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Written to

Welcome to "Fortran Programming by Example," a comprehensive
guide tailored specifically for first~year Master's students in Materials
Physics, within the Faculty of Exact Sciences, Department of Matter
Science. This book is designed to provide a solid foundation in Fortran
programming, a powerful and widely-used language in scientific

computing and numerical analysis.

Structured across ten well-crafted chapters, this book takes you on
a journey from the basics of Fortran syntax and structure to advanced
programming techniques. Each chapter is enriched with practical
examples and exercises, ensuring a hands-on learning experience. By
the end of this course, you will not only be proficient in Fortran but also

equipped with the skills to solve complex problems in your field of study.

Embark on this educational adventure and discover how Fortran
can become an invaluable tool in your scientific research and

exploration.
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Chapter 1: Getting Started with Fortran

This chapter introduces Fortran, a powerful programming language widely used in scientific

computing. We'll start with the basics to help you write your first Fortran program.

1.1. What is Fortran?

e Fortran stands for Formula Translation, developed in the 1950s for numerical and scientific
computing.
e Key characteristics:
o Efficient for numerical computations and data processing.

o Still widely used in physics, engineering, and computational sciences.

1.2. Setting Up Your Environment

Before you start coding, you need a Fortran compiler. Popular options include:

e GNU Fortran (gfortran): Open-source and widely supported.
e Intel Fortran Compiler: Optimized for high-performance computing.

e Online IDEs: Websites like Repl.it support Fortran for quick testing.

Installation Guide (for gfortran):

1. On Linux/macOS:

2. sudo apt install gfortran # For Ubuntu/Debian

3. brew install gfortran # For macOS using Homebrew
4. On Windows:

o Install MinGW or Cygwin and include gfortran in the package selection.

1.3. Writing Your First Fortran Program

Let’s begin with a simple program to print "Hello, World!"
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Code Example:

program HelloWorld
! This is a comment. Comments start with an exclamation mark.
print *, "Hello, World!"

end program HelloWorld

Explanation:

e program HelloWorld: Declares the program name.
e print *, "Hello, World!":Outputs text to the screen.

e end program HelloWorld: Indicates the end of the program.

=
~

.Compiling and Running Fortran Code

Save the code in a file named HelloWorld. £90.

Open a terminal and navigate to the file location.

w N e

Compile the program:

4. gfortran HelloWorld.f90 -o HelloWorld

This generates an executable file named HelloWorld.

5. Runthe program:

6. ./HelloWorld

Output:
Hello, World!

1.5. Fortran Program Structure

A Fortran program typically follows this structure:

program ProgramName
! Declaration of variables and constants
! Main program code

end program ProgramName

10
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1.6. Key Features to Remember

e Fortran is case-insensitive: HelloWorld and helloworld are treated the same.
e Comments enhance code readability and start with !.

e Every program starts with program and ends with end program.

Exercises

1. Modify the "Hello, World!" program to print:
o Your name.
o Today's date.

2. Write a program to print the sum of two numbers (e.g., 5+ 7 = 12).

In the next chapter, we’ll explore variables, data types, and basic operations in Fortran. Let’s

dive deeper into the foundations of programming!

11
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Chapter 2: Variables, Data Types, and Basic Operations in Fortran

In this chapter, we’ll explore how to declare and use variables, understand Fortran’s data types,
and perform basic arithmetic operations. These fundamentals are essential for building scientific

programs.

2.1.Variables and Their Role

e What are Variables?
o Variables are used to store data that your program can manipulate.

o InFortran, every variable must be declared with a specific data type.

Example:

program VariableExample
integer :: x
real :: y
x =5
y = 3.14
print *, "Integer x:", x
print *, "Real y:", y

end program VariableExample

2.2.Data Types in Fortran

Fortran supports several data types. Here are the most common ones:

Type Keyword Example Description
Integer integer 5,-10 Whole numbers.
Real real 3.14,-0.001 Decimal or floating-point numbers.

Double Precision double precision 2.718281828459 Higher precision real numbers.
Character character "Hello" Strings of text.

Logical logical .true., .false. Boolean values for decision-making.

13
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Example: Declaring Multiple Variables

integer :: a, b
real :: pi
character (len=10) :: name

logical :: is valid

2.3. Assigning Values

e Use the = operator to assign values to variables.

e Ensure that the value matches the variable’s data type.

Example:
integer :: num
real :: radius
num = 42
radius = 1.5

2.4. Arithmetic Operations

Fortran supports basic mathematical operations:

Operation Symbol Example
Addition + 3+5
Subtraction - 7 -2
Multiplication * 4 * 3
Division / 10 / 2

Exponentiation o 2 ** 3

Result

12
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Example:

program ArithmeticOperations

integer :: a, b, sum
real :: x, y, result
a = 10
b =4

result = x / vy
print *, "Sum of a and b:", sum
print *, "Division of x by y:", result

end program ArithmeticOperations

2.5. Input and Output

e Input: Use read to take user input.

e Output: Use print or write to display data.

Example: Taking Input and Displaying Output

program InputOutput
integer :: age
real :: height
print *, "Enter your age:"
read *, age
print *, "Enter your height (in meters):"
read *, height
print *, "You are", age, "years old and", height, "meters tall."

end program InputOutput

15
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2.6. Combining Operations

Fortran follows the order of operations (parentheses, exponents, multiplication/division,

addition/subtraction).

Example:

program CombinedOperations
real :: result
result = (2.0 + 3.0) * 4.0 / 2.0
print *, "Result:", result

end program CombinedOperations

2.7.Exercises

1. Write a program to calculate the area of a rectangle. Take length and width as inputs from the
user.

2. Create a program that calculates the square of a number using exponentiation.

3. Write a program to convert a temperature from Celsius to Fahrenheit using the formula:

Fahrenheit=(Celsiusx9/5)+32\text{Fahrenheit} = (\text{Celsius} \times 9 / 5) + 32

16
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Chapter 3: Control Structures in Fortran

Control structures enable decision-making and repetition in programming, allowing you to create
dynamic and flexible programs. This chapter introduces conditional statements (if-else), loops,

and logical operations.

3.1. Conditional Statements

Conditional statements allow your program to make decisions based on specific conditions.

3.1.1. IF Statement

The if statement executes a block of code only if a condition is true.

3.1.2. Syntax:

if (condition) then
! Code to execute i1if condition is true

end if

Example:
program IfExample
integer :: num
print *, "Enter a number:"
read *, num
if (num > 0) then
print *, "The number is positive."
end if

end program IfExample

3.1.3. IF-ELSE Statement

The if-else statement provides an alternative block of code if the condition is false.

18
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3.1.4. Syntax:

if (condition) then

! Code to execute if condition is true
else

! Code to execute if condition is false

end if

Example:

program IfElseExample
integer :: num
print *, "Enter a number:"
read *, num

if (num > 0) then

print *, "The number is positive."
else

print *, "The number is not positive."
end if

end program IfElseExample

3.1.5. Nested IF Statements

You can nest i f statements to check multiple conditions.

Example:
program NestedIfExample
integer :: num
print *, "Enter a number:"
read *, num
if (num > 0) then
print *, "The number is positive."

else if (num < 0) then

print *, "The number is negative."
else

print *, "The number is zero."
end if

end program NestedIfExample

19
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3.2. Logical Operators

Logical operators are used to combine or modify conditions in if statements.

Operator Description Example

.and. Logical AND (a > 0 .and. b > 0)
.or. Logical OR (a >0 .or. b > 0)
-not. Logical NOT (negation) -not.(a > 0)

Example:

program LogicalOperatorsExample
integer :: x, y
print *, "Enter two numbers:"
read *, x, y
if (x > 0 .and. y > 0) then
print *, "Both numbers are positive."
else if (x > 0 .or. y > 0) then
print *, "At least one number is positive."
else
print *, "Neither number is positive."
end if

end program LogicalOperatorsExample

20
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3.3. Loops
Loops allow you to repeat a block of code multiple times.

3.3.1. po Loop

The do loop is used for fixed iterations.

3.3.2. Syntax:

do variable = start, end, step
! Code to execute

end do

Example:
program DoLoopExample
integer :: 1
do i =1, 5
print *, "Iteration:", i
end do

end program DoLoopExample

3.3.3. Nested po Loops

Loops can be nested for working with multi-dimensional data.

Example:

program NestedDoLoopExample
integer :: i, J
do i =1, 3
do j =1, 2
print *, "i =", i, ", 7 =", J
end do
end do

end program NestedDoLoopExample

21
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3.3.4. Infinite Loops with ExIT

An infinite loop runs indefinitely unless terminated using the exit statement.

Example:

program InfiniteLoopExample
integer :: num
do
print *, "Enter a positive number (or -1 to quit) :"
read *, num
if (num == -1) exit
if (num > 0) then
print *, "You entered:", num
else
print *, "Invalid input. Try again."
end if
end do

end program InfiniteLoopExample

3.4. Exercises

1. Write a program to check if a number is odd or even using an i f-else statement.

2. Create a program that prints the first 10 multiples of a number entered by the user using a do
loop.

3. Write a program that calculates the factorial of a number using a do loop.

4. Modify the nested loop example to print a multiplication table (e.g., 1x1 to 10x10).

22
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Chapter 4: Working with Arrays in Fortran

Arrays are a fundamental concept in programming, especially in scientific computing, where you
often deal with large datasets. This chapter introduces arrays in Fortran, how to declare and

manipulate them, and their use in solving problems efficiently.

4.1. What Are Arrays?

e Arrays are collections of elements of the same type, stored in contiguous memory locations.

e Useful for storing and manipulating datasets like vectors and matrices.

4.2. Declaring Arrays

Arrays in Fortran are declared with dimensions specified.

Syntax:

type, dimension(size) :: array name

Example:

integer, dimension(5) :: numbers ! Array of 5 integers

real, dimension (3, 3) :: matrix ! 3x3 real (floating-point) array

4.3. Initializing Arrays

Arrays can be initialized when declared or assigned values individually.

Example:

program ArrayInitialization
integer, dimension(3) :: nums = [1, 2, 3] ! Initialization
real, dimension (3, 3) :: mat ! Declaration only
mat = reshape([1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.01, [3, 31)
print *, "1D Array:", nums
print *, "2D Array:"
print *, mat

end program ArrayInitialization
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4.4. Accessing Array Elements

e Individual elements are accessed using their indices.

e Fortran arrays are 1-indexed, meaning the first element is at position 1.

Example:

program ArrayAccess
integer, dimension(5) :: numbers = [10, 20, 30, 40, 50]
print *, "First element:", numbers (1)
print *, "Third element:", numbers(3)

end program ArrayAccess

4.5. Multi-Dimensional Arrays

Fortran supports arrays with multiple dimensions, commonly used for matrices or tensors.

Example:

program MultiDimArray
real, dimension(2, 2) :: matrix = reshape([l.1, 2.2, 3.3, 4.4]1, [2,
print *, "Matrix:"
print *, matrix
print *, "Element at (2, 1):", matrix (2, 1)

end program MultiDimArray

4.6. Array Operations

Fortran supports element-wise operations on arrays.

Example:

program ArrayOperations
integer, dimension(3) :: a = [1, 2, 3], b = [4, 5, 6], c
c =a+b ! Element-wise addition
print *, "Result of addition:", c

end program ArrayOperations
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4.7. Looping Through Arrays

Loops are used to process arrays element by element.

Example:

program ArrayLoop
integer, dimension(5) :: nums = [2, 4, 6, 8, 10]
integer :: 1
do i =1, 5
print *, "Element", i, ":", nums (i)
end do

end program ArrayLoop

4.8. Array Functions

Fortran provides built-in functions for arrays:

Function Purpose Example
size Returns the number of elements size(array)
sum Computes the sum of elements sum (array)

product Computes the product of elements product (array)
maxval  Finds the maximum value maxval (array)

minval  Finds the minimum value minval (array)

Example:

program ArrayFunctions
integer, dimension(5) :: nums = [10, 20, 30, 40, 50]
print *, "Size of array:", size (nums)
print *, "Sum of elements:", sum(nums)
print *, "Maximum value:", maxval (nums)

end program ArrayFunctions
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4.9, Exercises

Write a program to calculate the average of an array of numbers entered by the user.
Create a program to find the largest and smallest elements in a 1D array.

Write a program to multiply two 2D arrays (matrices) of size 2x2.

S A

Implement a program to reverse the elements of a 1D array.
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Chapter 5: Subroutines and Functions in Fortran

Subroutines and functions are key building blocks in Fortran programming, allowing you to
structure your code in smaller, reusable blocks. In scientific computing, these tools help with
organizing complex algorithms and reducing repetitive code. This chapter explains how to define

and use subroutines and functions effectively.

5.1. What Are Subroutines?

e Asubroutine is a block of code that performs a specific task but does not return a value directly.

e You call subroutines from your main program or other subroutines to execute the code.

5.1.1. Defining a Subroutine

A subroutine is defined using the subroutine keyword, and it can have inputs (arguments) and
outputs (through arguments).
5.1.2. Syntax:

subroutine subroutine name (arguments)
! Code to perform task

end subroutine subroutine name

Example:

program SubroutineExample
integer :: x, result
print *, "Enter a number:"
read *, x
call square(x, result) ! Calling the subroutine
print *, "The square of the number is", result

end program SubroutineExample

subroutine square (num, result)

integer, intent (in) :: num
integer, intent (out) :: result
result = num * num

end subroutine square

e Explanation: The subroutine square takes an input num and computes its square, which is

returned through result.

29




Chapter 5: Subroutines and Functions in Fortran

5.2.What Are Functions?

e A function is similar to a subroutine, but it returns a value directly. Functions are typically used

for mathematical or logical operations where you need to return a result.

5.2.1. Defining a Function

A function is defined using the function keyword, and the function name represents the
returned value. The result is returned by assigning it to the function's name.
5.2.2. Syntax:

function function name (arguments)
! Code to perform operation

end function function name

Example:

program FunctionExample
real :: num, result
print *, "Enter a number:"
read *, num
result = square (num) ! Calling the function
print *, "The square of the number is", result

end program FunctionExample

real function square (num)
real, intent(in) :: num
square = num * num

end function square

e Explanation: The function square computes and returns the square of the input num.

30




Chapter 5: Subroutines and Functions in Fortran

5.3. Passing Arguments to Subroutines and Functions

Arguments can be passed in two ways:

1. Byvalue: The argument is passed as it is.

2. By reference: The argument can be modified within the subroutine or function (default in
Fortran).

3. Intent attributes: You can specify how arguments are used in the subroutine or function using

the intent (in), intent (out), or intent (inout) attributes.

Example:

program IntentAttributesExample
integer :: a, b
print *, "Enter two numbers:"
read *, a, b
call swap(a, b) ! Passing by reference
print *, "After swapping: a =", a, "b =", Db

end program IntentAttributesExample

subroutine swap (x, V)

integer, intent (inout) :: x, y
integer :: temp

temp = x

X =y

y = temp

end subroutine swap

e Explanation: The subroutine swap exchanges the values of x and y. Since intent (inout) is

used, both arguments are modified.
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5.4. Function and Subroutine Scope

e Local variables: Variables declared inside a function or subroutine are local to that block.
e Global variables: Variables declared outside of any function or subroutine (in the main program)
can be accessed inside the subroutine or function, but they should be passed explicitly as

arguments to avoid confusion.

5.5. Using Modules for Reusability

A module is a collection of subroutines, functions, and variables that can be reused across

multiple programs. It provides a way to share common functionality in a structured manner.

5.5.1. Defining a Module

Modules are defined using the module keyword, and the code within the module can be accessed
by using the use statement.

Example:

module math operations
contains
function square (x)
real, intent(in) :: x
real :: square
square = x * x
end function square

end module math operations

program ModuleExample
use math operations ! Accessing the module
real :: num, result
print *, "Enter a number:"
read *, num
result = square (num) ! Using the function from the module
print *, "The square is:", result

end program ModuleExample

e Explanation: The function square is placed in the module math operations. The program

uses the use statement to access it.
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5.6. Recursion in Fortran

Recursion occurs when a function or subroutine calls itself. Recursive methods are often used for
tasks like solving problems through divide and conquer, such as calculating factorials or
Fibonacci numbers.

Example:

program FactorialExample
integer :: num, result
print *, "Enter a number:"
read *, num
result = factorial (num) ! Calling the recursive function
print *, "Factorial is", result

end program FactorialExample

recursive function factorial (n)
integer :: factorial, n
if (n == 0) then
factorial =1
else
factorial = n * factorial(n - 1)
end if

end function factorial

e Explanation: The function factorial calls itself until it reaches the base case of n = 0.
5.7. Exercises
Write a subroutine that accepts two numbers and returns their product.

Create a function that returns the maximum of two numbers.

Implement a recursive function to calculate the Fibonacci sequence.

ol R o

Write a program using a module to calculate the area of a circle, rectangle, and triangle.
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File input and output (I/O) are critical for handling large datasets, storing results, and interacting
with external resources. In this chapter, you will learn how to read from and write to files, which

is essential for scientific applications that involve handling data.

6.1. Opening and Closing Files

To work with files in Fortran, you need to open the file first using the open statement and close it
using the close statement when you are done.

6.1.1. Syntax for opening a file:

open(unit = unit number, file = 'filename', status = 'status')

e unit:Aunique number used to identify the file in your program (e.g., unit=10).
e file:The file name.

e status: Defines the status of the file (e.g., 'old’, 'new’, 'replace’).

Example:

program FileOpenExample
integer :: unit number

character (1len=100) :: filename = 'data.txt'

! Open file for writing

open(unit=unit number, file=filename, status='replace')

! Write data to the file

write (unit number, *) 'Hello, Fortran File I/O!'

! Close the file
close (unit number)

end program FileOpenExample
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6.2. Writing to Files

To write data to a file, you use the write statement. You can specify the format of the data and

whether you are writing to a file or to the screen.

6.2.1. Syntax for writing data:

write (unit number, format) variable

e unit number: The unit identifier (file).

e format: Specifies the format in which the data will be written (optional).

Example:

program WriteToFile
integer :: unit number
real :: pi = 3.14159

character (len=50) :: text = 'Pi is approximately'

! Open file for writing

open (unit=unit number, file='pi values.txt', status='replace')

! Write data to file

write (unit number, *) text, pi

! Close file
close (unit number)

end program WriteToFile

e Explanation: This program writes the value of Pi along with some descriptive text to the file

pi values.txt
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6.3. Reading from Files

To read data from a file, you use the read statement. When reading from a file, you need to
specify the file unit and the variables where the data will be stored.

6.3.1. Syntax for reading data:

read(unit number, format) variable

Example:

program ReadFromFile
integer :: unit number

real :: pi

! Open file for reading

open (unit=unit number, file='pi values.txt', status='old')

! Read data from the file

read(unit number, *) pi

! Display the data

print *, 'The value of Pi is:', pi

! Close the file
close (unit number)

end program ReadFromFile

e Explanation: This program reads the value of Pi from the file pi_values.txt and prints it to

the screen.

6.4. Formatted and Unformatted File 1/O

o Formatted I/0O: You can specify a format for reading or writing data using format
specifiers.

e write(unit number, '(F10.2)') pi ! Formatted output: prints pi to 2

decimal places
o Unformatted I/O: This type of I/O does not use format specifiers. It’s more efficient but
harder to read manually.

e open(unit=unit number, file='data.dat', form='unformatted')
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e write(unit number) data ! Unformatted write

Example:

program FormattedFileExample
integer :: unit number
real :: value = 3.14159
! Open file for formatted writing
open(unit=unit number, file='formatted output.txt', status='replace')
! Write the value with formatting (2 decimal places)
write (unit number, '(F10.2)') value
! Close the file
close (unit number)

end program FormattedFileExample

6.5. Error Handling in File I/0O

Fortran provides error handling during file operations using the iostat keyword. This allows
you to check whether a file operation succeeded or failed.

Example:

program FileErrorHandling
integer :: unit number, ios

character (1en=100) :: filename = 'data.txt'

! Try to open the file

open (unit=unit number, file=filename, status='old', iostat=ios)

if (ios /= 0) then

print *, "Error opening file", filename
else

print *, "File opened successfully"

end if

close (unit number)

end program FileErrorHandling

e Explanation: This program attempts to open a file and checks if there is an error using the ios

(input/output status) variable.
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6.6. Sequential vs. Direct Access Files

e Sequential Files: Data is read or written one record after another, as shown in previous
examples.
e Direct Access Files: Allows reading and writing to specific locations (records) in the file, without

reading or writing the entire file.

Example of Direct Access:

program DirectAccessExample
integer, dimension(10) :: data

integer :: unit number

! Open file for direct access (using 4-byte integers)
open (unit=unit number, file='data.dat',6 status='replace',

access="'direct', recl=4)

! Write data to the file

write (unit number, rec=1l) data

! Close file
close (unit number)

end program DirectAccessExample

6.7. Exercises

1. Write a program to read a list of numbers from a file, compute their average, and print the
result.

2. Create a program that writes the results of a simulation to a file and later reads them back for
analysis.

3. Modify a program to read a matrix from a file, perform some calculations (e.g., transpose the
matrix), and save the result to a new file.

4. Implement error handling when trying to open a file for reading, ensuring the program

continues if the file is not found.
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In this chapter, we will cover more advanced Fortran techniques that are commonly used in
scientific computing, including handling large datasets, using numerical methods for analysis,
and applying optimization techniques for performance enhancement. These techniques are
essential for researchers dealing with complex simulations, large-scale data, and computationally

intensive tasks.

7.1. Handling Large Datasets

Scientific computing often involves processing large datasets, which can require efficient
memory management and algorithms to ensure that operations are completed within a reasonable

time frame.

e Arrays: Arrays are commonly used to store large datasets. Fortran allows for both one-
dimensional and multi-dimensional arrays to store numerical data, making it easy to perform

operations on large sets of values.

Example:

program LargeDatasetExample
integer, dimension (1000000) :: data

integer :: 1

! Tnitialize the array

do i =1, 1000000
data(i) = 1

end do

! Process the data (e.g., find the sum)
print *, "The sum of the first 1,000,000 numbers is:", sum(data)

end program LargeDatasetExample

e Dynamic Arrays: For handling datasets whose size is not known in advance, Fortran supports
dynamic arrays. You can allocate memory for arrays during runtime using the allocate

statement.
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Example:

program DynamicArrayExample
integer, allocatable :: data(:)

integer :: size, 1

print *, "Enter the number of elements:"

read *, size

! Allocate memory for the array

allocate (data(size))

! Tnitialize and process the array
do i = 1, size

data(i) = 1
end do

print *, "Sum of the elements:", sum(data)

! Deallocate the array

deallocate (data)

end program DynamicArrayExample

¢ Memory Management: When dealing with large datasets, it is important to properly manage
memory. Always ensure you deallocate arrays when they are no longer needed to avoid

memory leaks.

7.2. Numerical Methods in Fortran

Scientific research often requires solving mathematical problems, such as differential equations,
optimization problems, and statistical analysis. Fortran is well-suited for these tasks due to its

rich mathematical libraries and efficient numerical computing capabilities.

e Solving Linear Systems: Linear systems are frequently encountered in simulations and data
analysis. Fortran provides built-in functions to solve systems of linear equations using methods

like Gaussian elimination or LU decomposition.
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Example:

program LinearSystemExample
real, dimension(3,3) :: A
real, dimension(3) :: b, x

integer :: 1

! Define matrix A and vector b
reshape([(3.0, -2.0, 1.0, -1.0, 2.0, -1.0, 2.0, 1.0, 1.0], [3, 31)
[1.0, 3.0, 4.0]

o
I

! Solve the linear system A*x = b

call gesv(3, 1, A, 3, ipiv, b, 3, info)

print *, "The solution vector x is:"
print *, b

end program LinearSystemExample

o Differential Equations: In scientific computing, you may need to solve differential equations.
Fortran has various methods for solving ordinary differential equations (ODEs), such as Euler’s

method or Runge-Kutta methods.

Example: Euler’s Method for ODE:

program ODEExample
real :: t, y, h

integer :: 1

! Initial conditions

t = 0.0
y =1.0
h =0.1
! Solve dy/dt = -y using Euler’s method

do i =1, 100
y =y - h *y | Update y using Euler’s method
t =t +h
print *, "At t =", t, "y =", y

end do

end program ODEExample
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e Root Finding: Often, scientists need to find the roots of equations. Fortran has built-in functions
like fminunc for unconstrained optimization, which can be used to minimize a function and find

its roots.

7.3. Parallel Computing

As scientific problems become larger and more complex, parallel computing has become an
essential tool. Parallel programming enables faster execution of code by dividing the

computation into smaller tasks that can be performed concurrently across multiple processors or

cores.

e OpenMP: OpenMP is a parallel programming model for Fortran, allowing you to use multiple
threads to perform operations in parallel. It is especially useful in performing large calculations

or simulations on multi-core systems.

Example:

program ParallelExample
integer :: i, sum

sum = 0

! Parallel loop to compute the sum
!'Somp parallel do reduction (+:sum)
do i =1, 1000

sum = sum + 1
end do
!'Somp end parallel do

print *, "The sum is:", sum

end program ParallelExample

e MPI (Message Passing Interface): For larger-scale parallel computing on distributed systems,
the MPI library allows communication between processes running on different machines or

nodes. This is particularly useful in high-performance computing (HPC) clusters.
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7.4. Optimization Techniques
Optimization is critical in scientific computing when you need to find the most efficient solution

to a problem, such as minimizing error in simulations or maximizing performance in

computations.

e Minimization: Fortran provides optimization routines like minimize or fmin for finding the
minimum of a function, which is useful in tasks like curve fitting, data analysis, and machine

learning.

Example:

program OptimizationExample

real :: x, f

! Define a simple quadratic function to minimize

(x=3.0)**2 + 2.0

f =
print *, "Minimizing the function f(x) = (x-3)"2 + 2"
end program OptimizationExample

e Numerical Optimization Libraries: Libraries like LAPACK (Linear Algebra PACKage) and BLAS
(Basic Linear Algebra Subprograms) are used for advanced optimization techniques in Fortran,

providing routines for matrix factorizations and other essential operations.

7.5. Working with Scientific Libraries

Fortran has a wide range of specialized libraries for scientific computing, including:

Netlib: A collection of mathematical software, including LAPACK and BLAS.

L]
FFTW: A library for performing fast Fourier transforms.
MKL (Math Kernel Library): A high-performance library for scientific computing from Intel.

Using these libraries can significantly improve the performance and accuracy of your

calculations.
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Example of using LAPACK (matrix inversion):

program LAPACKExample
real, dimension(3,3) :: A

integer :: info, ipiv(3)

! Define a matrix

A = reshape([1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0], [3, 31)

! Call LAPACK’s matrix inversion routine

call sgetrf (3, 3, A, 3, ipiv, info)

! Check for success
if (info == 0) then
print *, "Matrix inversion successful"
else
print *, "Matrix inversion failed"
end if

end program LAPACKExample

7.6. Exercises

Write a program that uses numerical methods to solve a system of nonlinear equations.
Implement a parallelized computation of matrix multiplication using OpenMP.
Use an optimization technique (like gradient descent) to minimize a function.

Create a simulation of a physical system (such as projectile motion) using numerical integration.

LA

Write a program to read large data files, process them, and output the results in a summary

format.
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In this chapter, we will explore essential techniques for debugging and optimizing Fortran code.
These practices are critical in scientific computing, where precision and performance are key.
Debugging helps identify and correct errors in the code, while optimization ensures the program

runs efficiently, especially with large datasets or complex computations.

8.1.8.1 Debugging Techniques

Debugging is the process of identifying, isolating, and fixing bugs or errors in a program. In
scientific computing, a bug might lead to incorrect results or inefficient computations, making

debugging an essential skill.

8.1.1. Common Types of Errors:

e Syntax Errors: These occur when the program violates the grammar rules of the Fortran
language (e.g., missing parentheses or misplaced keywords).

e Logical Errors: These occur when the program runs but produces incorrect results due to flawed
logic or incorrect calculations.

e Runtime Errors: These occur when the program crashes during execution due to issues like

division by zero, accessing out-of-bounds array elements, or insufficient memory.

8.1.2. Use Compiler Warnings and Flags

Modern Fortran compilers like gfortran provide powerful tools for debugging. Compiler

warnings can alert you to potential issues in your code.

gfortran -Wall -g my program.f90 -o my program

The -wa11 flag enables most warnings, and the -g flag includes debugging information in the

compiled code.
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8.1.3. Use Print Statements for Debugging

One of the simplest and most effective ways to debug a Fortran program is by inserting print

statements to track the values of variables at different stages of execution.

program DebuggingExample

integer :: x, y
x =5
y = x + 10

! Debug print statement
print *, " =vv, X, "y :", %

end program DebuggingExample

8.1.4. Use a Debugger (gdb)

A more advanced tool is the GNU Debugger (gdb), which allows you to step through your code

line by line, examine variable values, and set breakpoints to pause execution at specific points.

To use gdb:
gfortran -g my program.f90 -o my program

gdb ./my program
In gdb, you can use commands like:

e run to start execution.
e break to seta breakpoint.
e next to go tothe next line.

e print to display the value of a variable.

8.1.5. Array Bounds Checking

Out-of-bounds errors are a common issue, especially when working with large arrays. Fortran

has an option to check array bounds during execution.

gfortran -fbounds-check my program.f90 -o my program
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This will ensure that any attempt to access an array element outside its bounds will cause a

runtime error.

8.1.6. Profiling Tools

Profiling tools such as gprof or valgrind can help identify performance bottlenecks or memory

usage issues in your program.

To use gprof, compile your code with the -pg flag:
gfortran -pg my program.f90 -o my program
./my_program

gprof my program gmon.out > profile.txt

This will generate a profile.txt file containing performance statistics.

8.2. Optimizing Fortran Code

Once your code is debugged and functioning correctly, the next step is to optimize it for better
performance, especially when working with large datasets or computationally intensive
simulations. Optimization in Fortran often involves improving both memory usage and execution

speed.

8.2.1. Loop Optimization

Loops are a common area where optimization can lead to significant performance improvements.

Common optimizations include:

e Loop Unrolling: Reduces the overhead of loop control.
e Blocking: Splits loops into smaller chunks to take advantage of cache memory.

e Loop Fusion: Combines adjacent loops that operate on the same data.

Example of loop unrolling:

do i =1, n, 2

a(i) = b(i) + c(i)
a(i+l) = b(i+l) + c(i+1)
end do
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8.2.2. Using Compiler Optimization Flags

Fortran compilers offer optimization flags that can significantly improve performance. Some

commonly used flags include:

e -02: General optimization.

-03: Aggressive optimization.
e -—funroll-loops: Unroll loops for better performance.

e -march=native: Optimize the code for the architecture of the machine.

Example:

gfortran -03 -march=native my program.f90 -o my program

8.2.3. Efficient Array Access

In scientific computing, accessing arrays efficiently is crucial for performance. Accessing array
elements in a column-major order (which is the default in Fortran) should be considered when

optimizing for multi-dimensional arrays.

e Accessing Arrays Sequentially: Fortran is more efficient when accessing array elements

sequentially (e.g., row by row or column by column) rather than randomly.

&.2 4. Parallelism and Vectorization

Fortran provides powerful tools for parallelism and vectorization. These tools allow your
program to make use of multiple processors (multi-core systems) or vector instructions to speed

up computation.

e OpenMP: OpenMP is a widely used standard for parallel programming in Fortran. It allows you

to parallelize loops and sections of code to improve performance on multi-core machines.
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program ParallelExample
integer :: i, sum
sum = 0
! Parallel loop to compute the sum
!'Somp parallel do reduction (+:sum)
do i =1, 1000
sum = sum + i
end do

!Somp end parallel do

print *, "The sum is:", sum

end program ParallelExample

e SIMD (Single Instruction, Multiple Data): Fortran also supports vectorization, where the CPU
executes the same instruction on multiple data points simultaneously. You can use directives

such as ! $SOMP SIMD to enable SIMD operations.

8.2.5. Memory Management

Efficient memory usage can greatly improve the performance of scientific computing

applications. Here are some key techniques:

e Memory Pooling: Avoids frequent memory allocation and deallocation, which can slow down

execution.
e Data Locality: Ensuring that data used together is stored close together in memory improves

cache performance.

8.2.6. Using Scientific Libraries

Many highly optimized libraries are available for scientific computing. Leveraging these libraries

can greatly enhance the performance of your code. Some popular libraries include:

e LAPACK/BLAS: For linear algebra operations.
e FFTW: For fast Fourier transforms.

e MKL (Intel Math Kernel Library): For high-performance mathematical computations.
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Example using MKL for matrix multiplication:

program MatrixMultiplication

real, dimension(3, 3) :: A, B, C

! Tnitialize A and B, and call MKL routine to compute C = A * B

end program MatrixMultiplication

8.3. Performance Benchmarking

To measure the effectiveness of your optimizations, it’s important to benchmark your program.

This helps compare performance before and after optimization.

8.3.1. Timing Code Execution

Use Fortran’s cpu_time function to measure the execution time of critical sections of code:

real :: start time, end time

call cpu time (start time)

! Your code goes here

call cpu time (end time)

print *, "Execution time: ", end time - start time, " seconds"

8.3.2. Comparing Performance

Run your program multiple times with different optimization settings and compare the execution

times to see which options yield the best results.
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8.4. Best Practices

To ensure that your Fortran code remains efficient, readable, and maintainable, adhere to these

best practices:

e Commenting: Always document complex logic or non-obvious code with comments.
e Code Modularity: Break your code into subroutines and functions to enhance readability and
reusability.

e Version Control: Use version control (e.g., Git) to track changes and collaborate with others.

8.5. Exercises

Identify and fix bugs in a provided Fortran program using debugging tools.
Optimize a loop-based program to reduce execution time.
Implement parallel processing using OpenMP in a scientific simulation.

Benchmark the performance of your optimized program.

A I

Test the memory management of a large dataset and compare it against a more efficient

implementation.

8.6. Conclusion

Debugging and optimizing Fortran code are crucial skills for scientific computing. By using
debugging tools, optimizing algorithms, and applying parallel and vectorized techniques, you can
significantly improve the efficiency and accuracy of your simulations and data processing. With
these tools and techniques, you will be well-equipped to tackle large-scale computational

problems in your research.
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In this chapter, we will explore real-world applications of Fortran in scientific computing.
Fortran continues to be a dominant language in fields that require intensive numerical
computations, such as climate modeling, physics simulations, and computational chemistry.
Understanding how Fortran is used in these domains will help you appreciate its significance in

scientific research and guide you in applying your skills to solve real-world problems.

9.1. Climate and Weather Modeling

Fortran plays a central role in climate and weather modeling, where complex simulations of
atmospheric, oceanic, and terrestrial systems are required. These simulations rely heavily on
high-performance computing (HPC) to process vast amounts of data and perform complex

calculations.

9.1.1. Key Concepts:

e Numerical Weather Prediction (NWP): Numerical models are used to predict weather patterns
by solving complex equations that describe atmospheric dynamics. These models divide the
Earth’s atmosphere into a grid, and computations are performed for each grid point.

e Coupled Climate Models: Climate models simulate interactions between different components
of the Earth system, including the atmosphere, oceans, land, and ice. These models are highly

computationally demanding.

9.1.2. Fortran in Practice:

Fortran is particularly well-suited for these simulations due to its efficiency in handling array-
based computations, which are critical for the large grids involved in weather and climate

models.

o Example: The Weather Research and Forecasting (WRF) Model, used for
atmospheric research and operational forecasting, is implemented in Fortran. It simulates
the movement of air masses, temperature, humidity, and other atmospheric parameters

over time.
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o Optimization in Practice: In these applications, performance is key, so optimization
strategies such as parallelism, vectorization, and memory management are crucial. These
models often run on supercomputers, utilizing parallel processing to speed up

calculations.

9.2. Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics is another field where Fortran is extensively used. CFD
simulations model the flow of fluids (liquids and gases) and their interactions with solid surfaces.
This is vital for applications in aerospace engineering, automotive design, civil engineering, and

even medicine.

9.2.1. Key Concepts:

e Navier-Stokes Equations: These are the fundamental equations governing fluid flow. Solving
them requires sophisticated numerical methods and intensive computation.
e Turbulence Modeling: Simulating turbulent flows is one of the most complex and

computationally expensive aspects of CFD.

9.2.2. Fortran in Practice:

CFD requires heavy use of arrays and matrices to store and manipulate large datasets, making
Fortran’s built-in array handling ideal. Many of the most widely used CFD codes, like

OpenFOAM and Fluent, incorporate Fortran in their implementation.

o Example: LS-DYNA, a widely used software for simulating the behavior of materials
under extreme conditions, including crash simulations in automotive engineering, uses
Fortran for its core computations.

e Optimization in Practice: Given the complexity and scale of these simulations,
Fortran’s optimization capabilities are essential. Techniques like parallel computing,
domain decomposition, and the use of optimized mathematical libraries (such as BLAS

and LAPACK) help in achieving high performance.
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9.3. Computational Chemistry and Molecular Dynamics

Fortran is also extensively used in computational chemistry and molecular dynamics (MD)
simulations, where it helps model the behavior of molecules, atoms, and chemical reactions.
These simulations provide valuable insights into the physical properties of substances and their

behavior in various environments.

9.3.1. Key Concepts:

e Molecular Dynamics Simulations: MD simulations model the interactions between atoms and
molecules using classical mechanics. These simulations can help predict molecular behavior,
protein folding, drug interactions, and more.

e Quantum Chemistry: Quantum mechanical models are used to simulate atomic and molecular
structures, and these require heavy computational resources due to the complexity of the

underlying equations.

9.3.2. Fortran in Practice:

Fortran is used extensively in quantum chemistry and molecular dynamics simulations due to its
precision in numerical computations and efficiency with large-scale data processing. Many
widely used software packages, like Gaussian (quantum chemistry) and GROMACS (molecular

dynamics), are written in Fortran.

o Example: NWChem is a computational chemistry software suite that uses Fortran to
simulate the electronic structure of molecules and perform quantum chemistry
calculations at high levels of accuracy.

e Optimization in Practice: High-performance computing is essential in these
applications, especially when modeling large molecular systems. Fortran’s support for
multi-threading and its ability to efficiently handle large arrays and matrices allow for the

effective parallelization of these simulations.
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9.4. Physics Simulations and Particle Physics

Fortran is widely used in physics simulations, particularly in particle physics, astrophysics, and

nuclear physics. In these fields, Fortran is used to simulate phenomena ranging from the behavior

of subatomic particles to the dynamics of stars and galaxies.

9.4.1.

9.4.2.

Key Concepts:

Monte Carlo Simulations: In particle physics, Monte Carlo simulations are used to model the
statistical behavior of systems, where random sampling is used to approximate solutions to
complex problems.

General Relativity and Quantum Mechanics: Simulating the behavior of particles or fields at

very small scales often requires solving Einstein’s equations or Schrédinger’s equation.

Fortran in Practice:

Particle physics and astrophysics simulations often require precise numerical methods to handle

complex equations. Fortran is a natural fit for these applications, with libraries like Geant4 and

ROOT used in particle physics experiments and simulations.

Example: The ATLAS Experiment at CERN, which searches for new particles (such as
the Higgs boson), uses Fortran in combination with C++ for processing and simulating
data from high-energy collisions.

Optimization in Practice: Simulations of this scale often rely on large datasets and
require significant computational power. Optimization strategies like parallel processing,
vectorization, and memory management are employed to ensure these simulations can be

run efficiently on supercomputers.
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9.5. Engineering Simulations and Structural Mechanics

Fortran is also widely used in engineering fields, particularly for structural mechanics and
material simulations. These applications require complex mathematical models to predict how
materials behave under various stress conditions, temperature changes, and other environmental

factors.

9.5.1. Key Concepts:

e Finite Element Analysis (FEA): FEA is a numerical method used to find approximate solutions to
boundary value problems in structural mechanics. It divides a large system into smaller, simpler
parts (elements) to make the problem more manageable.

e Stress and Strain Modeling: Engineers use Fortran to simulate how materials deform under

various loads.

9.5.2. Fortran in Practice:

Fortran is used in several specialized engineering simulation software packages, such as

ABAQUS and ANSYS, which are used to model the behavior of materials and structures under

various conditions.

o Example: LS-DYNA (mentioned earlier for CFD) is also widely used in automotive and
civil engineering for structural simulations, including crash testing and material failure.
o Optimization in Practice: In these simulations, optimizations like parallel processing

and efficient memory management are essential to handle large models and datasets.

60




Chapter 9: Real-World Applications of Fortran in Scientific Computing

9.6. Bioinformatics and Genomics

Bioinformatics, the field that applies computational techniques to understand biological data,
also benefits from Fortran’s capabilities. Fortran is used in genome sequencing, protein structure

prediction, and the analysis of large biological datasets.

9.6.1. Key Concepts:

e Sequence Alignment: Bioinformatics tools often need to compare biological sequences (DNA,
RNA, or proteins), a computationally intensive task that involves dynamic programming and
large matrix computations.

e Genetic Simulations: Simulating the inheritance of genetic traits requires handling large

datasets and running simulations of genetic evolution.

9.6.2. Fortran in Practice:

Fortran is used in a variety of bioinformatics software packages due to its ability to handle large

datasets and perform complex numerical computations efficiently.

o Example: BLAST (Basic Local Alignment Search Tool) is a widely used tool in
genomics that compares nucleotide or protein sequences to databases.

o Optimization in Practice: Optimizing Fortran code in bioinformatics often involves
enhancing algorithms for sequence alignment or using parallel computing to process

large genomic datasets efficiently.
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9.7.Conclusion

Fortran continues to be a powerful tool in scientific computing, particularly in fields that require
high-performance numerical simulations. Its efficiency, especially with array-based
computations, its strong numerical libraries, and its optimization capabilities make it
indispensable in fields like climate modeling, fluid dynamics, molecular simulations, physics,

engineering, and bioinformatics.

As a researcher or scientist, mastering Fortran will give you the tools needed to solve some of the
most complex problems in your field. By leveraging Fortran’s strengths and applying modern

groundbreaking advancements in science and technology.
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In this chapter, we will explore advanced Fortran programming techniques that are essential for
handling complex scientific computing tasks. These techniques include optimizing performance,
working with modern Fortran features, and using specialized libraries for scientific
computations. Mastering these advanced techniques will allow you to write more efficient,

maintainable, and scalable code for your research.

10.1. Advanced Array Handling in Fortran

Fortran has powerful capabilities for managing and manipulating arrays, which is particularly
important for scientific computations that often involve large datasets. As a scientist, learning

how to efficiently handle arrays in Fortran will help you solve complex problems faster.

10.1.1. Key Concepts:

e Array Slicing: In Fortran, you can extract subarrays from larger arrays using slices. This

is useful for working with specific sections of large datasets.

e | Example of array slicing

e real, dimension(5,5) :: matrix
e real, dimension(2) :: row

e row = matrix (2, :)

e Array Operations: Fortran allows you to perform element-wise operations on arrays

directly, which can make your code more concise and efficient.

e | Element-wise array operation
e real, dimension(5) :: A, B, C
e C=A+ B ! Adds corresponding elements of A and B into C

e Array Reshaping: You can reshape arrays in Fortran to change their dimensions without

changing the underlying data.

e real, dimension(4,3) :: matrix

e real, dimension(12) :: reshaped array

e reshaped array = reshape(matrix, shape=[12]) ! Reshapes matrix into a
1D array
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10:1.2. Optimization Tips:

Contiguous Arrays: When working with large arrays, use the contiguous attribute to
ensure that Fortran uses contiguous blocks of memory for your arrays, which improves

cache performance.

real, dimension(:), contiguous :: big array

10.2.

Parallel Programming with Fortran

As computational tasks become more complex and datasets grow larger, it is important to utilize

parallel programming to speed up simulations. Fortran supports several parallel programming

models that allow you to take advantage of multi-core processors and supercomputers.

Key Concepts:

Coarrays: Coarrays are a parallel programming feature introduced in Fortran 2008. They
allow you to perform parallel computations on multiple processors while sharing data

between them.

! Example of using coarrays

integer, dimension(10) :: A[*] ! Declare a coarray with 10 elements
A(l) = 10
A(2) = 20

In this example, [*] indicates that a is a coarray, and its elements are distributed across

multiple images (processors).
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e OpenMP (Open Multi-Processing): OpenMP is an API that supports parallel
programming on shared-memory systems. Fortran supports OpenMP directives to

parallelize loops and sections of code.

e | Example of parallelizing a loop with OpenMP
e !Somp parallel do

e doi=1, n

° A(i) = B(i) + C(1)

e end do

e !Somp end parallel do

In this example, the loop is executed in parallel, with each processor handling a portion

of the loop iterations.

10.2.1. Optimization Tips:

¢ Minimize Synchronization: When using parallel programming techniques like coarrays or
OpenMP, minimize synchronization between processors, as this can reduce performance.
e Load Balancing: Distribute workloads evenly across processors to prevent some processors from

being idle while others are overloaded.

10.3. Using Fortran Libraries for Scientific Computing

Fortran has a rich ecosystem of libraries that can help you solve complex scientific problems
more efficiently. These libraries provide optimized routines for tasks like linear algebra,

differential equations, and statistical analysis.

10.3.1. Key Libraries:

e BLAS (Basic Linear Algebra Subprograms): BLAS is a set of routines for performing
basic vector and matrix operations, such as dot products, matrix multiplication, and
solving systems of linear equations. Fortran is highly compatible with BLAS, and many

scientific applications rely on it for efficient numerical computations.

e | Example of using BLAS for matrix multiplication

e call dgemm('N', 'N', n, n, n, 1.0d0, A, n, B, n, 0.0d0, C, n)
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e LAPACK (Linear Algebra PACKage): LAPACK provides more advanced routines for
solving linear algebra problems, such as eigenvalue problems, least squares problems,

and singular value decomposition (SVD).

e | Example of using LAPACK to solve a system of linear equations

e call dgesv(n, 1, A, n, ipiv, b, n, info)

o FFTW (Fast Fourier Transform in the West): FFTW is a library for computing fast
Fourier transforms, widely used in signal processing, image analysis, and other areas
requiring frequency domain analysis.

e NetCDF (Network Common Data Form): NetCDF is a library for handling large
multidimensional datasets, often used in climate modeling, oceanography, and
geophysics.

10.3.2. Optimization Tips:

e Use Pre-compiled Libraries: Whenever possible, use optimized, pre-compiled libraries like BLAS
and LAPACK instead of implementing your own routines. These libraries have been optimized for
performance on a variety of hardware.

e Link Libraries Efficiently: When linking external libraries, ensure that your code is properly
linked with optimized versions of these libraries, especially when working in a high-performance

computing environment.

10.4. Error Handling and Debugging in Fortran

Writing robust and reliable scientific code requires careful attention to error handling and

debugging. Fortran provides several tools to help you identify and fix bugs in your code.

67




Chapter 10: Advanced Fortran Programming Techniques for Scientists

10.4.1. Key Concepts:

o Error Handling: Fortran allows you to use 1/0 status and exit codes to check for

errors during input/output operations or computations.

e | Example of error handling in I/O operations

e open(unit=10, file='data.txt', status='old', iunit=iunit)
e if (iunit .ne. 0) then

° print*, "Error opening file"

o stop

e end if

o ASSERTIONS: Use assertions to check for logical errors during runtime.

e | Example of using an assertion

e if (A .1lt. 0) then

° print*, "Assertion failed: A must be positive"
J stop

e end if

o Debugging: Fortran debugging tools, such as gdb (GNU Debugger) or integrated
debuggers in IDEs like Intel Parallel Studio, can help you step through your code and

locate bugs.

10.4.2. Optimization Tips:

e Check for Memory Leaks: When working with large datasets or parallel programs, ensure that
memory is allocated and deallocated properly to avoid memory leaks.
e Use Profiling Tools: Profiling tools like gprof or Intel VTune can help you analyze your code’s

performance and identify bottlenecks.
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10.5.

Profiling and Performance Tuning

In scientific computing, performance is often a critical factor, particularly when running large

simulations or processing big data. Fortran offers several methods for optimizing and tuning your

code to improve execution speed and efficiency.

10:5.1.

105.2.

Key Concepts:

Profiling: Profiling tools help you identify which parts of your code consume the most
resources. This information can be used to focus your optimization efforts on the most
critical parts of the code.
Performance Tuning: Common strategies for performance tuning in Fortran include:

o Loop Unrolling: Reducing the overhead of loops by manually or automatically unrolling

them.
o Blocking: Dividing large arrays into smaller blocks to improve cache efficiency.
o Vectorization: Exploiting the hardware's ability to perform multiple operations in

parallel by using vectorized instructions.

Optimization Tips:

Use Compiler Optimizations: Many Fortran compilers (such as gfortran and Intel
Fortran Compiler) provide optimization flags that automatically apply various
performance optimizations.

gfortran -03 -march=native -funroll-loops program.f90

Parallelism: Make sure to apply parallelism where appropriate, especially in loops and
large data processing tasks, to take full advantage of multi-core processors or distributed

computing systems.

69



Chapter 10: Advanced Fortran Programming Techniques for Scientists

10.6. Conclusion

In this chapter, we have covered advanced techniques in Fortran programming that will help you
write more efficient and scalable code for scientific applications. From handling large datasets
with arrays to utilizing parallel processing for high-performance computing, these techniques are
crucial for tackling complex problems in research and development. By mastering these advanced

concepts, you can further enhance your skills and contribute to cutting-edge scientific discoveries.
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