. An
array must be declared (just like any other vaegkdt the beginning of a program, and the
number of elements must be specified at this Earthat the computer can set aside a block of
memory of sufficient in size. For example, an améth 5 integer elements would be declared as
int array[5]. The individual elements are namaday[0], array[1], array[2], array[3],

array[4].
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N.B. In C the first variable of an array always has the sul@ipt [0]. Therefore the elements in
array[n] arearray[0], array[1], array[2], ..., array[n-1].

Elements of an array can be used in a prograneisdame way as variables of the same type. For
example, a vector could be seen as an array. Sapp® have a velocity in 3-dimensional space:
we specify it by giving the X, y, and z componemgsy, and v, and these are treated as elements
in an array velocity[3]. (In vector notation wente the velocity by, which really means the

set of three numbers which are its componenEEgments can be used individually in a

calculation. For example, if the speed is requjred | =\/vx2 + vy2 + vz2 , and the C
statement generating this would be:

v = sqrt(velocity[O]*velocity[0] + velocity[1]*velocity[1] + velocity[2]*velocity[2]);

or perhaps more neatlysquared = 0O;
for(i=0;i<3;i++)
vsquared = vsquared + velocity[i]*velocity]i];
v=sqrt(vsquared);
Look at the prograrmarray.c which asks for 10 numbers to be entered and etes tlheir sum
and the sum of their squares, treating the nurmdeetise elements of a 1 dimensional array.

[* array.c
This program sums the elements of an array and also their squares. */

#include <stdio.h>

#define N 10
main()
{ float X[N], sum, sum2;
inti;
sum=0; [* Initialises variables to zero */
sum2=0;
for(i=0; i<N; ++i) X[i]=0; /* Initialises all array elements to zero - not strictly
necessary in this case. */
i=0; /* Note you need to set i back to 0 before you use it again -*/
/* what happens if you don't ? */
do{

printf("Enter the value for x[%d]: \n",i);
scanf("%f", &x[i]);

1++;
}
while(i<N);
for(i=0; i<N; ++i){
sum += X]i;
sum2 += X[i]*x[i];
}

printf("The sum of the elements is %f.\n", sum);
printf("The sum of the squares of the elements is %f.\n", sum2);
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» Note that in general all the elements in an arhepukl be initialised (i.e. assigned a value) so
that you know what value is in each element bejorestart. This is most easily done with a
‘for’ loop. If this is not done the computer wilse the value that had previously been stored
in that section of memory, with unpredictable resuln array.c this initialisation is not
strictly necessary because the value for each eleimeecad in from the keyboard.

» In small arrays such as this the elements could baen initialised when the array was
declared:

intarray [ 5] ={0, 0, 0, O, O};
Thefor loop which initialises the array elements ie frogram above would then be
unnecessary.

7.1 Multidimensional arrays

Arrays can be multidimensional. For example, anZedisional array (a matrix) for representing a
chess board could lmhess [8] [8] This array has 64 elementshess[0] [0], chess[0] [1],

chess[0] [2],..., chess[3] [4], chess[3] [5],..., chd&$[6], chess[7] [7] Note the order in which
they are presented, with the second dimensionecéttay (the ‘column' number, in matrix terms)
being incremented first.

8.0 Pointers

In the work that you have done so far, the pariicaection of computer memory allocated to a
particular variable or array by the compiler hasrbenimportant to the programmer. The value
of a variable or a series of values stored in smyanere accessible by making reference to the
variable name or array name and array index. Hewehie C Language also permits the
programmer to have access to, and use of, thel actdeesses at which variables or array values
are stored, using a language feature cal@dters.

A pointer is a variable which stores a value which is thenory address of another variable or
element in an array. This address is always agért The number of bytes required for an
address depends on the type of variable to bedstbege: a character requires 1 byte (=8 bits),
an integer requires 2 bytes, a floating point numéeguires 4 bytes, and a double precision
floating point number requires 8 bytes. (See Takkethe appendix.) Pointers have already
been used in writing to a file in section 4.

8.1 Pointer declaration

When a pointer or pointer array is declared, digtinguished from an ordinary variable or array
by being preceded by an asterisk, *. The value pdinter is always an integer, but the total size
of the memory area it points to must also be inetlich the declaration. This is determined by
the type of the variable to which the pointer refers explained above, and this is called the
pointerbase type It is this type which must be included in thénper declaration. For

example, look at the statements

int a, *xp;
double b, *yp, *zp[10];
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The first declares an ordinary integer variablaral a pointer xp to an integer variable. The
second declares a variable b, of type doublegirstgr yp to a variable of type double, and a
pointer zp to an array which contains 10 elemehtgpe double. Although the pointers yp and
zp have integer values, their base types are doctreesponding to the type of the variables they
pointto. The names xp, yp and zp here inclugéas a reminder that they are names of
pointers. It is often convenient to choose pointenes which contain some reminder that they
refer to pointers rather than to ordinary variables

When declaring a pointer to a file, as in sectipthéd declaration is of the form
FILE *pointername;

The FILE type is defined in stdio.h , and includeswell as the file contents, information about
the state of the file, and whether it is beingtteri or appended to or read from.

Although it is often unnecessary to initialise oty variables, this is never the case with
pointers

Pointers must always be initialised before they arased An unitialised pointer can cause
your program or operating system to crash, as jtimedvertently alter the contents of a section
of memory which is vital to the program or opergtgsystem. A pointer is initialised using a
statement such as,

Xp = &a;
In this context, the & operator is theddress of operator, and in the statement above, the
address of the ordinary variable named a is assitmthe pointer xp. After this initialisation,
pointer operations involving xp will only affectetsection of memory which has been assigned
by the compiler to the variable a.

The second operator which may be applied to a @oistthe Value of operator, *. The
statement,

b = *xp;

assigns the value of the variable stored at the angaddress indicated by the pointer xp, to the
variable b. Look at the sequence of statementsibel

int a, b, *xp; /* declare integers a, b, pointer xp */

a = 35; [* initialise a  */

Xp = &a; [* assign the memory address of a to xp */

b = *xp; * assign the value of the variable whose menamgress is stored at xp
tob*

This is equivalent to,

int a, b;
a=35;
b=a;
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8.2 Pointer arithmetic

Since the value of a pointer is an integerira@ger may be added to a pointer and pointers
may beincremented decremented or subtracted from each other,but they cannot be added,
multiplied or divided.

Incrementing a pointer xp using xp++ (equivalertpe-l) changes the indicated memory address
to the beginning of the next address of that typeppose xp has base type int, then it points to
the address of an integer variable which is 2 bigheg. If the address (i.e. the value of xp) is
1000, then xp++ has the value 1002, since theadtktess for an integer variable is 2 bytes
further on in the memory. Similarly if yp is a pteér of base type double, and yp has the value
2000, yp++ will have the value 2008.

Thus adding an integer n to a pointer changesahe of the pointer by nb, where the value of b
depends on the base type: b=2 for int, 4 for feoat 8 for double.

For example,

int a, b, numele, *xp, *yp; /* declare variables and pointers */

Xp = &a; yp = &b; [* initialise pointers */

Xp = xp + 10; [* Xp points to an address 10 adresses beyondripi@al one */
Xp++; [* increment xp to xp+2 (since xp has base ippe*/

Xp--; [* decrement xp to xp - 2 */

numele = xp - yp; /* numele is the number of memory locations dogype int

between xp and yp */

8.3 Pointers and arrays

Arrays consist of contiguous memory locations,eeample, an integer array data[5] could be
stored in the memory locations thus:

Memory location 1000 | 1002 | 1004 | 1006 | 1008
Array element stored data[] data[ll] dataJ2] ddta[8ata[4]

Since an array consists of a number of differezneints, a pointer cannot point to the whole
array but only to its first element. The name @& piointer is simply that of the array, without
brackets.Arrays are the only case in which an asterisk is icmeeded to signify a pointer In

the case aboveéata is identical to&data[0] (which indicates the address where the first elgme
of the array is stored). Since the name of eayds a pointer constant, it cannot be changed for
the duration of program execution.

Pointers are useful for referencing particularyagigments, and this can be faster than the usual
means of referencing array elements. For exartipdifth array element of array data can be
referenced using,

int a, data[5], *xp; [* declare variable, array and pointer ~ */
Xp = data; [* initialise pointer */
a =*(xp+4); * xp points to the first element of data, xp+4meito the fifth element */
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An equivalent pair of statements is,

int a, data[5];
a = data[4];

(Remember that the first element is data[0], sdiftteis data[4].)
8.4 Use of pointers in functions
A function can be callelly value, i.e. by passing thealue of the argumentto the function or it

may be calledby reference i.e. by passing pointer to an argument, instead of the argument
itself. Both methods of calling a function areigtrated below.

[* pointer.c This program calls a function by value and a function by reference.*/

#include <stdio.h>

int square(int y); /* Function prototype */
int cube(int *xp);

main()

{
inty =5, *Xp;

Xp = &y;

printf("%d\n%d",square(y),cube(xp)); [* or cube(&y) */
}

int square(int y) [* Function header */

{
inty squared,;
y_squared = y*y;
return y_squared,;

}

int cube(int *xp) /* Function header */

inty cubed;
y_cubed = *x p* *xp * *xp;
return y_cubed,;

}

So far it has only been possible to pass singleesads arguments to a function, and to return
single values. If a function is to return morerttume value, pointers must be used. For example
look at the following main function which calls anictionaddten():

main(){

int x=2, y=3;
addten(&x, &y);

void addten(int *px, int *py)
{
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*pXx =*px + 10;
;py =*py + 10;

The functionaddten() adds ten to the numbers stored at the addressasd&y, pointed to by
*px and *py. In this case the function does notme any values and so is of type void.

To pass several variables to a function, or torneseveral variables, it is convenient to use
arrays. Array names are pointers, as explainsédtion 4. If the pointer to an array is passed to
a function, then the function knows the addresscamdprocess the whole array by moving from
one element to the next by incrementing the addréke function must also be told the size of
the array which it is being passed so that it kna#ven to stop incrementing the pointer! To let a
function ‘know’ the size of an array, the size ¢@npassed to it as an argument. Thus the
function is passed two arguments - a pointer tditeeelement of the array and an integer
specifying the number of elements in the arrayfuriction header might be:

int squared(int *p_array, int x);
or int squared(int array[], int x);

where x is the number of elements in the arraye fBHowing program passes an array to a
function in order to find the largest element.

[*largest.c Finds the largest element of an array */
#include<stdio.h>

int array[10], num;
int largest(int *p, int y);

main()
{
for(num=0; num<210; num++)
{
printf("\nEnter an integer value:");
scanf("%d", &array[num]);
}
printf("\n\nThe largest value is %d", largest(array, 10));
}
int largest(int *p, int y)
{
int num=0, biggest=-12000;
for(num=0; num<y; num-++)
if(p[num] > biggest)
biggest = p[num];
}
return biggest;
}
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9.0 The xxgdb debugger
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10.0 Numerical methods of integration

See Kreyszig, Advanced Engineering Mathematisdh. sections 18.5 and 20.3

10.1 Definite integrals

b
The problem is to evaluate an integral of the f(j.rd»( f(X) for a given functiori(x) between
fixed limits x=a andx=b. Approximate methods are based on the interpoetaf this integral as
the area under the curyef(x) between the given end points.

In the simplest possible case, the area underutve ¢s approximated by a large number of
rectangles of equal widti=4x, where the height of the (i+1)ectangle i$(x), with x=a+ih .

If there are are n such rectangles, then the waifldach ish=(b-a)/n. The value of the integral
is given approximately by the sum of the areasefrt rectangles:

_[dxf(x)zg f(x) h @)

The trapezoidal rule

An improvement on the simplest approximation (Itpiestimate the area of each section of
width h as if it were a trapezoid. The area of the sadtietweens andx.; is then approximately

26060+ 105 + 1) @

and we sum these areas fror ton-1
The error in this approximation is given fywhere
KfPasesKi@n, K= —(b-a)¥(12 rf) ©)

andf @, andf @, are the minimum and maximum values of the secenivative of f(x) in
the rangea <x <h.

Simpson's rule

Simpson's rule is based on approximating the cifxydounding the top of each section of area
by a quadratic function. In this case the intebralmust be divided into an even number of
steps2n, each step being of the same lertgtb-a)/(2n). The endpoints of the steps are:

Xo=a, ;=a+h, x,=a+2h, ........... ya+2nh=b

The function is approximated in the first doublteiwal by f (X) = AX* + Bx+ C, where A, B

and C are calculated by fitting this quadratic timtto the known values éfatxo, x; andx, .
This approximate function is integrated frapto x, and the result expressed in termé,of
fozf(XO), f]_:f(Xj_) andfzzf(XZ).

28



The contribution of the area from each double iritkis estimated in a similar way, and the
results summed to give the following approximation:

b
_[dxf(x)=g(fo+4fl+2f2+4f3+ ..... +af, +f,) @)

Frequently this is written in terms of the doultlepslengthtH=2h, and can be written as either of
the two summations below:

[ dx f(x)Z%(f(a)+2§ f(a+ iH)+4i f(a+(i—%) H) + f(b)j 5)

b
H 1
[ax £(% =EZ(f(a+(i ~DH) +4f (a+(i-)H)+ f(a+iH)j (6)
a i=1
The error in this approximation is of the ordewhere

KOs £ <K O K'= {b-af¥(180 (2nf) (7)

andf @ is the fourth derivative d{x).

10.2 Differential equations

Simple Euler method
Suppose that we wish to solve the differential #gua

dx

= @

given some initial value of, x. For some function$, it is possible to obtain an analytic solution,
in which case we would find a functicut) which satisfies equation (1) amgl= x(0). In some
cases an analytic solution of this form cannotdamél and the solution must be found
numerically.

The simplest way to integrate an equation of thftl) numerically is the@mple Euler

method: Given an initial value = X, we can estimate the valueofit timet; = t, + 4t using
the first two terms of a Taylor series

dx
N=xt- D o x=xrAtiGy) @
wheredt = (t; - t).

The numerical solution to the problem is a setafgof data pointsx(t;), where each timgis
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separated from the next by the interddl. The graph of the functiot(t) may then be plotted
from this set of data points.

Improved Euler method

The Euler Method is rather crude and it is possiblienprove on it:

() make arestimateof the slope at + 4t using the Euler Method, giving an approximate
value f (x + 4t)

(ii) use the average of the slope in (i) and the didpeatt; to calculatex,;.

This is equivalent to using the trapezoidal ruleath step of the integration. The result is

At
X =%+ (F (%) + £ +AD) ©

The second term on the rhs is therageof the slopes mentioned above. Note that theeskbp
the end of the interval has been estimaiade we do not actually know where the new value o
lies.

The improved Euler method is correct to secondrpide to terms of orderAt)%

Runge-Kutta method

It is possible to derive a series of higher orggaraximations for.,; which use values of the
slope computed at several intermediate points aloagtep interval. These are Runge-Kutta
Methods (RKM). The titl&Runge-Kutta Method with no qualification usually refers to th& 4
order RKM which is explained in this section. (Tihgproved Euler Method is thd%order
Runge-Kutta Method). Just as the improved Eulethod corresponds to using the trapezoidal
rule for each step, the Runge-Kutta method cormedpto using Simpson's rule.

At the end of the' step of the integration we calculate

= 1(x) )
= 105 +5) (@)
= 106 +5k) (a0
K = (6 +Atk) (aq)

and the & order RKM approximation for the valug; at the end of the next step is

At
Xia = % +E(k1 +2k, +2k; + k4) (5)
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APPENDIX

TABLE 1: C NUMERIC DATA TYPES

PRECISION MEMORY
INPUT TYPE SPECIFIER AND | REQUIRED MINIMAL RANGE
DECLARATION INBYTES
CODE
character %cC char 1 -128 - 127
integer %d int 2 -32 768 32 767
floating point %f float 4 6 digits ofgwision
long integer %Id long 4 -
2,147,483,648.2,147,483,6
48
double precision floating %lf 8 10 digits of precision
point (long float) double
scientific notation %e
string %S char|
*
minimum field width specifien| e.g. %8d
(displays integer in space at
least e.g.8 characters wide)
precision specifier (displays | e.g. %.4f
float with e.g. .4 decimal
places)

TABLE 2 : THE C OPERATORS

ARITHMETICAL

OPERATORS
+ Addition
- Subtraction
* Multiplication
/ Division
% Modulus : gives the remainder when the first apdris
divided by the second
-- Decremental : subtract 1
++ Incremental :add 1
RELATIONAL
OPERATORS
> greater than
>= greater than or equal to
< less than
<= less than or equal to
== equal to
1= not equal to
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LOGICAL OPERATORS

&& AND

OR

NOT

[There are other C operators which you have noegebuntered which can be used when you
progress to more complex programming.]
TABLE 3 : PRECEDENCE OF C OPERATORS

PRECEDENCE OPERATOR
Highest ) 1]

I ++ -

* | %

+ -

< <= > >=

= ==

&

&&

Il
Lowest = 4= —= *= [=

TABLE 4 : FUNCTIONS INCLUDED IN math.h

sin(x) exp(x) &

cos(x) log10(x) logh(X) (log to the base 10)
tan(x) sqrt(x VX

sinh(x) log(x) In x (naturaigp
cosh(x) asin(x) STIix)

tanh(x) acos(x) CO%X)

fabs(x) x| atan(x) tai(x)

pow(X, V) X

TABLE 5 : RESERVED KEYWORDS

char simplest C data type

do used with while statement

double C data type

else signals alternative statement to be executed whremdition evaluates as false.
float C data type

for C loop command

if Changes program flow based on a true/false decision

int C data type

long C data type

return returns a value to the main function

void indicates that a function does not return anything
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