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General Overview

* What is a Function? Why do | need functions!? ?
* Definition and Calling of Functions
* Function Parameters and Return Values

e Recursion

* Modular Programming and Code Organization
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main.c X
#include "pico/stdlib.h" Grazm

1
P
3
4 main() {
5 LED_PIN 1 = 25;
6 LED_PIN 2 = 15;
7 LED_PIN 3 = 2;
8 uiuint16_tnt LED_PIN 4 = 5;
9
10 gpio_init(LED_PIN_1);
11 gpio_set_dir(LED_PIN_1, GPIO_OUT);
12 gpio_init(LED_PIN_2);
13 gpio_set_dir(LED_PIN 2, GPIO_OUT);
14 gpio_init(LED_PIN_3);
15 gpio_set_dir(LED_PIN_3, GPIO_OUT);
16 gpio_init(LED_PIN_4);
17 gpio_set_dir(LED_PIN 4, GPIO_OUT);
18
19 blink_speed_1 = 500;
20 blink_speed_2 = 300;
21 blink_speed_3 = 700;
22 blink_speed_4 = 1000;
23 mode = 0;
24
25 while ( ) {
26
27 if (mode % 2 == 0) {
28 blink_speed_1 = 200;
29 } else {
30 blink_speed_1 = 600;
31 }
32
33 gpio_put(LED_PIN_ 1, 1);
34 sleep_ms(blink_speed_1);
35 gpio_put(LED_PIN_1, 0);
36 sleep_ms(blink_speed_1);
37
38
39 if (mode < 3) {
40 if (mode == 1) {
41 blink_speed_2 = 800;
42 } else {
43 blink_speed_2 = 300;
44 }
45 } else {
46 blink_speed_2 = 500;
47 }
48
49 gpio_put(LED_PIN_2, 1);
50 sleep_ms(blink_speed_2);
51 gpio_put(LED_PIN_2, 0);
52 sleep_ms(blink_speed_2);
53 bering, VU (448.012)
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What is a Function? Why do | need functions!?

—> fundamental building blocks in any C program.

* Single files become impractical with growing programs, so we use
functions to

* break and encapsulate complex tasks into manageable parts,
* make code easier to write, debug, and maintain,

* improve code efficiency, readability, and portability,

* enable parameter passing for flexibility and adaptability,

* support easier testing, debugging, and code reusability,

* foster teamwork and reduce redundancy while enhancing clarity.

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



What does a function look like?

function name parameter type

/N

uint32_t function name(uint32_t param 1, float param 2, ...) {

}

parameter name

return type function body

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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“ Where do | put my function?

 before the main function

print_version_id() {
printf("Version v0@.1\n");

main() {

1
2
3
4
5
6
7
8
9
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Where do | put my function?

 before the main function

or

print_version id();

e after the main function )
main() {

(with a declaration on top)

print_version_id() {
printf("Version ve.1\n");

This is considered best practice!

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



E How do | call my function?

* calls can occur only
after the function is
defined or declared
—> scope!

Unit 5: Functions and Modular Programming

1
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8

print_version id();
main() {
print_version_id(); /

print_version_id();

print_version_id(); {
printf("Version v0@.1\n");

Ty
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Definition and Calling of Functions

... with function parameters

print_empty lines( number) {
counter;
for(counter = 0; counter < number; counter++) {
printf("\n");
}

1
2
3
4
5
6
7
8
9

main() {

variable = 7;
print_empty lines(4);

print_empty lines(variable);

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Definition and Calling of Functions

... with function parameters and return values

1
2
3
4
5
6
7
8
9

N
WNRO

max_value(
return (a > b) ? a

main() {

numberl = 7, number2 = 9;
max_number;

max_number = max_value(numberl, number2);
printf("The bigger number is %d\n", max_number);

Unit 5: Functions and Modular Programming
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Definition and Calling of Functions

... with function parameters and return values

1
2
3
4
5
6
7
8
9

=
o

max_value( );

main() {
numberl = 7, number2 = 9;
max_number;

max_number = max_value(numberl, number2);
printf("Thg bigger number fis %d\n", {max_number);

mgFx_value(
return (a > b) ? a :

Unit 5: Functions and Modular Programming
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Function Parameters and Return Values

How do | pass my parameters!?

Parameters provide the input data for our functions

“call by value” = shallow copy

“call by reference” = no copy; pass originals

Implementation in the CPU: passing via registers or stack?

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

How do | pass my parameters!?

* normal function call = “call by value”
* parameter values are copied into the function’s variable
* separate memory =2 no side effects on originals!

* parameters can be used as local variables = scopes!

* Attention: Only primitive data types are copied
—> be aware when using Strings, Arrays, or Pointers.

* Use “call by reference”:
* no separate memory =2 work on the original

* parameters are passed via their addresses = pointers (see later in the course)

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

“call by value”

modifyValue( num) {
num = 20;

main() {
X = 10;
modifyValue(x);
printf("After call by value: %d\n", x);
return 0;

1
2
3
4
5
6
7
8
9

Output:
After call by value: 10

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

“call by reference”

modifyReference( *num) {
*num = 20;

main() {
X = 10;
modifyReference(&x);
printf("After call by reference: %d\n", x);
return 0;

1
2
3
4
5
6
7
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Output:
After call by reference: 20

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

“call by value”

Output:

Before swapValues: x = 5, y = 10
Inside swapValues (call by value): a
void swapValues(int a, int b) { After swapValues: x = 5, y = 10
int temp = a;
a = b;
b = temp;
printf("Inside swapValues (call by value): a = %d, b = %d\n", a, b);
}

1
2
3
4
)
6
7
8
9

int main() {
int x =

printf("Before swapValues: x = %d, y = %d\n", X, y);
swapValues(x, y);

printf("After swapValues: x = %d, y = %d\n", x, y);

return 0;

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

“call by reference”

Output:

Before swapReferences: x =5, y = 10
Inside swapReferences (call by ref): a =
(VeI IENE TR I N (XA G R i - I Nl DRl After swapReferences: x = 10, y = 5
int temp = *a;
*a = *b;
*b = temp;
printf("Inside swapReferences (call by ref): a = %d, b = %d\n", *a, *b);
}

1
2
3
4
)
6
7
8
9

int main() {
int x =

printf("Before swapReferences: x = %d, y = %d\n", X, y);
swapReferences (&x, &y);

printf("After swapReferences: x = %d, y = %d\n", X, y);

return 0;

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Function Parameters and Return Values

How do | get results!?

max_value(
* C allows a single return value! return (a > b) ? a :

 Passed with the return statement
—> Attention: Scope!!

* What if one value is not enough!?
* “call by reference”

e Return a pointer to an array/struct
main.c X

13 fnc() {
14 X =
15

16 return Xx;

17 }

13 max_value(

14

15 max = (a > b) ? a :
16 min (a <b)?a:

17, 420, ‘Bf}; 17 3

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



M Function Parameters and Return Values

Different parameters, different return values!?

* C does not allow function overloading

e Multiple functions with the
same name and different
parameters always yield
a redefinition error when
compiling!

main.c X

function _name();
function_name(
function _name(

function_nang

1
2
3
4
)
6
7
8

Unit 5: Functions and Modular Programming
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varam_1);
param_1, param 2);
param_1, param_2);

param_1, param_2);

Computer Engineering, VU (448.012)
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M Function Parameters and Return Values

Different parameters, different return values!?

* C++ does allow function overloading

* Multiple functions with the S—
same name and different ¥ J— LY

parameters are allowed!
function_name( param_1);

function_name( param_1, param_2);

* Does not work solely
based on return values.= function name( param_1, param_2);

function_name( param_1, param_2);

main() {

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Calling of Functions

What happens “behind the scenes” on our Raspberry Pi Pico!?

* ARM uses RO-R3 for simple parameters
—> more parameters via stack (dedicated stack pointer register SP)

* Registers = fast but small
* Stack > slow but bigger
* Function call instruction: BL fnc (branch and link to fnc label)

* Simple return values passed in RO
* Return address is in Link Register (LR)
* The return instruction is BX LR (branch and exchange; uses LR)

* Function prologue vs. epilogue = restore state “as it was before”

- see https://developer.arm.com/documentation/den00 | 3/d/Application-Binary-Interfaces/Procedure-Call-Standard

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Calling of Functions

What happens “behind the scenes” on our Raspberry Pi Pico!?

main.c X

sum( a, b, c, d){
result = a +b + c + d;
return result;

main() {
result = sum(1, 2, 3, 4);

1
2
3
4
5
6
7
8

parameters

function call

Unit 5: Functions and Modular Programming

main.s X

sum:

PUSH

Ty
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Calling of Functions

What happens “behind the scenes” on our Raspberry Pi Pico!?

main.c X main.s X

sum( a, b, c,
d, e) {
result = a +b + c +d + e;
return result;

sum:
PUSH

main() {
result = sum(1, 2, 3, 4, 5);

1
2
3
4
5
6
7
8
9

PR R R R RRR
OV WNRO®

5t parameter
goes onto stack BL sum2

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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ma Calling of Functions

What happens “behind the scenes” on our Raspberry Pi Pico!?

main.c X

main.s X
1 multiply( X, y) { 1 compute:
p return x * y; p
3 } 3 PUSH
4 4
5 compute( a, b, c) { 5 ADD
6 tmpl = a + b; 6 SUB
7 tmp2 = b - c; 7 MOV
8 res = multiply(tmpl, tmp2); 8 MOV s
9 return res + c; 9 BL multiply
10 } 10 ADD , RO,
11 11
12 main() { )
13 13 POP
14 14 BX
15
16 multiply:
17
main:

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Recursion

What we had: functions calling other functions.

Now: function calling itself 2 Recursion

Recursion is a programming technique where a function calls itself, either directly or
indirectly, to solve a problem that can be broken down into smaller sub-problems.

Each recursive call works on a smaller or simpler subset of the problem until it reaches a
"base case" — a condition where no further recursion is necessary, allowing the
function to return a result and resolve all pending calls.

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Recursion

A basic example

factoria
if (n <= 1) {

return 1;

¥

return n * factorial(n - 1);

Unit 5: Functions and Modular Programming

Ty

A recursive function must have two parts:

a base case, which defines the condition
where the recursion ends, and

a recursive case, which breaks the
problem into smaller instances and calls the
function again.

Attention:

* base case must be properly defined to

avoid infinite loops!

* too deep recursion can lead to stack

overflow!

Computer Engineering, VU (448.012)



Ty
Recursion

A basic example: how is it called?

Let us assume we call it like this: Bt =INENF

main.c X

factorial(3) {
return 3 * 2 * 1;

-

1
p
3
4
)
6
7
8
9

=
R ®
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Recursion

A basic example: infinite loops?

Let us assume we call it like this: Bt =INENF e Attention:

* base case must be properly

e defined to avoid infinite loops!

factorial(3) {
return 3 * factorial(2) {
return 2 * factorial(1l) {
return 1 * factorial(4294967295) {
return 4294967295 * factorial(4294967294) {
return 4294967294 * factorial(4294967293)
return 4294967293 * factorial(42949

};

OO NOUL D WDN R

};
¥
}s

}s

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Recursion

A basic example: stack overflow?

 Attention:

mainc X * too deep recursion can lead to

factorial(300) { stack overflow!
return 300 * factorial(299) {
return 299 * factorial(298) {

return 298 * factorial(297) { o .
return 297 * factorial(296) { Every function call adds a stack

return 296 * factorial(295) { frame to the call stack

return 295 * factorial(294); S might run out of memory'
}s |

1
2
3
4
5
6
7
8
9

};
};
};
};

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Recursion

Where can we still use it?

* Mathematical Calculations (e.g., factorials (n!), Fibonacci sequence)

* Algorithms in Data Structures (e.g., traversing trees, depth-first search in graphs)
* Sorting Algorithms (e.g., quick sort, merge sort)

* Divide-and-Conquer Algorithms (e.g., binary search, matrix multiplication)

* Puzzle Solving (e.g., Tower of Hanoi, N-Queens problem)

* String Processing (e.g., checking if a string is a palindrome)

* File System Operations (e.g., navigating and listing files in directories)

—> all recursively defined problems can also be solved with recursion

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Ty
Intermediate Break

What have we learned so far?

* We know how to use functions to modularize and reuse our code.

What issues persist!?

* Our file is still very large, even though we split it into many functions...

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

How do | partition my program!?

Modular programming is a design approach that breaks a program into smaller,
self-contained functions (or modules), each of which handles a specific task.

This practice promotes reusability, simplifies debugging, and improves collaboration by
allowing team members to work on separate parts of the project independently.

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

How do | partition my program?

main.c X

#include <stdio.h>
#include "pico/stdlib.h"

max_value( : .
min_value( declarations separate header file

main() {
numl = 7, num2 = 9;
stdio_init _all();
printf("The bigger number is %d\n", max_value(numl, num2));
printf("The smaller number is %d\n", min_value(numl, num2));

1
2
3
4
5
6
7
8
9

max_value(
return (a > b) ? a :

min_value( implementation separate .c file
return (a < b) ? a :

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Modular Programming

How do | partition my program?

minmax.h

#tifndef
#tdefine

#include "pico/stdlib.h"

max_value(
min_value(

W oo NOULD, WDN -

#tendif

minmax.c X

#tinclude "minmax.h"

max_value(
return (a > b) ? a : b;

min_value(
return (a < b) ? a : b;

coNOuUVT A~ WNER

Unit 5: Functions and Modular Programming

coNO VT A~ WDN PR

Ty

main.c X

#include <stdio.h>
#include "pico/stdlib.h"

#include "minmax.h"

main() {
numl = 7, num2 = 9;

stdio init all();

printf("The bigger number is %d\n",
max_value(numl, num2));

printf("The smaller number is %d\n",
min_value(numl, num2));

Computer Engineering, VU (448.012)
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Modular Programming

How do | partition my program!?

* Aim for Readability:

Keep files around 200-500 lines for smaller projects, max 1,000 for larger
ones, for easier navigation.

* One Responsibility per File:
Each file should handle a single task or module (e.g., /O, data handling) to
avoid exploding complexity.

* Break Up Complex Logic:

If a file grows large, split functions into helper modules
(e.g., split file io.c into file read.c and file write.c).

* Group Related Functions:
Keep related functions together in the same file to maintain
modularity and clarity.

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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How do | partition my program!?

|. identify modules
create header files (.h)
implement functions in source files (.c)

include header files in main file

A S

compile and link separate files

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming
Header Files (.h)

* Function Declarations
* Constants

* Macros

* Data types

* Other includes

minmax.h

#ifndef
#tdefine

* |nclude Guards to avoid

multiple inclusions!
#include "pico/stdlib.h"

max_value(
min_value(

1
2
3
4
5
6
7
8
9
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Source Files (.c)

* Includes corresponding header file
* Function implementations
* Global variable definitions

* Local helper functions

minmax.c X

#tinclude "minmax.h"

max_value(
return (a > b) ? a :

min_value(
return (a < b) ? a :

1
2
3
4
5
6
7
8

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Ty,
Modular Programming
Main File

* Includes header files only

e Uses function declared in the header file

main.c X

#tinclude <stdio.h>

* How does the program know,
#include "pico/stdlib.h"

where to find the implementation?

#tinclude "minmax.h"

—> compile and link

main() A

gcc main.c minmax.c -o my_program numl = 7, num2 = 9;

1
2
3
4
5
6
7
8

stdio_init all();

printf("The bigger number is %d\n",
max_value(numl, num2));

printf("The smaller number is %d\n",
min_value(numl, num2));

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

Excursion: Compilers and Toolchains

How do | get from a set of files to the final program?
. Preprocessing: Each .c file undergoes preprocessing first
2. Compilation: Each preprocessed file is compiled into an object file

3. Linking: All object files are linked together to form the executable

These steps are mostly obfuscated by using IDEs or makefile environments.

Combined preprocessing, compiling and linking:

gCC main.c minmax.c -0 my_program

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



TU

Grazm

Modular Programming

Excursion: Preprocessing

The preprocessor processes directives (e.g., #include, #define, #ifdef)
in the code and creates a single, expanded source file ready for compilation.

Steps:

* Expanding #include statements = recursively replacing them with
content of the corresponding header file

* Processing macros (#define) = substituting throughout code
* Removing comments

* Expanding conditional compilation instructions (#ifdef)

gcc -E minmax.c -0 minmax.1
gcc -E main.c -o main.1

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

Excursion: Compilation

The compiler checks preprocessed code for syntax errors, translates it
from C into machine code, optimizes it and creates object files without
connections to other modules.

Steps:
* Code parsing = analysis of syntax and semantics
* Generating low-level assembly code

* Optimizing the assembly code

Translating into machine code

gcc -Cc minmax.i -0 minmax.o
gcc -c main.1i -o main.o

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

Excursion: Linking

The linker combines all previously created object files into a single executable.

Steps:

Loading of all relevant object files (including libraries)
Resolving of (external) references

Loading of standard library functionality (e.g., printf)
Loading of the linker script 2 memory placement (optional)
Linking together all the files

Generating an executable file.

gcc main.o minmax.o -T linker_script.ld -o my_program

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

More control over the compilation process!?

* The more files you have, the more complicated things get.

—> Use an integrated build environment, e.g.,
* Make
* CMake
* IDEs

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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Modular Programming

More control over the compilation process? Makefile Basics

Example structure:

M Makefile x
v CODE
m—— 1 CC = gcc
V'”Cudi . 2 CFLAGS = -Iinclude
modufzﬁ 3 0BJ = main.o modulel.o module2.o
9 ;?O Hee 4 TARGET = my_program
main.c ° .
e« 6 all: $(TARGET)
7
module2.c )
M Makefile 8 $(TARGET). $(OBJ)
9 $(CC) -0 $(TARGET) $(OBJ)
(:aH: %.0: src/%.c
CC CFLAGS) -
make $(CC) $( P

Unit 5: Functions and Modular Programming

clean:
rm -f $(0BJ) $(TARGET)

Computer Engineering, VU (448.012)
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Modular Programming

More control over the compilation process? CMake Basics

Example structure:

CMakelists.txt X
v CODE
(VERSION 3.1@)

v include (MyModularProject)

module1.h

module2.h
v SIC

main.c

modulel.c

module2.c
CMakelLists.txt

(include)

oONOUVIDS WN PR

(my_program src/main.c src/modulel.c src/module2.c)

Example Call:

mkdir build && cd build
cmake ..

make

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)
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More control over the compilation process?! Makefile vs CMake Q\q\‘fo
&
Makefile CMake Ko
- build tool - build system generator o\ (2
0‘9@ C/O
K\

—> manually written Makefiles

—> straightforward, yet complex for
larger projects

—> for simple, smaller projects

Unit 5: Functions and Modular Programming

—> generates, e.g., Makefiles

—> abstracts the build process and
manages dependencies

—> for modern, larger, cross-platform
projects

—> cross platform

Computer Engineering, VU (448.012)



Modular Programming

CMake: an introduction for the RPi Pico

define the project and languages

e include additional cmake files and
init the Pico SDK

* add an executable target

* add libraries (if needed)

* generate additional output files

Unit 5: Functions and Modular Programming

v CODE ﬂ'!;g.

main.c
CMakelLists.txt

main.c X

#tinclude <stdio.h>
#include "pico/stdlib.h"

main() {
printf("Hello, Pico!\n");

CMakelists.txt %
(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

(pico_sdk_import.cmake)

pico_sdk _init()

1
2
3
4
5
6
7
8

(hello _pico main.c)
(hello pico pico stdlib)

pico_add extra outputs(hello pico)

Computer Engineering, VU (448.012)
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main.c

Modular Programming S
CMake: single file

. CMakelLists.txt X
main.o

hello pico.elf (CMAKE_C_STANDARD 11)
B (hello pico Q)

generate additional files .bin .hex .uf2 de (ptco_sdk_import.cmake)

pico_sdk—init()

O 00 N OOY/ul b WN R

(helle_pico main.c)

(hello pico pico stdlib)

pico_add extra outputs(hello pico)

Unit 5: Functions and Modular Programming Computer Engineering, VU (448.012)



Modular Programming

CMake: multiple files

main.c X

#tinclude <stdio.h>
#include "pico/stdlib.h"
#tinclude "math.h"

main() {
printf("Sum: %d\n", add(2, 3));

math.c

#include "math.h"
add( a,
return a + b;

Unit 5: Functions and Modular Programming

v CODE ﬂ'!;g.

main.c

OooNOTUTLDS, WDN B

math.c
math.h
CMakelLists.txt

CMakelists.txt %
(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

(pico_sdk_import.cmake)

pico_sdk _init()

(hello_pico main.c

(hello pico pico stdlib)

pico_add extra outputs(hello pico)

Computer Engineering, VU (448.012)
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Modular Programming math
math.h

CMake: multiple files CMakeLists.txt

v | ¥
. CMakelLists.txt X
/ main.o
2 1 (VERSION 3.13)
2 (CMAKE_C_STANDARD 11)
math.o 3 (hello _pico Q)
4
5 bde (pico _sdk_import.cmake)
6
hell ico.elf . N
ero_pico-€ 7 pico_sdk—init()
y 8
generate additional files .bin .hex .uf2 [ (helle_pico main.c math.c)

(hello pico pico stdlib)

pico_add extra outputs(hello pico)
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CMake: different modules

CMakelists.txt X
(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

(pico_sdk_import.cmake)

pico_sdk_init()

1
2
3
4
5
6
7
8
9

(modulel)
(module2)

(hello_pico main.c)

(hello pico pico_stdlib
| modulel module2) |

18 pico_add_extra outputs(hello pico)
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v CODE

v module1
module1.c
module1.h

CMakelLists.txt
v module2

module2.c

module2.h

CMakelLists.txt
main.c
CMakelists.txt

CMakelLists.txt

CMakelists.txt

Ty

X

(modulel modulel.c)
(modulel PUBLIC

)

X

(module2 module2.c)
(modulel PUBLIC

)
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CMake: different modules

CMakelLists.txt X%

(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

(pico_sdk_import.cmake)

pico_sdk_init()

1
2
3
4
5
6
V4
8
9

(modulel)
(module2)
(hellao_pico_main.c)

(helto_pico—pico stdlib
modulel module2)

pico_add extra outputs(hello pico)
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CMake: different modules

modulel.o

libmodulel.a

/
/

Unit 5: Functions and Modular Programming

modulel.o

libmodulel.a

CMakelLists.txt

CMakelists.txt

Ty

*

(modulel modulel.c)
(modulel PUBLIC

)

X

(module2 module2.c)
(modulel PUBLIC

)
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CMake: different modules

CMakelLists.txt X%

(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

(pico_sdk_import.cmake)

| ///' libmodulel.a

libmodule2.a

pico_sdk_init()

1
2
3
4
5
6
7
8
9

(modulel)
(module2)

v (hello pico_main.c)
hello pico.elf

(hello pico pico stdlib

e : modulel module2
generate additional files .bin .hex .uf2 )

pico_add extra outputs(hello pico)
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module1.h

CMake: separation of headers and source files module2.h
v SIc

CMakelists.txt X modulel.c

(VERSION 3.13) moduIeZ:c
(CMAKE_C_STANDARD 11) FNmkeUsBIxt
(hello _pico C) main.c
CMakelLists.txt
(pico_sdk_import.cmake) main.c

. .. #include "include/modulel.h"
pico_sdk_init()

module.c
(SPC)] #include "../include/modulel.h"

1
2
3
4
5
6
7
8
9

=
S

CMakelists.txt X

(hello pico main.c) (my _src_lib modulel.c module2.c)

Y
N B

13

14 (hello pico pico stdlib (my_src_lib[pico_stdlib)]
15 [ my_sr‘c_lib)]
16 (modulel PUBLIC
17 pico_add _extra outputs(hello pico) ../include/)
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CMake: separation of headers and source files

CMakelists.txt X

(VERSION 3.13)
(CMAKE_C_STANDARD 11)
(hello _pico Q)

Link SDK Libraries \\\

(pico_sdk_import.cmake)

pico _sdk_init()

1
2
3
4
5
3)
4
8
9

(src)

(hello pico._main.c)

(helle_pico pico stdlib
my src_1lib)

pico_add extra outputs(hello pico)
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CMake: separation of headers and source files

| v
Link SDK Libraries .
| / modulel.o
\‘"-.‘
—
module2.o
libmy src_lib.a CMakelLists.txt. %

(my_src>~lib modulel.c module2.c)

(my _src_lib pico_stdlib)

(modulel PUBLIC
../include/)
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CMake: separation of headers and source files

CMakelists.txt X

(VERSION 3.13)
(CMAKE_C_STANDARD 11)

(hello _pico Q)

(pico_sdk_import.cmake)

pico_sdk_init()

1
2
3
4
5
6
7
8
9

hello pico.elf (src)

=
Q)

=
[

generate additional files .bin .hex .uf2

=
N

(hello_pico main.c)

R
H w

(hello pico pico stdlib
my src_1lib)

=
N o U

pico_add extra outputs(hello pico)
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More control over where what lies?

Linker Scripts: controlling memory layout
* configuration for placing code and data in memory

* crucial for embedded systems = limited resources

Rules of thumb:

* code is placed in Flash
* data is placed in RAM

|. organize the entire memory into regions
2. introduce memory sections

3. set entry point and organize stack

Unit 5: Functions and Modular Programming

2MB Flash

Ty

OXx20041FFF
0x20040000

OXx2003FFFF

0Xx20000000
Ox101FFFFF

0x10000000

0x00000000
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Linker Scripts: Memory Regions

memmap_default.ld *

24 MEMORY
25 {

26 FLASH(rx) ORIGIN 0x10000000,] LENGTH 2M

27 RAM(rwx) ORIGIN 0Xx20000000, _ ENGTH 256k |

28 SCRATCH_X(rwx ORIGIN 0x20040000,~LENGTH 4k
(r*wx)

29 SCRATCH_
30 }

ORIGIN 0x20041000, LENGTH 4k

* ORIGIN: starting address of memory region
* LENGTH: size of the memory region

* 'wX:read, write, execute permissions

cf. Raspberry Pi Pico SDK: sdk/2.0.0/src/rp2_common/pico_crt0/rp2040/
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Ty

OXx20041FFF

Ox2003FFFF

0Xx20000000
Ox101FFFFF

0x10000000

0x00000000
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I'Iodular Frogralnlning OX20041FFF
"8K'Scratch
OX20040000

Linker Scripts: Memory Sections  executable code uninitialized variables Ox2003FFFE
initialized variables
memmap_default.ld *
0x20000000
40 SECIIOQS {{ Ox101FFFFF
.tex
*(.text*)
*(.rodata*)
} > FLASH
RAM AT FLASH
.bss {
*(.bss*)
* (COMMON) 0x10000000
}
0x00000000

load memory; stored in Flash
cf. Raspberry Pi Pico SDK: sdk/2.0.0/src/rp2_common/pico_crt0/rp2040/ but copied to RAM
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Linker Scripts: Entry point and stack initialization

memmap_default.ld
32 ENTRY(_entry point)

263 __ StackLimit ORIGIN(RAM) LENGTH(RAM) ;

264 _ StackOneTop ORIGIN(SCRATCH_X) LENGTH(SCRATCH_X);
265 _ StackTop = ORIGIN(SCRATCH_Y) + LENGTH(SCRATCH_Y);

266 _ StackOneBottom = _ StackOneTop - SIZEOF(.stackl dummy);
267 _ StackBottom = _ StackTop - SIZEOF(.stack dummy);

268 PROVIDE(_stack = _ StackTop);

* entry point for the code = in crt@.S

e stack initialization

cf. Raspberry Pi Pico SDK: sdk/2.0.0/src/rp2_common/pico_crt0/rp2040/
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OXx20041FFF

Ox2003FFFF

0Xx20000000
Ox101FFFFF

0x10000000
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Linker Scripts: Usage and further infos

* must be added to the actual linking process:

gcc main.o -T path/to/linker _script.ld -o hello pico

CMakelists.txt X
15 target _link options(hello pico PRIVATE "-Tpath/to/linker script.ld")

* Helpful infos
—> use KEEP (') to avoid the compiler to optimize block away
—use . = ALIGN(4); to keep a region 4 bytes aligned

—> look into the .dis file to see if the sections and regions are properly placed
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Linker Scripts: How to use in C?

linker_script.ld

1 MEMORY {
2 RAM(rwx) : ORIGIN = ©Ox20000000, LENGTH = 240k
MY _REGION(rwx) : ORIGIN = ©Ox2003E000, LENGTH = 16k

¥

3

4

5

6 SECTIONS {
7

8

9

.my _region (NOLOAD)
{
KEEP(*(.my_region))
10 MY_REGION
11

library.c

__attribute  ((section(".my region"))) uint32 t variablel;
__attribute  ((section(".my region"))) uint32 t variable2;
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H Functions and Modular Programming

Benefits?

Improved Maintainability:

Enhanced Readability:

Increased Reusability:

Optimized Debugging:

Collaboration-Friendly:

Unit 5: Functions and Modular Programming

Clearer code structure with reusable functions.

Easier updates and debugging.

Logical flow by encapsulating functionality.

Helps with code reviews and collaborative projects.

Modular components can be reused across projects.
Reduces redundancy and effort.

Isolate and test individual functions.

Quicker identification of bugs.

Promotes teamwork by dividing tasks into smaller units.

Clear ownership of code modules.
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Best practices and Common Pitfalls

* Keep Functions Simple: Each function should perform a single, well-defined task.

* Use Descriptive Names: Functions and parameters should have descriptive names that clearly
convey their purpose.

* Document Parameters & Return Values: Always provide comments for inputs and outputs

* Minimize Recursion: Use recursion carefully, especially for problems with deep recursion depths. If
recursion depth is unpredictable, consider using an iterative approach.

¢«  Common Pitfalls:
* Over-Complicating Functions
* lIgnoring Edge Cases
* Uninitialized Variables
* Infinite Recursion
* Improper Use of Global Variables
* Excessive Nesting

* Mismanaging Scopes
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E Practical Examples and Demonstrations

Function Basics

Write a function to calculate the factorial of a number.

Modify the factorial function to handle invalid inputs (e.g., negative numbers).

Write a function to find the maximum of two integers.

Write a function that determines if a number is even or odd.

Modular Programming

Split the factorial program into two files: factorial.c and factorial.h.

Add a main file (main.c) that calls the factorial function.

. Create a modular library for basic math operations (add, subtract, multiply, divide).

Extend the math library with a function to calculate the greatest common divisor (GCD).

Recursive Functions

Write a recursive function to calculate Fibonacci numbers.

Rewrite the recursive Fibonacci function.
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ﬁ Practical Examples and Demonstrations

cont'‘d.

¢ CMake Integration
. Create a CMakelLists.txt to build a project with main.c and the math library.

Add a new file (utilities.c) for logging and update CMakelLists.txt to include it.

Using Linker Scripts

Modify a provided linker script to relocate the .text section to a new memory address.

Use a linker script to place global variables in a specific RAM section.
Real-World Embedded Example

Write a function to initialize an LED on a specified pin.

Write a function to blink the LED with a customizable on/off duration.

Combine the LED setup and blinking into a modular program with header files.

Extend the program to control multiple LEDs with different blink patterns.
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This slide set is licensed under:
CC BY-SA 4.0 International

https://creativecommons.org/licenses/by-sa/4.0/

Tobias Scheipel, TU Graz 2024

https://www.scheipel.com/oer

Notes on Licensing:

This license applies to all content created by the author and not explicitly labeled
as external material.

External materials in this slide set, such as images or data from third-party
sources, retain their respective licenses.

The slide set uses pictures from https://cocomaterial.com licensed under CC 0.
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