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Introduction
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ELEGANT AND EFFICIENT ABSTRACTIONS

Software development challenges

Handle increasingly more complex
problems

Rich set of concepts with which to
imagine what can be done

Collaborative development
Long term maintainability

Do all of the above, and yet deliver
code that runs as fast as possible
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C++ provides ...

= Direct mapping of built in
operations and types to hardware

= Powerful and efficient abstraction

mechanisms

= Multi paradigm programming:
Procedural, object oriented, generic
and functional programming
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C++

= General purpose: no specialisation to specific usage areas

No mandatory simplification that precludes a direct expert level use of hardware
resources

= Leave no room for a lower level language

You don't pay for features you don't use

Express

= ideas directly in code

= simple ideas with simple code

= independent ideas independently in code
= relationships among ideas directly in code

Combine ideas expressed in code freely

l) JULICH
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Stack

execution .
Immutability ~ model Lede]
scoping
Classes
and class RAII
hierarchies

Run-time

Static types
o functions

Generic Compile-time
programming functions
Exceptions Overloading

Operators

Assertions X
as functions

Side effects



LEARNING C++ IN 2025

= “Why, when there are easier, safer
languages around?”

(Funny
Hacke

rnews post
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LEARNING C++ IN 2025

= “Why, when there are easier, safer
languages around?”

= Isn't Al going to write all our programs
from now on?
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LEARNING C+4+ IN 2025

= “Why, when there are easier, safer D@
|a ngu ages arou nd 2" Gemini thinks C++ is too dangerous for under 18 year olds

= [sn't Al going to write all our programs
from now on?

Qasd (D 1, share [ report

Hey, that was in 2024!
| am better now!

l) JULICH
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Show me an example of a C++ code where the destructor of a block scope automatic
variable is not called when the variable goes out of scope.

In C++, the destructor of an automatic variable within a block scope is automatically called

when the variable goes out of scope.
lOne such scenario is when an exception is thrown before the

variable goes out of scope. Here's an example:

py code

std: :cout <s std::end;
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Inthe above code, the “Example" class has a constructor and a destructor. The “foo() -
function throws a " st

runtime_error” exception before the “obj " variable goes out of
scope. As a result, the destructor of “obj " is not called, and you won't see the "Destructor
called” message in the output. Instead, the exception is caught in the “main() " function.

Please note that this is just one example where the destructor of an automatic variable may
not be called. In general, it is best to rely on destructors to clean up resources and ensure
proper cleanup even in the presence of exceptions.
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Help

https://chat.openai.com/ . ©

ult Crap DPersonal Djlich ) C s | OQ 6 BBBOFZ)  Jupyter)

Compiler Explorer B Corona-Update: Todes.
New chat

. u What compiler did you use to compile and run this code?

B Destructor not called o

As an Al language model, | don't have direct access to a specific compiler to compile and run
code. However, the code provided is standard C++ code and should work with any modern
C++ compller.

You can use popular C++ compilers such as:

* GCC (GNU Compiler Collection): https://gcc.gnu.org/

* Clang: https://clang.livm.org/
* Microsoft Visual C++: https://vis io.microsoft.

These compilers are widely used and support the C++ language standard.

To compile and run the code, you can save it into a file with a *.cpp extension (eg.,
“example.cpp"), and then use the appropriate compiler command to compile it. For
example, with GCC, you can use the following command in the terminal:

£) copycode

g++ example.cpp -0 example
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u None of those compilers produce the effect you claimed. The "Destructor called” message is
printed before the "Exception occurred” message, in every case.

You are correct, and | apologize for the mistake in my previous response. The destructor of
an object with automatic storage duration is guaranteed to be called when it goes out of

scope, regardless of whether an exception is thrown or not.

Here's the corrected code:
) copycode

Example() {
std::cout <<

~Example() {
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std::zuntime_error& e) {

<< e.what() << std::endl;

When you compile and run this code, you will see that the "Destructor called” message is

indeed printed before the “Exception occurred" message. The output will be:

Tuctor
Destructor
Exception occurred
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File Edit View History Bo
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[ Destructor not calledo  Z [

When you compile and run this code, you will see that the "Destructor called" message is
indeed printed before the "Exception occurred” message. The output will be:

sal
Constructor

Destructor

Exception occurred

1 apologize for the confusion caused by my previous response. Thank you for bringing it to
my attention, and | appreciate your understanding.

G Regenerate response
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USING LARGE LANGUAGE MODELS AS A PART OF
LEARNING

= Many answers are good (impressive!) and it is getting better.
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USING LARGE LANGUAGE MODELS AS A PART OF
LEARNING

= Many answers are good (impressive!) and it is getting better.

= Many are also plain wrong. Unfortunately, even nonsensical
answers are delivered with good grammar and authoritative
language.

IJ JULICH
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USING LARGE LANGUAGE MODELS AS A PART OF
LEARNING

= Many answers are good (impressive!) and it is getting better.

= Many are also plain wrong. Unfortunately, even nonsensical
answers are delivered with good grammar and authoritative
language.

= Problem: anchoring to a ground truth / world model.
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USING LARGE LANGUAGE MODELS AS A PART OF
LEARNING

= Many answers are good (impressive!) and it is getting better.

= Many are also plain wrong. Unfortunately, even nonsensical
answers are delivered with good grammar and authoritative
language.

» Problem: anchoring to a ground truth / world model.

= An experienced developer can, perhaps, use something like
chatgpt or Gemini as a glorified auto-complete plugin. When
the Al goes astray, the developer can ignore the suggestion
from the language engine and fix the code.
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USING LARGE LANGUAGE MODELS AS A PART OF
LEARNING |

= Many answers are good (impressive!) and it is getting better. [rshs

= Many are also plain wrong. Unfortunately, even nonsensical ‘
answers are delivered with good grammar and authoritative
language.

» Problem: anchoring to a ground truth / world model.

= An experienced developer can, perhaps, use something like
chatgpt or Gemini as a glorified auto-complete plugin. When
the Al goes astray, the developer can ignore the suggestion
from the language engine and fix the code.

= When learning, you need to develop your foundations yourself.
With a solid base in C++4-, you can now be more productive

with the Al tools. .
IJ JULICH
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

EXPLORER =+ 3 Welcome G uniqueptr2.cc ¢ demo.cc2 ®

o..cc > @ main
#include <iostream>
#include <vector>

v OPEN EDITORS |1 unsaved c
3 Welcome
G uniqueptr2.cc

® G demo..cc 2 .
auto main() -> int {

std::vector<double> v(n: 20, x: 3.14);
std::cout << "vector = [";
for (auto i =0; i < v.size(); ++i) {

cout << v[i];]

v EXAMPLES

> dangling_pr

> sqrt_error_handling

1
2
3
4
5
6
7
8

@ binforms.cc

G check_prime.cc
M CMakeLists. txt

Ml ¢ consteval.cc
G demo..cc 2 )
G exception.cc

€ fibonacci.cc
G

- ged.cc

= |IDE plugins to make smart suggestions
about the next few lines

JULICH
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

EXPLORER
v OPEN EDITORS 1 unsaved
3 Welcome
G uniqueptr2.cc
® G demo..cc
~ EXAMPLES
> dangling_pr
> sqrt_error_handling
€ binforms.cc
G check_prime.cc
M CMakeLists.txt
Ml © consteval.cc
& demo..cc
€ exception.cc
€ fibonacci.cc
c

- ged.cc

> Welcome G uniqueptr2.cc ¢ demo..cc2 ®
€ demo. @ main

1 #include <iostream>
2 #include <vector>
3
4 auto main() -> int {
5 20, x:3.14);
6 H
7 =0; i < v.size(); ++i) {
8

Completion suggestion
by
Gemini Code Assist!

= [IDE plugins to make smart suggestions
about the next few lines

= |f you like what you see, press Tab
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

EXPLORER
v OPEN EDITORS 1 unsaved
3 Welcome
G uniqueptr2.cc
® G demo..cc
~ EXAMPLES
> dangling_pr
> sqrt_error_handling
€ binforms.cc
G check_prime.cc
M CMakeLists.txt
Ml © consteval.cc
& demo..cc
€ exception.cc
€ fibonacci.cc
c

- ged.cc

> Welcome G uniqueptr2.cc ¢ demo..cc2 ®
€ demo. @ main

1 #include <iostream>
2 #include <vector>
3
4 auto main() -> int {
5 20, x:3.14);
6 H
7 =0; i < v.size(); ++i) {
8

Completion suggestion
by
Gemini Code Assist!

= [IDE plugins to make smart suggestions
about the next few lines

= |f you like what you see, press Tab
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

EXPLORER

- demo.cc 2 o = Al models are being updated with
better training about programming

 OPEN EDITORS [1 unsaved

3 Welcome

G uniqueptr2.cc

uble> v(n: 20 3.14)
L _Pr s vector =
s andlin or i< v.size(); ) A
+ bin std:: v H
 ch cc ( ize( {
M CMakeLists.txt ¢ i .

Ml © consteval.cc ) )
O G, s 2 y — Completion suggestion
€ exception.cc by
€ fibonacci.cc Gemini Code Assist!

= [IDE plugins to make smart suggestions
about the next few lines

= |f you like what you see, press Tab

IJ JULICH
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

- Welcome

 OPEN EDITORS [1 unsaved G demo..cc

3 Welcome

€ uniqueptr2.cc

NV A WN e

M CMakeLists. txt

€+ consteval.cc

€ demo..cc 2
€ exception.cc by

€ fibonacci.cc Gemini Code Assist!

= [IDE plugins to make smart suggestions
about the next few lines

= |f you like what you see, press Tab
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= Al models are being updated with
better training about programming

= |t is possible to ask such a model to
change a given function, class etc
based on requirements expressed in
plain human languages

= |t is also possible to ask it to produce
all of the code

IJ JULICH
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

- Welcome G uniqueptr2.cc G demo.cc2 @
 OPEN EDITORS 1 linsaved G demo..cc
3 Welcome
€ uniqueptr2.cc

NV A WN e

by
Gemini Code Assist!

DRI NN N SRV
| 2

= [IDE plugins to make smart suggestions
about the next few lines

= |f you like what you see, press Tab
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= Al models are being updated with
better training about programming

= |t is possible to ask such a model to
change a given function, class etc
based on requirements expressed in
plain human languages

= |t is also possible to ask it to produce
all of the code

= The quality of the generated code has
improved a lot over the last years, but,
lots of errors still happen.

l) JULICH
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USING LARGE LANGUAGE MODELS AS A
SOPHISTICATED AUTO-COMPLETE

= |f you can't code at all, chatgpt is not going to be of much use to you. You wont
know what is right what isn't, and what to do when something doesn't work. You
can make better queries when you actually know a bit.

@) JULICH
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LEARNING C++

= [t takes time and carel

= Strong foundations in the building blocks of the language, will help you filter out
incorrect information.
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LEARNING C++

= [t takes time and carel

= Strong foundations in the building blocks of the language, will help you filter out
incorrect information.

» Scientific method: conduct your own “experiments” to test ideas
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LEARNING C++

= [t takes time and carel

= Strong foundations in the building blocks of the language, will help you filter out
incorrect information.

» Scientific method: conduct your own “experiments” to test ideas
= Self-study over a much longer period

= Collaborative projects with good senior programmers

= Curiosity about an evolving language
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LEARNING C++

= [t takes time and carel

= Strong foundations in the building blocks of the language, will help you filter out
incorrect information.

» Scientific method: conduct your own “experiments” to test ideas
= Self-study over a much longer period

= Collaborative projects with good senior programmers

= Curiosity about an evolving language

= Two kinds of challenges: (i) How can | do this? — A technical/logical challenge.
(i) What can | do with this? — A creative challenge.
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LEARNING C++

= [t takes time and carel

= Strong foundations in the building blocks of the language, will help you filter out
incorrect information.

» Scientific method: conduct your own “experiments” to test ideas

= Self-study over a much longer period

= Collaborative projects with good senior programmers

= Curiosity about an evolving language

= Two kinds of challenges: (i) How can | do this? — A technical/logical challenge.
(i) What can | do with this? — A creative challenge.

= Goals for this course: emphasis on fundamentals, a tour of what exists, methods to
facilitate continued learning

l) JULICH
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C++ IN MAY 2025

= Current standard with stable
imp|ementations: C++17. // Demo using the library mp-units

t 1 =110 km / h;
= Latest standard approved by the ISO :Etz ZZ = 70 **mpi-

C4++ committee: C+-+23 auto u = 0.5 (vl + v2);
- major C++423 |anguage and std: :println("Start speed = {}",
library features are available in the two u-in(m / 8));
_y i auto a = 9.8 » m / s / s;
major open source compilers: GCC and auto t = 10. * s;
Clang. std::println("Distance = {}",

D . f . .. (uxt + 0.5%axt+t).in(m));
= Despite a few important missing // The following does not compile!

features, enough C++4-23 is already /) (uxt + 0.5%axt).in(m));
implemented for us to use that
standard for learning and testing

Summary of compiler support: cppreference.com

IJ JULICH
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https://en.cppreference.com/w/cpp/compiler_support

C++ IN MAY 2025

= Current standard with stable
implementations: C++17.

= Latest standard approved by the ISO
C++ committee: C++423

] major C++23 language and
library features are available in the two
major open source compilers: GCC and
Clang.

= Despite a few important missing
features, enough C++-23 is already
implemented for us to use that
standard for learning and testing

using namespace std::chrono;
using Date = year_month_day;

year Y {

asked_year.value_or (

current_year ())

bi
Date s4 { Y/December/Sundayl[4] };
Date s3 { Y/December/Sundayl[3] };
Date xmas { Y/December/25d };
Date lastadv { s4>=xmas?s3:s4 };

Summary of compiler support: cppreference.com ‘J JULICH
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https://en.cppreference.com/w/cpp/compiler_support

COMPILER SUPPORT FOR C++ STANDARDS

Check the latest status of compiler support for C++11, ... C++23 etc by following
this link.

For any compiler, it's usually better to use as new a version as possible
Both GCC and Clang use C++17 as the default standard

There is usually an option to explicitly specify the standard we want to use with a
command line option, such as —std=c++20 or —std=c++23.

l) JULICH
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https://en.cppreference.com/w/cpp/compiler_support
https://en.cppreference.com/w/cpp/compiler_support

COURSE CONTENT

= Language fundamentals .
guag which means...

= Basic structure of a program

= Types, values and variables

Mutability controls

Statements, blocks

Branches, loops

Exceptions

Functions and lambda
expressions

Scope
IJ JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library
facilities = Strings
= Containers and algorithms
= Input/Output

@) JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library
facilities = Detailed syntax explanation

m C4+ classes in detail RAII
Operator overloading

Invariants

Inheritance and virtual
dispatch

= SOLID principles

@) JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library

facilities » Function, class and variable
s C++ classes in detail templates
= C++ templates = Constrained templates using
concepts

= Variadic templates

IJ JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library
facilities = |terator based design of

C++ classes in detail containers
C++ templates Containers and algorithms

Standard template library in detail

Ranges

Date and time

Random numbers

Smart pointers

Text formatting

@) JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library

facilities = Better regular expressions
= C++ classes in detail = Units and dimensions
s C++ templates = Command line parsers

= Standard template library in detail

= Some useful open source C++ libraries

@) JULICH
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COURSE CONTENT

= Language fundamentals .
guag which means...

= Small applications using C++ standard library
facilities = Modules

C++ classes in detail = The contrast with header
file based project
organisation

C++ templates

= Standard template library in detail = Building module based
» Some useful open source C++ libraries C++ projects using CMake
and Ninja

Program organisation: expected changes

@) JULICH
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A COMPILED LANGUAGE

// Hello World! (C++23 with modules)
import std;
auto main() —-> int

{

std: :println("Hello, world!");
}

Use classroom shortcut prep_libstdexx which is an alias for
'g++ —-std=c++23 -fmodules -fsearch-include-path bits/std.cc' and build
with g++

prep_libstdcxx
gt+ —-std=c++23 —-fmodules hello.cc
./a.out

IJ JULICH
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A COMPILED LANGUAGE

// Hello World! (C++23)
#include <print>
auto main() -> int

{

std: :print ("Hello, world!\n");

}

gt+ —-std=c++23 hello.cc
./a.out

clangt+ —-std=c++23 hello.cc
./a.out

Member of the Helmholtz Association 19 - 23 May 2025
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A COMPILED LANGUAGE

// Hello World!
#include <iostream>
auto main() —-> int

{

std::cout << "Hello, world!\n";

}

g++ hello.cc
./a.out

clangt++ hello.cc
./a.out

Member of the Helmholtz Association 19 - 23 May 2025
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A COMPILED LANGUAGE

// Hello World!
#include <print>
auto main() -> int
{
std::print ("Hello, world!\n");

D ks W N =

}

gt++ —std=c++23 hello.cc
./a.out

clang++ —-std=c++23 hello.cc
./a.out

Member of the Helmholtz Association 19 - 23 May 2025

Program: Step by step recipe for performing
a computational task

Expressed using precise deterministic rules
in human readable programming languages

Source code is translated to the machine
language by the compiler

Language rules facilitate an unambiguous
expression of intent

The compiler emits errors if the code
violates syntax rules

The compiler performs syntax checks,
optimisation passes, automatic discovery of

shortcuts ‘J JULICH
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THE C4++ COMPILER

= Not a dumb “translator”!
1 for (auto i = 1U; i <= N; ++1i) { = “As-if rule”
2 sum += 1 =+ 1i;

3}

- Same observable effects as the
source code, but not necessarily doing
everything exactly as you say

IJ JULICH
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THE C4++ COMPILER

= Not a dumb “translator”!

1 for (auto i = 1U; i <= N; ++1) { g “Agif rule”: Same observable effects as the
2 sum += i x 1i;

s ) source code, but not necessarily doing
everything exactly as you say

Compiler:

= Task: calculate 3V, i

N(N+1)(2N+1)
6

= Need to keep track of possible overflows for large values

= | know a formula for that:

= — compiled code

J

IJ JULICH
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@ ComilerExplorer —MozilaFirefox

o x B x X | & Compiler Expt x +
CENCR © @ npesigodbottorg o
—~¢ COMPILER Watch C++ Weekly to learn new C++ Sponsors Share ~
— x M .
EXPLORER features intel. PC-lint
C++ source #1 X O X ' x86-64 clang (trunk) (Editor #1, Compiler #1) C++ X

A~ B +- v £ 2 x86-64 clang (runk) v @ | -03

;; ?uto sum_upto(unsigned num) -> unsigned Av &~ Y~ B ++ /-
3 auto ans{ou}; 1 sum_upto(unsigned int):
4 for (auto i = OU; i < num; ++i) { 2 test edi, edi
5 ans += 1i; 3 je .LBBO_1
6 3 4 lea eax, [rdi - 1]
7 return ans; ] 5 lea ecx, [rdi - 2]
s } 6 imul rcx, rax
9 7 shr rcex
8 lea eax, [rcx + rdi]
9 add eax, -1
10 ret
11 .LBBO_1:
12 xor eax, eax
13 ret
@) JULICH
Member of the Helmholtz Association 19 - 23 May 2025 Slide 17 J Forschungszentrum



THE COMPILATION PROCESS
‘ Header File 1 H Source File 1 }4 w
‘ Header File 2 Source File 2 }ﬁ w

Header File 3

H

Object File for program

Executable

IJ JULICH
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COMPILATION FLOW USING MODULES

‘ BMIL ‘ + ‘Object File MIUL
]

ﬂ‘ BMI2 ‘ + ‘Object File MIU2
]

Module Impl. unitl

Program Source ; -
(uses Module 2 + Library) w Ol A (e

Compiler

Library

IJ JULICH
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THE MAIN() FUNCTION

= All C++4 programs must contain a unique main ()
function. Running a program is “calling” its main ()

= All executed code, that is not related to the
initialisation of a global variable, is contained either

in main (), or in functions invoked directly or
indirectly from main ()

= Uniquely for main, a missing return statement
causes the compiler to insert return 0;

Member of the Helmholtz Association 19 - 23 May 2025 Slide 20

void do_this ()
{ // how to do this
\}loid do_that ()
{ // how to do that

}

auto main() -> int
{
do_this();
do_that () ;

return 0;

IJ JULICH
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THE MAIN() FUNCTION

= All C++4 programs must contain a unique main ()
function. Running a program is “calling” its main ()

= All executed code, that is not related to the
initialisation of a global variable, is contained either

in main (), or in functions invoked directly or
indirectly from main ()

= Uniquely for main, a missing return statement
causes the compiler to insert return 0;
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void do_this ()
{ // how to do this
\}loid do_that ()
{ // how to do that

}

auto main() -> int
{
do_this();
do_that () ;
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FUNCTION CALL TREE

auto main() -> int auto f(int i) () -> int
{ {
auto N = 10; return (i * 1) %12;
if (£(N) < g(N)) { }
hl(N); auto g(int i) () -> int
} else { {
h2 (N) ; return i % 12;
} }
} auto hl (int i) () -> int
{
return hll (1i);
}
auto h2 (int i) () -> int
{
return h21(i);
}
Member of the Helmholtz Association 19 - 23 May 2025 Slide 21

auto hll (int i) ()

{

}

return i * 1i;

auto h21l (int i) ()

{

}

return i + h2l

/)

-> int

-> int

1(1);

JULICH
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FUNCTION CALL TREE

= Every function contains control flow regulating keywords or expressions.

= Some of the expressions may be function calls which will cause instructions in that
other function to be executed

= The execution tree starts at the main function

l) JULICH
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CODE LEGIBILITY

= In C++, whitespace does not have any

auto foo(double x, int i) —> double syntactic meaning, but..
{

double y—1; = Human brains are not made for
if (i>0) { searching { and } in dense text
for (int 3=0; j<i;++73) {

y x= X%;

}

} else if (i<0) {
for (int 3=0;j>i;--73) {

y /= %;
+}

return y;
}

IJ JULICH
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10
11
12
13
14

STYLE

auto foo (double x,
{
double y = 1;
if (1 > 0) {
for (int j = 0;
y *= Xy
}
} else if (i < 0)
for (int j = 0;
y /= %;

}

return y;

int i)

-> double
++3) A
-——J3) A

Member of the Helmholtz Association

19 - 23 May 2025

Indenting code clarifies the logic

Misplaced brackets, braces etc. are

easier to detect

4-5 levels of nesting is sometimes

unavoidable

Recommendation: indent with 2-4
spaces and be consistent!

Slide 24
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10
11
12
13
14

STYLE

auto foo(double x, int i) —-> double
{
double y = 1;
if (1 > 0) {
for (int 7 = 0; j < i; ++3) {
y *= Xy

}
} else if (i < 0) {
for (int j = 0; J > 1i; ——73) {
y /= %;

}

return y;

Member of the Helmholtz Association 19 - 23 May 2025

= Use a consistent convention for braces

({ and }).

= Use a tool like clang-format to clean
up formatting before committing code
to your version control system

= The utility cf included with your course
mateﬁaI(Usage:cf sourcefile.cc)
formats code using clang-format with

the WebKit style.

Slide 25
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READ C4+

// examples/hello_ga.cc
#include <string>
#include <iostream>
auto main() -> int

{

std: :string name;

std::cout << "What's your name ? ";
std::cin >> name;

std::cout << "Hello, " << name << "\n";

© 00 N O Uk W N =

Jun
(=)
—~

Exercise 1.1:

What does this code do? To handle multi-word names, replace the line where we read
the variable name with getline (std::cin, name);.

IJ JULICH
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WRITE A VERY SIMPLE FUNCTION...

1 // examples/min_of_three.cc

2 #include <iostream>

3 auto min_of_three(int a, int b, int c) -> int
4 |

5 return /* recipe needed! */

6 }

7 auto main() —-> int

s

9

int 1 =0, j =0, k = 0;

std::cout << "Enter i, J and k: ";

std::cin >> 1 >> 3 >> k;

std::cout << "The smallest of the three is "
<< min_of_three (i, j, k) << "\n";

e e =
B W N = O
—~

lJ JULICH
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WRITE A VERY SIMPLE FUNCTION...

© 0 N O R W N =

e e e =
a s W N = O

// examples/midpt.cc
#include <iostream>
auto mid(int a, int b) -> int
{
// recipe needed!
return a;
}
auto main() —-> int
{
int 1 = 0, j = 0;
std::cout << "Enter i, J: ";
std::cin >> 1 >> 3j;
std::cout << "A number half way between "
<< " is " << mid(i, jJ) << "\n";

<< 1 <<

" and " << j

Member of the Helmholtz Association 19 - 23 May 2025 Slide 28
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WRITE A VERY SIMPLE FUNCTION...

The standard library function std: :min (a, b) returns the smaller value out of two
given inputs. Fill in the code in examples/min_of_three.cc so that the function
returns the smallest of the 3 input values.

Exercise 1.3:

Fill in the code necessary in examples/midpt.cc so that the function returns a value
half way between the two inputs, for small integers.

9 JULICH
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Slide 29



DATA TYPES

NewTab_ Split View -
build : bash modules : bash fig : bash
0 courseroom
cxx@zam2706: cppint
>>> std::cout << 13 / 2 << "\n";

Paste Find Edit Current Profile
examples : binforms.g Book : bash () courseroom
() courseroom °
Ccxx@zam2706: python3
Python 3.6.15 (default, Sep 23 2021, 15:41:43) [GCC] on linux

6 Type "help", "copyright", "credits" or "license" for more informa
>>> std::cout << 13.0 / 2.0 << "\n"; tion.
6.5 >>> 13 / 2
>>> std::cout << 13.0 / 2 << "\n"; 6.5
6.5 >>> 13 // 2
>>> std::cout << 13 / 2. << "\n"; 6
6.5 >>> I
>>> D
= Since 13 and 2 are integers, 13 / 2 means integer division in C++. 13 % 2
would return the remainder of the integer division
= Arithmetic operations between values of identical built-in types produce the same
type of output
= The meaning of operations on values depends on the type of the values

Member of the Helmholtz Association 19 - 23 May 2025
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DATA TYPES
= Bit representation of even the simplest entities like integers or floating point
numbers is a matter of convention; compare

int 1 =1; // 00000000000000000000000000000001 i is an integer
float i = 1; // 00111111100000000000000000000000 i is a float

= Semantic meanings associated with a collection of bits is not inherent to the bits,
but is imparted by the type associated with those bits
= Small differences in the text representation of numbers like 1 or 1. might translate
to much bigger differences for the compiler
Code | It means (in binary)
1 | 00000000000000000000000000000001
1.0f | 00111111100000000000000000000000
1.1 0011111111110000000000000000000000000000000000000000
000000000000

@) JULICH
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TYPES, VARIABLES AND DECLARATIONS

auto force (double ml, double m2,
double rl2) —> double

{
const auto G{ 6.67408e-11 };
return G » ml * m2 / (rl2 * rl2);

// 0l1d style, but still fine
unsigned long x = 0;

string name{"Maple"};

vector v{l, 2, 3, 4, 5};
tuple R{O0, 0, "A"};

complex z{0.5, 0.6};

[ N
[ N

= A "type" defines the possible values and operations for an object

= An "object" is some memory holding a value of a certain type

= A "value" is bits interpreted according to a certain type

= A "variable" is a named object

= A "declaration" is a statement introducing a name into the program

= C++ is a statically typed language: types of all created variables are known at

compilation time. A variable can not change its type. ‘J JULICH
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NewTab_  SplitView -
build : bash modules : bash x fig: bash
() courseroom

cxx@zam2706: cppint
>>> int k = 1;
>>> std::cout << typeid(k).name() << "\n";
i
>>> double x = 4.3;
>>> std::cout << typeid(x).name() << "\n";
d
>>> k =
>>> std::cout << k << "\n";
4
>>> std::cout << typeid(k).name() << "\n";

i
>>> D

Paste Find Edit Current Profile
examples : binforms.g Book : bash x () courseroom
() courseroom °
Ccxx@zam2706: python3
Python 3.6.15 (default, Sep 23 2021, 15:41:43) [GCC] on linux

Type "help", "copyright", "credits" or "license" for more informa
tion.
>>> Kk =1

>>> type(k)
<class 'int'>
>>> x = 4.3
>>> type(x)
<class 'float'>

>>> Kk = X
>>> print(k)
4.3

>>> type (k)
<class 'float'>

>>> I



NewTab_  Split View v c Paste  Find  Edit Current Profile

build : bash modules : bash fig: bash examples : binforms.g Book : bash ( courseroom
() courseroom ° () courseroom °

cxx@zam2706: cppint Ccxx@zam2706: python3

>>> $#include <valarray>$ Python 3.6.15 (default, Sep 23 2021, 15:41:43) [GCC] on linux

>>> std::valarray A{1, 2, 3, 4, 5}; Type "help", "copyright", "credits" or "license" for more informa

>>> for (auto x: A) std::cout << x << "\n"; tion.

1 >>> import numpy as np

2 >>> A = np.array([1, 2, 3, 4, 5])

3 >>> for x in A:

4 print(x)

5 .

>>> A = 2; 1

>>> for (auto x: A) std::cout << x << "\n"; 2

2 3

2 4

2 5

2 >>> A =2

2 >>> for x in A:

>>> ... print(x)

>>> .

>>> Traceback (most recent call last):

>>> File "<stdin>", line 1, in <module>

>>> TypeError: 'int' object is not iterable

>>> >>> I

>>>

>>>

>>>

>>>

>>>

|>>> D




BUILT IN AND USER DEFINED TYPES

= Types like char, bool, int, float, double are known as fundamental types
= Fundamental types are implicitly inter-converted when required

= Arithmetic operations +, —, %, /, as well as comparisons <, >, <=, >=, ==, | =
are defined for the fundamental types, and mapped directly to low level instructions

= Like in many languages, = is assighment where as == is equality comparison
= Note how variables are "initialised" to sensible values when they are declared
Class types

= Additional types can be introduced to a program using keywords class, struct,
enum and enum class, and much less commonly union

= Behaviour of a user defined type is programmable

l) JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 34 Forschungszentrum



INITIALISATION

m Both int 1 = 23 and int i{ 23 } are valid initialisation

= The newer curly bracket form should be preferred, as it does not allow "narrowing"
initialisation: int i{ 2.3 }; // Compiler error

= The curly bracket form can also be used to initialise C++ collections:

1 std::list<double> masses{0.511, 938.28, 939.57};
2 std::vector<int> scores{667, 1}; // Vector of two elements, 667 an
3 std::vector<int> lows (250, 0); // vector of 250 zeros

= In rare cases, initialisation requires () for disambiguation

» Since C++17, standard container types use a new language feature called “class
template argument deduction” (CTAD) to infer the element type from the initialiser
expression

= Variables can be declared anywhere in the program. Avoid declaring a variable until
you have something meaningful to store in it

IJ JULICH
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INITIALISATION

m Both int 1 = 23 and int 1{ 23 } are valid initialisation

= The newer curly bracket form should be preferred, as it does not allow "narrowing"
initialisation: int i{ 2.3 }; // Compiler error

= The curly bracket form can also be used to initialise C++ collections:
1 std::1list masses{0.511, 938.28, 939.57};
2 std::vector scores{667,1}; // Vector of two elements, 667 and 1
3 std::vector lows (250, 0); // vector of 250 zeros

= In rare cases, initialisation requires () for disambiguation

= Since C++17, standard container types use a new language feature called “class
template argument deduction” (CTAD) to infer the element type from the initialiser
expression

= Variables can be declared anywhere in the program. Avoid declaring a variable until
you have something meaningful to store in it

IJ JULICH
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THE UNIFORM INITIALISATION SYNTAX

int I{20};

double m

© w9 O gk W N

int k

=
o

5.3;

= e
(S

int j{5.3};
int i{}; //

= = e
oo W

// Create integer I
string nat{"Germany"};

// define and initialise a string
double af4]{1.,
tuple<int, int, double>
list<string> L{"abc",
// and lists,
0.5;
// 1s ok for simple variables,

// integer k stores 5,

vector<int> u{4,
vector<int> v (4,

20

22.1, 19.3, 14.1};
x{0, 0, 3.14};
"def", "ghi"};
vectors etc.

// Initialising with '
but
// Allowed, although the
and not 5.3

// Helpful compiler error.
i=0

// u={4,
// v={0,

0}
0,

0};

Member of the Helmholtz Association
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Variables can be initialised at
the point of declaration with a
suitable value enclosed in {}

Historical note: Pre-C4+11,
only the = and () notations
(also demonstrated in the left
panel) were available.
Initialising non trivial
collections was not allowed.
Recommendation: Use {}
initialisation syntax as your
default. A few exceptional
situations require the () or =

syntax. @) JULICH
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THE KEYWORDS AUTO AND DECLTYPE

Memb:

auto sqgr (int x) -> int { return x » x; }

auto main() —-> int {
char oldchoice{'u'

s

choice{'y'};

size_t 1 = 20'000'000;

//group digits for readability!
double electron_mass{ 0.511 };
34, 0, 89, 3};

int mes[6] {33, 22,
bool flag{ true };
decltype (i) j{ 9 }
auto positron_mass

//int (*f) (int) =
std::cout << £ (3j)

4

<<

electron_mass;
auto f = sqr; // Without "auto",
// be declared like this:

&sqgr;

l\nl;

auto muon_mass{ 105.6583745 };

£ th

10 - 23 May 2025

f can

= The keyword auto can be used to

declare a variable as

auto x{initialiser} or
auto x = initialiser.
The variable is then created with
the type and value of the
initialiser.

The keyword decltype can be
used to say "same type as that

one

IJ JULICH
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SOME C++17 ADDTIONS

std: :vector v{1l, 2, 3, 4, 5};
// => vector of int
std::vector w{l., 2., 3.};

// => vector of double

std: :vector x (100, 2);

// => vector of int, size 100,
// all values 2

// If somefunc () returns
// tuple<string, int, double>

auto [name, nspinstates, lifetime]

= somefunc (serno);

Member of the Helmholtz Association

19 - 23 May 2025

= Internal value types of tuples and
collections can be automatically
inferred from the initialiser expression
using “Class Template Argument
Deduction” or CTAD

m Since C++17, new names can be
bound to components of a tuple, as
shown

IJ JULICH

Slide 38 Forschungszentrum



=W D =

USING LITERALS WITH PRECISE TYPES

auto
auto
auto
auto

age = 7;

pi = 3.141592653589793;
energy = 0;

city = "Barcelona";

Member of the Helmholtz Association 19 - 23 May 2025

= What are the types of the variables

declared here?

Slide 39
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USING LITERALS WITH PRECISE TYPES

auto
auto
auto
auto

age = 7;

pi = 3.141592653589793;
energy = 0;

city = "Barcelona";

Member of the Helmholtz Association 19 - 23 May 2025

= What are the types of the variables
declared here?

= How can we make sure that age is
unsigned, pi and energy are double
precision, and city is a string?

IJ JULICH
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USING LITERALS WITH PRECISE TYPES

= What are the types of the variables

auto age = 7U; declared here?
auto pi = 3.141592653589793; .
auto energy — 0.; = How can we make sure that age is

using namespace std::string literals; unsigned, pi and energy are double
auto city = "Barcelona"s; precision, and city is a string?

auto bigpositive = 0UL;
auto fort_real = 0.0F;
// With proper user defined functions 800d habit, i.e., 0. rather than 0 if
auto Tl = 300_Kelvin; you mean a floating point value, 0U

auto T2 = 100_Celcius; rather than 0 if you mean an unsigned
auto dist = 4.5_KM + 6.3_Miles; value

= Writing literals with precise types is a

IJ JULICH

Forschungszentrum



© 0w N O Uk W N

— =
=)

USING LITERALS WITH PRECISE TYPES

= What are the types of the variables

auto age = 7U; declared here?

auto pi = 3.141592653589793; .
auto energy — 0.; = How can we make sure that age is
using namespace std::string literals; unsigned, pi and energy are double
auto city = "Barcelona"s; precision, and city is a string?
auto bigpositive = 0UL; - . . . .
auto foif real = 0.0F: = Writing literals with precise types is a
// With proper user defined functions 800d habit, i.e., 0. rather than 0 if
auto Tl = 300_Kelvin; you mean a floating point value, 0U
auto T2 = 100_Celcius; rather than 0 if you mean an unsigned

auto dist = 4.5_KM + 6.3_Miles;
value. ..

= C++ allows you to make new literals
for user defined types

IJ JULICH
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C++ STANDARD LIBRARY STRINGS

#include <string>

std::string fullname;
std::string name{"Albert"};
using namespace std::string literals;,
auto surname{"Einstein"s};
//Concatenation and assignment
fullname = name + " " + surname;
//Comparison

if (name == "Godzilla") run();
std::cout << fullname << '\n';
for (auto i = 0UL;

i < fullname.size(); ++1)
if (fullname([i] > 'J")
blah += fullname[i];

Member of the Helmholtz Association 19 - 23 May 2025

= String of characters

Knows its size (see example)
Allocates and frees memory as needed

Simple syntax for assignment (=),
concatenation(+), comparison
(<r::I>)

The namespace
std::string_literals defines
the necessary functions to write literals
which are interpreted as

std: :string instead of raw
character arrays

IJ JULICH

Slide 40 Forschungszentrum



CONVERTING TO AND FROM STRINGS

int 1{10}, 3{20};

std::string s{ std::to_string(i + j) }; // s: "30"

std::string t{ std::to_string(i) + std::to_string(3j) }; // t:"1020"
tot += std::stod(line); // String-to-double

S CE

= The standard library st ring class provides functions to inter-convert with variables
of type int, double

IJ JULICH
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STD::STRING_VIEW

std::string_view viewse{"Norrsken"};

using namespace std::literals;

auto viewen{"Northern lights"sv};

auto proc (std::string_view inp)
-> bool {
if (inp.ends_with("et")) {
}

19 - 23 May 2025

Lightweight entity similar to
std: :string. Does not own its
content.

"View" over an existing array of
characters

Can be compared like (and with)
std: :string objects

Can not grow (no memory
management!), but can shrink
Cheap to pass to functions by value

Has its own literal definitions in the
namespace std::literals

IJ JULICH
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RAW STRING LITERALS

// Instead of ...

string message{"The tag \"\\maketitle\" is unexpected here."};
// You can write ...

string message{R" (The tag "\maketitle" is unexpected here.)"};

Can contain line breaks, "\' characters without escaping them, like the triple quote
strings in Python

Very useful with regular expressions
Starts with R" ( and ends with ) "
More general form R"de 1 im ( text ) delim"

IJ JULICH
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COMMAND LINE ARGUMENTS

= In the argc, argv form of main, the

command line is broken into a sequence 1 // examples/hello_xyz.cc
of character strings and passed as the 2 7include <iostream>
3 auto main (int argc, char xargv[])
array argv s - int {
= The name of the program is the first s std::cout<<"Hello, ";
string in this list, argv [0]. Therefore ° if (argc > 1)
. 0 7 std::cout <<argv[1]<< "!\n";
argc is never 0. ) olse
9 std: :cout<<"world!\n";

Member of the Helmholtz Association

g++ main.cpp
./a.out rain clouds

IJ JULICH
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Exercise 1.4:

The file examples/rawstring.cc illustrates raw strings in use. The file
examples/rawl.cc has a small program printing a message about using the
continuation character '\’ at the end of the line to continue the input. Modify using raw
string literals.

Exercise 1.5:

Test example usage of string <> number conversions in examples/to_string.cc and
examples/stoX.cc

Exercise 1.6:

Open the example examples/hello_xyz.cc in a text editor or IDE. Familiarise yourself
with the process of compiling and running simple programs.

l) JULICH
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BLOCKS

1 { // begin : block 0

2 auto 1 = 0;

3 while (i >= 0) { // begin : block 1
4 // calc with 1

5 { // begin : block 2

6 auto x = cos(i » pi/180);
7 auto y = sin(i % pi/180);
8 // more

9 } // end : block 2

10

11 } // end : block 1

12} // end : block 0

Member of the Helmholtz Association 19 - 23 May 2025 Slide 46

= A C4+ statement is a
step in the recipe of the
program either declaring a
new symbol for later use,
expressing a computation
or some other action on
pre-declared symbols

= Blocks are groups of
statements enclosed by a
pair of braces.
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SCOPE OF VARIABLE NAMES
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auto find_root ()

{

-> double

for (int i = 0; 1 < N; ++1i) {
//1 defined only in this
}
double newval = 0; // This is ok.
for (int i = 0; 1 < N; ++1) {
// 1 here 1s a different entity
if (newval < 5) {
string fl{"small.dat"};
// do something
}
newval=...;
cout << fl <<

'‘\n'; // Error!

19 - 23 May 2025

"for" loop.

= The scope of a variable is the lines
of code where a variable can be
accessed (unless shadowed)
= A scope is:
= For variables declared in a block,
bounded by { and }, the lines
from the point of declaration till
the }
= A loop or a function body
= Both if and else parts of an
if statement

IJ JULICH
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SCOPE OF VARIABLE NAMES

= Variables defined in a block exist

std::cout << name;
{
std::cout << name;
int name{10};
name = name - 3;
std: :cout << name;
}

std::cout << name ;

Member of the Helmholtz Association 19 - 23 May 2025

void example () { from the point of declaration till
std::string moon{"Titan"}; the end of the scope. After that,
std::string name = moon;

the name may be reused.

A nested child block may define a
new variable with a name already
in use. The new variable is then
said to “shadow” the existing
one. The

visibility of the outer variable
can then be discontinuous.

IJ JULICH
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SCOPE OF VARIABLE NAMES

= Type attached to a name at any point

// Somewhere in a function
auto imp = imp_calc();
while (some_condition_holds) {
// Calculations
// more calc
// more calc
if (imp > 0) |

} else {

}
// hundred more lines till the
// end of the while loop body

19 - 23 May 2025

in a C++ program can always be
determined by the examining scopes
and declarations (“geography”),
without considering the path taken at
runtime (“history”) to reach that point

To deduce the type of entity the symbol
imp represents in line 7, you have to
look upwards from that point to the
nearest declaration for that name.

Nothing that happens in the loop below
that line can change this deduction

IJ JULICH
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SCOPE OF VARIABLE NAMES

= Such a guarantee is not possible if
value assignments can potentially
change the type of an existing symbol

1

2

3 S

4 import sys

5 if _ name__ == "__main

6 if len(sys.argv) > 1:

7 N = int (sys.argv[1l])

8 else:

9 N =25

10

11 def fact (n):

12 if n > 1:

13 return n * fact (n-1)
14 return 1

15 while N > 0:

16 print (fact (N))

17 if N % 4 == 0:

18 fact = N = (N - 1) / 2
19 N =N -1

Member of the Helmholtz Association 19 - 23 May 2025
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SCOPE OF VARIABLE NAMES

// Somewhere in a function
auto imp = imp_calc();
while (some_condition_holds) {

= Properties of symbols in C4++ can

always be deduced by a purely spatial
analysis in the space of source lines.

// Calculations = Static typing and C++ scoping rules

// more calc
// more calc
if (imp > 0) |

} else {

}
// hundred more lines till the
// end of the while loop body

Member of the Helmholtz Association 19 - 23 May 2025

ensure that we don't have to perform a
space-time analysis
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C++4+ NAMESPACES

// Somewhere in the header iostream
namespace std {
ostream cout;
}
#include <iostream>
auto main() —> int {
{
using namespace std;
cout << __func__ << "\n";

© 0 N O Uk W N

=
= o
—

int cout = 0;
for (cout=0; cout<5; ++cout)

e e
onos W N

Member of the Helmholtz Association 19 - 23 May 2025

= A namespace is a named context
in which variables, functions etc. are
defined.

= The symbol : : is called the scope
resolution operator.

= using namespace blah
imports all names declared inside the
namespace blah to the current
scope.

std::cout << "Counter = " << cout << '\n';
// Above, plain cout is an integer,
// but std::cout 1is an output stream

IJ JULICH
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NAMESPACES

// examples/namespaces.cc
#include <iostream>
using namespace std;
namespace UnitedKingdom {

= Same name in different namespaces
do not result in a name clash

= Functions defined inside namespaces
need to be accessed using the same

string London{"Big city"}; scope rules as variables

void load_slang () {...}
}
namespace UnitedStates {
string London{"Small town in Kentucky"};
void load_slang () {...}
}
auto main() —> int {
using namespace UnitedKingdom;
cout << London << '\n';
cout << UnitedStates::London << '\n';

}

Member of the Helmholtz Association 19 - 23 May 2025 Slide 51
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C++ NAMESPACES: FINAL COMMENTS

> <
namespace UnitedKingdom {
std::string London{"Big city"
}
namespace UnitedStates ({
namespace KY {
std::string London{" in Ken
}
namespace OH {
std::string London{" in Ohi
}
}
namespace mylibrary::onefeature
auto solve(int i) -> double
}
auto main() -> int {
namespace USOH-=UnitedStates::
std::cout << "London is "
<< USOH::London <<'

i

tucky"};

o"};

{

i

OH;

\n';

Member of the Helmholtz Association

19 - 23 May 2025

= namespaces can be nested.

= Long namespace names can be given
aliases

= Tipl: Don't indiscriminately put
using namespace ... tags,
especially in headers. Use them in tight
scopes instead. Alternatively, define
short aliases to long namespace names
wherever you need to repeat them

= Tip2: The purpose of namespaces is
to avoid name clashes. Not taxonomy!

IJ JULICH
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CON

STANTS

auto
auto
auto
auto
std:

G:
std:

for

G = 6.674e-11;

pi = 3.141592653589793;

ml = 1.0el0, m2 = 1.0e4;

r = 10;

:cout << "Force ="

<< -G * ml » m2 / (r * 1)

<< "\n"; // great!
G + 1;

:cout << "Force ="

<< -G * ml » m2 / (r = r)

<< "\n"; // wrong!

(auto i = 0; 1 < 360; ++pi) {
std::cout << sin(i * pi / 180);

change

Member of the Helmholtz Association 19 - 23 May 2025 Slide 53
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= Some (most?) entities we need in
computations should not be able to
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CONSTANTS

= Some (most?) entities we need in

auto G = 6.674e-11; computations should not be able to
auto pi = 3.141592653589793; change

auto ml = 1.0el0, m2 = 1.0e4;

auto r = 10; = Simple typos might lead to horribly
std::cout << "Force =" incorrect (if we are lucky) or subtly

<< G emloxm2 /o(roxor) incorrect results which can go
<< "\n"; // great!

G=G+ 1; unnoticed for a long time

std::cout << "Force ="
<< -G * ml » m2 / (r = r)
<< "\n"; // wrong!

for (auto i = 0; 1 < 360; ++pi) {
std::cout << sin(i * pi / 180);

IJ JULICH
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CONSTANTS

= Some (most?) entities we need in

auto const G = 6.674e-11; computations should not be able to
auto const pi = 3.141592653589793; change
auto ml = 1.0el0, m2 = 1.0e4; ) )
auto r = 10; = Simple typos might lead to horribly
std::cout << "Force =" incorrect (if we are lucky) or subtly
<< G emloxm2 /[ (r o« ) incorrect results which can go
<< "\n"; // great! iced f | .
G =G+ 1; unnoticed tor a long time
std::cout << "Force = " = The const qualifier in C++ is used to

<< -G * ml » m2 / (r = r)
<< "\n"; // wrong!

for (auto i = 0; 1 < 360; ++pi) {
std::cout << sin(i * pi / 180);

mark variables as constants

IJ JULICH
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CON

STANTS

auto
auto
auto
auto
std:

c =
std:

for

const G = 6.674e-11;

const pi = 3.141592653589793;

ml = 1.0el0, m2 = 1.0e4;
r = 10;

:cout << "Force ="

<< -G * ml » m2 / (r * r)
<< "\n"; // great!

G + 1; // compiler error!
:cout << "Force ="

<< -G * ml » m2 / (r = r)
<< "\n"; // wrong!

(auto i = 0; 1 < 360; ++pi) {
// compiler error!

std::cout << sin(i * pi / 180);

Member of the Helmholtz Association 19 - 23 May 2025

Some (most?) entities we need in
computations should not be able to
change

Simple typos might lead to horribly
incorrect (if we are lucky) or subtly
incorrect results which can go
unnoticed for a long time

The const qualifier in C++ is used to
mark variables as constants

Attempting to modify a const
qualified variable is a compiler error, so
that we can not proceed without fixing
these errors

l) JULICH
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CONSTANTS

= |n general fewer mutable variables makes code easier to debug, so that making a
habit of first making all new variables const and then consciously relaxing the
qualifier for some is considered good practice.

l) JULICH
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CONSTANTS

= const does not mean “knowable at
auto ask_user() -> double the time the code is being written”.
{ Just that the variable will not be

double tmp{}; h d initialisati
std::cout << "Enter RO: "; changed post Initialisation.

std::cin >> tmp;
return tmp;

}

void elsewhere ()

{
const auto r = ask_user(); // OK
r =r * r; // Not OK

IJ JULICH
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CONSTANTS

auto ask_user () —-> double

{
double tmp{};
std::cout << "Enter RO: ";
std::cin >> tmp;
return tmp;

}

void elsewhere ()

{
const auto r = ask_user();
r =r * r; // Not OK

Member of the Helmholtz Association 19 - 23 May 2025

= const does not mean “knowable at
the time the code is being written”.
Just that the variable will not be
changed post initialisation.

= When you declare a variable as const,
you are making a promise to not
change it after initialisation. The
compiler holds you to that promise.
// OK

l) JULICH
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CONSTANTS: CONSTEXPR

constexpr auto G = 6.67de-11; = For variables known to be compile time

1
2 constexpr auto pi = 3.141592653589793; constants, one could use constexpr
3 auto ml = 1.0el0, m2 = 1.0e4;

4 auto r = 10;

5 std::cout << "Force = "

6 << -G #+ ml » m2 / (r = r)

7 << "\n"; // great!

s G =G+ 1; // Compiler error

9 std::cout << "Force ="

10 << -G #+ ml * m2 / (r = r)

11 << "\n"; // wrong!

12 for (auto i = 0; 1 < 360; ++pi) {
13 // Compiler error!

14 std::cout << sin(i * pi / 180);

15}

IJ JULICH
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2
3
4
5
6
7
8
9

10
11
12
13
14
15

CONSTANTS: CONSTEXPR

constexpr auto G = 6.674e-11;

= For variables known to be compile time

constexpr auto pi = 3.141592653589793; constants, one could use constexpr

auto ml = 1.0el0, m2 = 1.0e4;
auto r = 10;
std::cout << "Force = "
<< -G * ml * m2 / (r = r)
<< "\n"; // great!
G =G+ 1; // Compiler error
std::cout << "Force = "
<< =G * ml » m2 / (r * r)
<< "\n"; // wrong!
for (auto i = 0; 1 < 360; ++pi) {
// Compiler error!
std::cout << sin(i * pi / 180);

Member of the Helmholtz Association 19 - 23 May 2025

= The compiler may use the value of such
variables to produce better code
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THE TYPE QUALIFIER CONST

void optimal_length ()

{

cout << "what do you think is a "
<< "good length to use ?\n";

double
cin >>
return
}
const auto
const auto

vl;
vl;
vl;

pi{ 3.141592653589793 };
n_3d_ngb{ 26U };

int cell[ n_3d_ngb 1;

const auto
BL = 0.8 =«

BL=optimal_length(); // OK
BL; //Compiler error

Member of the Helmholtz Association
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= Can not be changed after initialisation

= They can be used as the size of built-in
arrays on the stack, if obviously known
at compile time
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THE CONSTEXPR KEYWORD

1 constexpr auto b = 13.2;

2 constexpr auto r = 1.08;

3 constexpr auto a = 6 *x r x ¥ x r x r - 5 x r x 2 x b;
4 constexpr auto fact (unsigned N) -> unsigned ({

5 return N < 2 2 1 : N » fact(N - 1);

6 }

7 auto f() —> int {

8 int indexes[fact (4)];

= constexpr is used to declare that something is possible to evaluate at compile
time

IJ JULICH
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THE CONSTEXPR KEYWORD

1 constexpr auto b = 13.2;

2 constexpr auto r = 1.08;

3 constexpr auto a = 6 *x r x ¥ x r x r - 5 x r x 2 x b;
4 constexpr auto fact (unsigned N) -> unsigned ({

5 return N < 2 2 1 : N » fact(N - 1);

6 }

7 auto f() —> int {

8 int indexes[fact (4)];

= constexpr is used to declare that something is possible to evaluate at compile
time
= Compiler can optimize more, because of compile time evaluations
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THE CONSTEXPR KEYWORD

1 constexpr auto b = 13.2;

2 constexpr auto r = 1.08;

3 constexpr auto a = 6 *x r x ¥ x r x r - 5 x r x 2 x b;
4 constexpr auto fact (unsigned N) -> unsigned ({

5 return N < 2 2 1 : N » fact(N - 1);

6 }

7 auto f() —> int {

8 int indexes[fact (4)];

= constexpr is used to declare that something is possible to evaluate at compile
time

= Compiler can optimize more, because of compile time evaluations

= Non-trivial calculations can be done at compile time using constexpr

IJ JULICH
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THE CONSTEXPR KEYWORD

1 constexpr auto b = 13.2;

2 constexpr auto r = 1.08;

3 constexpr auto a = 6 *x r x ¥ x r x r - 5 x r x 2 x b;
4 constexpr auto fact (unsigned N) -> unsigned ({

5 return N < 2 2 1 : N » fact(N - 1);

6 }

7 auto f() —> int {

8 int indexes[fact (4)];

= constexpr is used to declare that something is possible to evaluate at compile
time

= Compiler can optimize more, because of compile time evaluations

= Non-trivial calculations can be done at compile time using constexpr

= Integers of type constexpr can be array sizes

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 58 Forschungszentrum



N OO R W N =

BRANCHES/SELECTIONS

if (condition) {
// code

} else if (another condition) {
// code

} else {
//code

}

Member of the Helmholtz Association 19 - 23 May 2025

m The 1f and switch constructs can
be used to select between different
alternatives at execution time.
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BRANCHES/SELECTIONS

switch (enumerable) {
case 1:
// code
break;
case 2:
// code
break;
default:
// code
}i

Member of the Helmholtz Association 19 - 23 May 2025

m The 1f and switch constructs can
be used to select between different
alternatives at execution time.
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BRANCHES/SELECTIONS

Xx =N >10 2 1.0 : 0.0;

Member of the Helmholtz Association 19 - 23 May 2025

s The if and switch constructs can

be used to select between different
alternatives at execution time.

Conditional assignments are frequently
written with the ternary operator,
condition ? wvaluel value?2,
as shown. The expression with the
ternary operator has a value valuel if
the condition is true. Otherwise it
has a value value2 The two options
valuel and value2 must have the
same type.

l) JULICH
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LOOPS

Member of the Helmholtz Association

for (initialisation;
// Loop body

}

for (int i = 0; 1 < N;
while (condition) {}
while (T > t0) {}

do {} while (condition);
do {

} while
for
for

++1)

(ch == "y");

(variable range) {}

(int i {1,2,3}) £(1);

for (int i = 0; 1 < N; ++1i) {
if (a[i] < cutoff) s+=al[i];
else break;

condition;

increment)

s += ali];

19 - 23 May 2025

m Execute a block of code
{ repeatedly

= Loop counter for the for
loop can and should usually be
declared in the loop head

= The break keyword in a loop
immediately stops the loop
and jumps to the code
following it

= The continue keyword
skips all remaining statements
in the current iteration, and
continues loop

IJ JULICH
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RANGE BASED FOR LOOPS WITH STANDARD
LIBRARY RANGES

for (auto i : {1, 2, 3, 4, 5}) std::println("{}", 1i);

Member of the Helmholtz Association 19 - 23 May 2025 Slide 61 J
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RANGE BASED FOR LOOPS WITH STANDARD
LIBRARY RANGES

#include <ranges>
namespace sr = std::ranges;
namespace sv = Sr::views;

for (auto i : sv::iota(l, 6)) std::println("{}", 1i);

» std::ranges::views: :iota can be used to create an increasing sequence of

integers
= iota with only one argument represents an infinite sequence starting there

IJ JULICH
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RANGE BASED FOR LOOPS WITH STANDARD
LIBRARY RANGES

#include <ranges>
namespace sr = std::ranges;
namespace sv = Sr::views;

for (auto i : sv::iota(l, 500) | sv::filter(divisible_by_4))

std::print ("{}\n", 1i);
= std::ranges::views: :iota can be used to create an increasing sequence of

integers
= iota with only one argument represents an infinite sequence starting there

= The standard library views, like iota can be composed in powerful ways to create

new ranges

IJ JULICH
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Write a program to print the command line arguments in the reverse order.

Exercise 1.8:

Write a function to check if a given number is a prime number. Fill in the relevant lines

in examples/check_prime.cc.

Exercise 1.9:

Read the code examples examples/iotaloop.cc and examples/iotaloop2.cc
which demonstrate how to use std: :ranges: :views: :iota for simple loops.
Modify the second to only iterate over integers in the range (—50, 50) which are
separated from 10 by an integral multiple of 7. We want to see ... — 4,3,10,17,24....

9 JULICH
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Exercise 1.10:

Let x is a positive real number, and r its square root, i.e., x = r?. For any number y

between 1 and x, z = ’y—< is another such number. z and y are on opposite sides of r. In

fact, iterating ri 1 = %(r,- + %), for any starting ry between 1 and x, creates a series
gradually approaching r. Use this to write your own function to calculate the square root

of a real number. Verify the answer by using C4++ standard library square root function,

std: :sqgrt.

Forschungszentrum
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REFERENCES

= Variable declaration: create object with

const auto x{5.0}; initial value, and attach a name tag

const double y{6.0}; Oeﬁﬂence)toit
// different entities with same

// initial values

auto x2{ x };

// Obs: x2 1s not const!
double y2{ y };

IJ JULICH
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N O gk W N =

REFERENCES

= Variable declaration: create object with

const auto x{5.0}; initial value, and attach a name tag
const double y{6.0}; (reference) to it

// different entities with same ) ) L
// initial values = |f a variable name is used to initialise a
auto x2{ x }; new one, auto x2{x}, the new

// Obs: x2 is not const! variable will have the same value, but

double y2{ y }; will be a different entity

IJ JULICH
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REFERENCES

= Variable declaration: create object with

const auto x{5.0}; initial value, and attach a name tag
const double y{6.0}; (reference) to it

// different entities with same

// initial values = |f a variable name is used to initialise a
auto x2{ x }; new one, auto x2{x}, the new

g/ gfs" ;2 is not const! variable will have the same value, but
/3uadZiZi;nil};eferences for the will be a(ﬁﬂbrententhy

// same object = |t is possible to “attach another name
const autoé& xr{ x }; tag” to an existing variable.

const doubles& yr{ vy };

IJ JULICH
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REFERENCES

Member of the Helmholtz Association

const auto x{5.0};

const double y{6.0};

// different entities with same
// initial values

auto x2{ x };

// Obs: x2 1s not const!

double y2{ y };

// additional references for the
// same object

const auto& xr{ x };

const doubles& yr{ vy };

19 - 23 May 2025

Variable declaration: create object with
initial value, and attach a name tag
(reference) to it

If a variable name is used to initialise a
new one, auto x2{x}, the new
variable will have the same value, but
will be a different entity

It is possible to “attach another name
tag” to an existing variable.

Since the new names are not
independent objects, they can't have
greater modification privileges
compared to the original variable name

JULICH
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REFERENCES

= Since the new names are not
const auto x{5.0}; independent objects, they can't have
const double y{6.0}; greater modification privileges

const auto& xr{ x }; d to th iwinal iabl
const doubles yr{ y }; compare (0] € original variable name

= xr and yr here are constant “L-value
references” of type double

= References are important for
information exchange with functions

IJ JULICH
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POINTERS

LTl T LT axis4

01234567 89A
= A pointer is a built-in type to store the

int i{5}; memory address of objects, with its
intx iptr{s&i}; // iptr points at i own different arithmetic rules

i += 1;

std::cout << siptr ; // 6 = For a variable X, its memory address is
(xiptr) = 0; &X

std::cout << i ; // 0 , . . ) .

ints iref{i}; // iref "refers" to i If ?_pt.‘-f I_S a p_O”_]ter’ xiptr is the
iref = 4; object it is pointing at

std::cout << i ; // 4 = Adding 1 to the pointer iptr shifts it

by sizeof (typeofi) bytes in

memaor
’ l) JULICH
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REFERENCES VS POINTERS

= A reference is effectively another name for the same object

= When in use, a reference appears as if it were a regular variable, i.e., no
dereferencing required

= The compiler may internally use addresses to implement the idea of a reference, but
within C4+ they should be thought of as fundamentally different ideas. For instance,
one can not create an array of references, but it's OK to make one for pointers.

IJ JULICH
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POINTERS

= Imagine computer memoryasalong | | | | x| | | | | | | &xis4
sequence of bytes where informationis 0 1 2 3 4 5 6 7 8 9 A
stored

= int« is different from double~,
char+ and even unsigned int=»
or const int«x

= Imagine all the bytes being numbered
like houses in a very long street

= For any given type T, if

sizeof (T) == n, pointers of that
type jump n bytes when we add 1
n bytes

plo] [ pl1]  pl2] [ p[38] | pl4] | pS]
A A
p

p+1 pt2 p+t3 pt4d  ptd

IJ JULICH
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POINTERS

= An int object in a program would be LT L IxE L LTl | &xis4
stored somewhere, and occupy 4 bytes, 0 1 2 3 4 5 6 7 8 9 A
the address of its first byte is called the
address of the integer. If the integer
object has a name x, it's address can
be found as &x

= int« is different from double~,
char+ and even unsigned int=»
or const int«x

= For any given type T, if
sizeof (T) == n, pointers of that
type jump n bytes when we add 1

= |f multiple int objects are stored next

to each other, with no gaps, address of
the integer coming after x is

n bytes

sizeof (x) bytes after a¢x —

. [0l " pli]  p[2] [p[38] pl4 _plsl
= The address of an object of any type T, S

can be stored in variables of type T», P Pl p2 p3 prd piS
pointers to T.

l) JULICH
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POINTERS

= |f p is a pointer to an T, *p is a reference to T. This process of getting a reference
out of a pointer is called “dereferencing”.

= |f T is a class type, and p is a pointer to T, members for the current object p is
pointing to can be accessed as p—>member or (*p) .member

» If x is of type T, &x is of type T. This implies that the pointer for a const
object is also const qualified

= In some ways references behave like fixed, automatically dereferenced pointers. But
pointers are themselves object types. They themselves have addresses and sizes.
They can be stored in arrays. References can not be.

= If p is a pointer holding the address of an element of an array of type T, p+1, p+2

. are the subsequent elements.

=« (p+2) is synonymous with p[2], * (p+1) with p[1] and, *p with p[0].

L] oo
p is the same location as &p [0] ‘J JULICH
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Exercise 1.11:

The basic concepts of the language are explained using a series of Jupyter notebooks in
the folder notebooks in the course materials. Depending on your previous knowledge,
you may need to focus on different topics. The notebooks are full of explanatory text.
Work through the note books Fundamentals_1.ipynb, and Fundamentals_2.ipynb,
before we continue. Ask any topic that you find unclear and needs an explanation.

lJ JULICH
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Exercise 1.12:

Work through the notebooks Functions.ipynb and BlocksScopesNamespaces.ipynb
and ask any topic that you find unclear and needs an explanation.

IJ JULICH
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FUNCTIONS

= A function can receive

1 auto function_name (parameters) —> return_type some data as input and

2 | ' manipulate the

3 // function body . . . .
. ) information provided in its
5 auto sin(double x) -> double { input, and “return” some
6 // Somehow calculate sin of x information as its output
7 return answer; . .

s ) ’ = The input to a function

9 auto main() —> int { comes through its

10 constexpr double pi{3.141592653589793}; arguments, and the

1 for (int i = 0; i < 100; ++i) { output is called its return
12 std::cout << i * pi / 100 value

13 << sin(i % pi / 100) << "\n"; '

14 }

15 std::cout << sin("pi") << "\n"; //Error!

16}

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 72 Forschungszentrum



FUNCTIONS: SYNTAX

= A function prototype

1 // 0ld syntax introduces a name as a

2 bool pythag(int i, int j, int k); // prototype function, its return type

3 1int hola(int i, int j) // definition .

. as well as its parameters
5 int ans{0}; = The type of the

6 if (pythag(i,3,23)) A arguments must match or
7 // A prototype or definition must be . . . .

8 // visible in the translation unit belmPHUHy(thendﬂeFO
9 // at the point of usage the corresponding type in
10 ans=42; the function parameter list

}

return ans;

= e
[ CR
—

IJ JULICH
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FUNCTIONS: SYNTAX

© 00 N O Uk W N =

e e
N = O
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// Definition of pythag. Not that old syntax

auto pythag(int i, int 7j, int k) -> bool {
// code

}

auto max (double x, double y, double z) -> double {
if (y > x) x = vy;
if (z > x) x = z;
return x;

}

auto main (int argc, char » argv[]) —-> int {
std::cout << max(l., 2., 3.) << '\n';

}

lJ JULICH
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Exercise 1.13:

Write a function to tell if a quadratic equation of the form ax? 4+ bx 4+ ¢ = 0 has real
number roots. The function should take 3 arguments of type double, and return either
true or false.

Exercise 1.14:

Finish the program examples/gcd. cc so that it computes and prints the greatest
common divisor of two integers. The following algorithm (attributed to Euclid!) does it :

Input numbers : smaller , larger
remainder = larger mod smaller
larger = smaller

smaller = remainder

if smaller is not 0, go back to 2.

REoENE

larger is the answer you are looking for

Note: There is a function std: :gcd (nl, n2) let's pretend it's not there! .
JULICH
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FUNCTIONS AT RUN TIME

auto sin(double x) -> int ({
// Somehow calculate sin of x
return answer;
}
auto main() —-> int {
double x{3.141592653589793};
for (int i = 0; 1 < 100; ++i) {
std::cout << 1 « x / 100
<< sin(i * x / 100) <<"\n";

© w9 O Uk W N

10 }
11 }

main()

RP:0S
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FUNCTIONS AT RUN TIME

When a function declared as
auto f (typel x, type2 y, type3 z) —-> ret_type
is called, e.g., when we write f (valuel, value2,value3):

= A "workbook" in memory called a stack frame is created for the call

= The local variables x, y, z are created, as if using instructions
typel x{valuel}, type2 y{value2}, type3 z{value3}.

= A return address is stored.
= The actual body of the function is executed

= When the function concludes, execution continues at the stored return address, and
the stack frame is destroyed

= Transactions with the memory used for the stack frame are very fast

IJ JULICH
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RECURSION

= A function calling itself

= Each level of "recursion" has its own
B SP=<in someother()> RP=<...> StaCk frame

auto factorial (unsigned int n)
> unsigned int

{

int u = n; // u:
if (n > 1)
return n » factorial(n - 1);

else return 1;
}
auto someother() -> int
{
factorial (4);
}

Member of the Helmholtz Association 19 - 23 May 2025
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RECURSION

= A function calling itself

= Each level of "recursion" has its own
B SP=<in factorial()> n=4 u=4 RP=<11>

B SP=<in someother()> RP=<...> StaCk frame
e e e Ane ) = Function parameters are copied to the

{
int u = n; // u:
if (n > 1)

return n » factorial(n - 1);

else return 1;

}

auto someother() -> int

{
factorial (4);

}

stack frame

IJ JULICH
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RECURSION

A function calling itself

B SP=<in factorial()> n=3 u=3 RP=<6>
B SP=<in factorial()> n=4 u=4 RP=<11>

= Each level of "recursion" has its own

B SP=<in someother()> RP=<...> StaCk frame
e moioned o e = Function parameters are copied to the
> gned int

{

int u = n; // u:

stack frame

if (n > 1) : . .
return n « factorial(n - 1); = Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);

}

IJ JULICH
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RECURSION

SP=<in factorial()> n=2 u=2 RP=<6>
SP=<in factorial()> n=3 u=3 RP=<6> = Each level of "recursion" has its own

SP=<in factorial()> n=4 u=4 RP=<11>
SP=<in someother()> RP=<...> StaCk frame

auto factorial (unsigned int n) = Function parameters are copied to the

> unsigned int

‘ stack frame

int u = n; // u:

A function calling itself

if (n > 1) . .
return n » factorial(n - 1); m Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);
}

IJ JULICH
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RECURSION

SP=<in factorial()> n=1 u=1 RP=<6>
SP=<in factorial()> n=2 u=2 RP=<6>
SP=<in factorial()> n=3 u=3 RP=<6> = Each level of "recursion" has its own

SP=<in factorial()> n=4 u=4 RP=<11>
SP=<in someother()> RP=<...> StaCk frame

auto factorial (unsigned int n) = Function parameters are copied to the

> unsigned int

{ y stack frame

int u = n; // u:

A function calling itself

if (n > 1) . .
return n » factorial(n - 1); m Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);
}
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RECURSION

SP=<in factorial()> n=2 u=2 RP=<6>
SP=<in factorial()> n=3 u=3 RP=<6> = Each level of "recursion" has its own

SP=<in factorial()> n=4 u=4 RP=<11>
SP=<in someother()> RP=<...> StaCk frame

auto factorial (unsigned int n) = Function parameters are copied to the

> unsigned int

‘ stack frame

int u = n; // u:

A function calling itself

if (n > 1) . .
return n » factorial(n - 1); m Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);
}
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RECURSION

A function calling itself

B SP=<in factorial()> n=3 u=3 RP=<6>
B SP=<in factorial()> n=4 u=4 RP=<11>

= Each level of "recursion" has its own

B SP=<in someother()> RP=<...> StaCk frame
e moioned o e = Function parameters are copied to the
> gned int

{

int u = n; // u:

stack frame

if (n > 1) : . .
return n « factorial(n - 1); = Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);

}
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RECURSION

A function calling itself

= Each level of "recursion" has its own
B SP=<in factorial()> n=4 u=4 RP=<11>

B SP=<in someother()> RP=<...> StaCk frame
e e e Ane ) = Function parameters are copied to the

{

int u = n; // u:

stack frame

if (n > 1) : . .
return n « factorial(n - 1); = Local variables at different levels of
else return 1; . . . .
) o recursion live in their own stack frames,
auto someother () -> int
¢ and do not interfere

factorial (4);

}
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Exercise 1.15:

The tower of Hanoi is a mathematical puzzle with three
towers and a set of disks of increasing sizes. In the
beginning, all the disks are at one tower. In each step, a
disk can be moved from one tower to another, with the
rule that a larger disk must never be placed over a smaller
one. The example examples/hanoi.cc solves the
puzzle for a given input number of disks, using a recursive
algorithm. Test the code and verify the solution.

9 JULICH

Forschungszentrum
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auto main() -> int
{
auto N = 10;
if (£(N) < g(N))
hl(N);
} else {
h2 (N) ;
}

Member of the Helmholtz Association

{

auto f(int i) () -> int

( return (i » i) %12;

;uto g(int i) () -> int

{ return i % 12;

;uto hl(int i) () -> int
( return hll (i);

)auto h2(int i) () —> int
{ return h21(i);

}

19 - 23 May 2025

auto hll(int i) () —-> int
{

return i * 1i;
}
auto h21l (int i) () -> int
{

}

return i + h211 (i)

Slide 80

auto h211 (int i)

{

}

-> int

return -i;

/)
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int
{

return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);
}

main()

@) JULICH
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int

{
return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);

}

main() f() int i=10
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int
{

return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);
}

main()
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auto main() -> int

auto f(int i) () -> int
{
return (i » i) %12;

}

hl(N); auto g(int i) () -> int
} else { {
h2(N); return i % 12;
} }
} auto hl(int i) () -> int
{
return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);
}
-
main() g()inti=10
\

Member of the Helmholtz Association
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auto hll(int i) () —-> int

{

}

return i * 1i;

auto h21l (int i) () -> int

{

}

return i + h211(i);
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auto h211 (int i)

{

}

-> int

return -i;
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int
{

return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);
}

main()
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int

{
return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);

}

main() h1l() int i =
10
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auto main() -> int

auto f(int i) () -> int auto hll(int i) () -> int
{ return (i » i) %12; ! return i * 1i;

;uto g(int i) () -> int ;uto h21 (int i) () -> int
( return i % 12; ! return i + h211(i);
;uto hl(int i) () -> int !

{
return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);

}

main()

Member of the Helmholtz Association

h1l() int i = h1l() inti =
10 10
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auto h211 (int i)

{

}

-> int

return -i;
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int

{
return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);

}

main() h1l() int i =
10
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auto main() -> int auto f(int i) () —> int auto hll (int i) ()

-> int auto h211 (int i)
{ { { -> int
auto N = 10; return (i » i) %12; return i * 1i; {
if (£(N) < g(N)) { } } return -i;
hl(N); auto g(int i) () -> int auto h21l (int i) () -> int }
} else { { {
h2 (N); return i % 12; return i + h211(i);
} } }
} auto hl(int i) () -> int
{

return hll (i);
}
auto h2(int i) () -> int
{
return h21(i);
}

main()
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FUNCTION ARGUMENTS

= Recall the difference between creating a new variable

int x{ 1 }; and creating a reference to an existing object
int y{ x };

y =y + 1;
// What 1s x now?

IJ JULICH
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G W N =

FUNCTION ARGUMENTS

= Recall the difference between creating a new variable

int x{ 1 }; and creating a reference to an existing object
inté y{ x };

y =y + 1;
// What 1s x now?
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FUNCTION ARGUMENTS

= Recall the difference between creating a new variable

auto f(int x) -> int and creating a reference to an existing object

{ X = x + 1; = For a function f declared as
return x; ret_type f(typel x, typez y, type3 z)

} when we call it using an expression like

void elsewhere () f (valuel, value2, value3), we perform

{ int z{ 0 ], the following initialisations on the stack frame for x,
f(z); vy, z: typel x{valuel}, type2 y{value2},
// what is z now? type3 z{value3}.

IJ JULICH
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FUNCTION ARGUMENTS

auto f (int x) —-> int
{
X = xXx + 13
return x;
}
void elsewhere ()
{
int z{ 0 };
£(z);
// what 1s z now?

Member of the Helmholtz Association

= Recall the difference between creating a new variable
and creating a reference to an existing object

= For a function f declared as
ret_type f (typel x, type2 y, type3 z)
when we call it using an expression like
f(valuel, value2, value3), we perform
the following initialisations on the stack frame for x,
vy, z: typel x{valuel}, type2 y{value2},
type3 z{value3}.

= What's the type for the initialisation of the function
parameter x?

IJ JULICH
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FUNCTION ARGUMENTS

auto f (int& x) —> int
{
X = xXx + 13
return x;
}
void elsewhere ()
{
int z{ 0 };
£(z);
// what 1s z now?

Member of the Helmholtz Association

= Recall the difference between creating a new variable
and creating a reference to an existing object

= For a function f declared as
ret_type f (typel x, type2 y, type3 z)
when we call it using an expression like
f(valuel, value2, value3), we perform
the following initialisations on the stack frame for x,
vy, z: typel x{valuel}, type2 y{value2},
type3 z{value3}.

= What's the type for the initialisation of the function
parameter x?

= And now?

IJ JULICH
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void get_lims (int i, int 3j)

1

2 A

3 i =

4 J o=

5}

6 auto main() -> int

7 A

8 auto 1 = 2, J = 3;
9 get_lims (i, j);

10 std::cout << 1 << ", " << J << "\n";
11}

w2, 3
B 10, 20
o 0, O
B 3, 2

Member of the Helmholtz Association

What does the std: : cout line print 7
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void get_lims (ints i, ints 3J)

1

2 A

3 i =

4 J o=

5}

6 auto main() -> int

7 A

8 auto 1 = 2, J = 3;
9 get_lims (i, j);

10 std::cout << 1 << ", " << J << "\n";
11}

w2, 3
B 10, 20
o 0, O
B 3, 2

Member of the Helmholtz Association

What does the std: : cout line print 7
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STATIC VARIABLES IN FUNCTIONS

= Private to the function, but survive

void somefunc () from call to call.
{ e e .
static int ncalls—0; = |nitialisation only done on first call.
++ncalls; = Aside: The built in macro ___func___
// code ——> something unexpected always stores the name of the function
std::cerr << "Encountered unexpected"
<< "situation in the " << ncalls
<< "th call to " << __func__ << "\n";

IJ JULICH
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12

FUNCTION OVERLOADING

return ans;
}
auto power (double x, double y)
-> double

auto power (int x, unsigned n) 1
—> unsigned 2

{ 3
ans = 1; 4
for (; n > 0; ——n) ans *= X; 5

6

7

8

return exp(y * log(x));

Member of the Helmholtz Association 19 - 23 May 2025

auto someother (double mu,
double alpha,
int rank) —-> double {
auto st=power (mu, alpha) xexp (-mu) ;
if (n_on_bits (power (rank,5))<8)
st=0;
return st;

= The same function name can be used for
different functions if the parameter list is
different

IJ JULICH
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12

FUNCTION OVERLOADING

= Function name and the types of its

auto power (int x, unsigned n) parameters are combined to create an
~> unsigned "internal" name for a function. That
{ ans = 1; name must be unique
for (; n > 0; -—n) ans *= x; = |t is not allowed for two functions to
return ans; have the same name and parameters
;uto power (double x, double y) and differ only in the return value
-> double = Make as many functions as you need
{ with the same name, if the number or
} return exp(y * log(x)); types of the input parameters are
different.

E.g., good names: max, min, power, bad names: do_stuff, unnecessary names

power_d_d, power_i_u IJ JULICH
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10

12

FUNCTION OVERLOADING

= The group of functions with the same

auto power (int x, unsigned n) name, differing in their input parameter
{ —> unsigned list, is called an “overload set”
ans = 1; = |t is useful to assign meaning to these
for (; n > 0; --n) ans *= x; overload sets, and think in terms of
: return ans; them. The individual functions inside
auto power (double x, double y) an ov.erloac_i set are detalls.deper}dmg
_~ double on things like whether an input is an
{ integer or a double.

return exp(y * log(x));

} = The compiler finds the correct match.

Polymorphic behaviour with zero costs.

E.g., good names: max, min, power, bad names: do_stuff, unnecessary names

power_d_d, power_i_u l) JULICH
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USER DEFINED TYPES AND OPERATOR

OVERLOADING = struct or class introduce new types to
a program. We leave details for later, but
struct AtomId { int val = 0; }; . .
struct Molld ( int val = 0; }; for now, just observe how we bring a new
void display_info (AtomId i) { . . 0
category of variables like int or double

in to existence

= We can create variables of the new type,

void elsewhere() {

Molld j - select_a_molecule(); pass them to functions as arguments ...
for (AtomId i; 1valw;N, ++1va}l)/ { . .
YU T L e e = Functions can be overloaded with user

defined types

IJ JULICH
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USER DEFINED TYPES AND OPERATOR
OVERLOADING

struct AtomId { int val = 0; };
struct MolId { int val = 0;
void display_info(

how atom r

display_info

display

void elsewhere() {

MolId j = select_a_molecule();

for (AtomId i; i.val < N;
if (i == J) { // Compi
//

++i.val)

ler error!

{

Member of the Helmholtz Association
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struct minutes { int i = 0; };
auto operator+ (minutes ml, minutes m2) > minutes

{

return { (ml.i + m2.i) % 60} ;

= Operators can be overloaded with user
defined types

Slide 87 Forschungszentrum
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INLINE FUNCTIONS

auto sqgr (double x) —-> double inline
{ auto sqgr (double x) —-> double {
return x * X; return x * Xx;

} }

= To eliminate overhead when a function is called, request the compiler to insert the
entire function body where it is called, preserving the function call semantics

= Once a function is inlined, the calling function can be further optimised as if it was
one function

= Small frequently called functions are usual candidates

IJ JULICH
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INLINE FUNCTIONS

auto sqgr (double x) —-> double inline
{ auto sqgr (double x) —-> double {
return x * X; return x * Xx;

} }

= Compiler may or may not actually insert code inline, but any function marked inline
is exempt from the “one definition rule”

= Different popular use: define the entire function (even if it is large) in the header
file, as identical inline objects in multiple translation units are allowed. (E.g. header
only libraries)

IJ JULICH
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INLINE FUNCTIONS

& Compiler Explorer  x

& C | & secre | hups//godbolt.org

Editor  Diff View  Morev

OR

urce #1 X
Av | Msavelload | 4 Addnew..v

#include <cmath>
auto f(double x, double y)

1
2

3

4 return (sin(x) > cos(x) ? x : y);

5}

6

7 int main(int argc, char *argv[])

9 double x=43.0, y=9.2;

10 if (argc > 4) y = -38.6;

11 if (f(x,y) < 10) return 3; else return o;
12}

* @ ¢ 0 & ¥

Sharev  Otherv

o XB6-64 clang 5.0.0 (Editor #1, Compiler #1) C++ x

x86-64 clang 5.0.0 ~ | -std=c++14 -03 -march=native

A~ uo010 ] Wibraries || 4 Add new...~

1 f(double, double): # @f (double, double) &

2 sub rsp, 56
3 vmovaps xmmword ptr [rsp + 32], xmml # 16-byte Spill
4 vmovaps xmmword ptr [rsp + 16], xmm@ # 16-byte Spill
5 call sin
6 vmovsd qword ptr [rsp + 8], xmm@ # 8-byte Spill
7 vmovapd xmmo, xmmword ptr [rsp + 16] # 16-byte Reload
8 call cos
- 9 vempltsd xmmo, xmmo, gword ptr [rsp + 8] # 8-byte Folded Re

10 vmovapd xmm1, xmmword ptr [rsp + 32] # 16-byte Reload
11 vblendvpd xmmo, xmmi, xmmword ptr [rsp + 16], xmm@ # 16-byt
12 add rsp, 56

13 ret

14 main: # @main

15 | mov eax, 3

16 ret

Aouput (010)  clang version 5.0.0 (tags/RELEASE_500/final 312636) - 1272ms (1392266)

= No assembly is generated unless the function is used
= Large files with lots of inline functions may slow down compilation, but the compiled

machine code is not necessarily larger

19 - 23 May 2025
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INLINE FUNCTIONS

& Compiler Explorer  x

SemdfzEm

€ C @ Secure | httpsi//godbolt.org * @ * 0 & ¢
Share~  Other~

= |

= Editor  Diff View  Morev

>+ EXPLORER
e+ source #1 X o ¥86-64 clang 5.0.0 (Editor #1, Compiler #1) C++ x o
Av | Msavelload |+ Addnew..~ C++ v x86-64 clang 5.0.0 ~ | -std=c++14 -O3 -march=native

1 #include <cmath> =

> inline puto f(double x, double y) - A 11010 W Libraries | 4+ Add new...w B

5 1 main: # @main

4 return (sin(x) > cos(x) ? x : y); 2 mov eax, 3

Y 3 ret

6

7 int main(int argc, char *argv[])

9 double x=43.0, y=9.2;

10 if (argc > 4) y = -38.6;

11 if (f(x,y) < 10) return 3; else return o;

12}

Aouput(010)  clang version 5.0.0 (tags/RELEASE_500/final 312636) - 1201ms (1337216) o

= No assembly is generated unless the function is used
= Large files with lots of inline functions may slow down compilation, but the compiled

machine code is not necessarily larger JULICH
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ANOTHER USE OF INLINE

= At each point in code, when we refer to the name of a variable, function, class,
template, concept etc., it must be unambiguous

= One definition rule (ODR): Only one definition of any such entity is allowed in any
translation unit

= Only one definition of an entity is allowed to appear in the entire program including
the sources and any linked libraries

= Variables and functions declared as inline can appear in multiple translation units.
These multiple incarnations are regarded as the same entity by the linker.

= Functions and variables (in global scope) defined in headers can be labelled as
inline so that multiple instances in different translation units do not conflict

= General function templates are automatically inline

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 90 Forschungszentrum



AUTO RETURN TYPE FOR FUNCTIONS

» Since C++14, automatic type
deduction can be used for function
return values.

auto greet (std::string nm)
{
for (auto& c: nm)
c = std::toupper(c);
std::cout << nm << std::endl;
return nm.size () > 10;

= In case of multiple return
statements, inconsistent return types
will lead to a compiler error

N o otk W N

= decltype (auto) can also be used
in place of auto for this purpose.
decltype (auto) infers a reference
type when possible, whereas a simple
auto infers a value type.

IJ JULICH
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LAMBDA FUNCTIONS

= In C++, ordinary functions can not be

auto onefunc(double inp) -> double defined locally in block scope

{
auto x{ inp };
// The following is not allowed.
auto anotherfunc (double in)
-> double

return in + in;
}
X = inp * anotherfunc (x);
return x;
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LAMBDA FUNCTIONS

= In C++, ordinary functions can not be

auto onefunc(double inp) -> double defined locally in block scope
{ . .
auto x{ inp }; = That is the role of lambda functions
auto anotherfunc = [] (double in)
—> double {

return in * inj;
bi

x = inp * anotherfunc (x);

return x;

Member of the Helmholtz Association

19 - 23 May 2025

IJ JULICH

Slide 92 Forschungszentrum



LAMBDA FUNCTIONS

= In C++, ordinary functions can not be

auto onefunc(double inp) -> double defined locally in block scope
{ . .
auto x{ inp }; = That is the role of lambda functions
auto anotherfunc = [] (double in) = Introduced using lambda expressions
—> double {

return in * inj;
bi

x = inp * anotherfunc (x);

return x;

Member of the Helmholtz Association
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LAMBDA FUNCTIONS

= In C++, ordinary functions can not be

auto onefunc(double inp) -> double defined locally in block scope
{

auto x{ inp };

m That is the role of lambda functions

auto anotherfunc = [x] (double in) m Introduced using lambda expressions
—> double ({
return in % in x sin(x); .

s ()7 = The starting square brackets are called

x = inp * anotherfunc (x); “capture brackets”, and they can make

return x; in-scope variables visible inside the

} lambda. We can choose how much of

its environment is visible inside the
lambda

= Also sometimes called “closures”

l) JULICH
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LAMBDA FUNCTIONS

= In C++, ordinary functions can not be

auto onefunc(double inp) -> double defined locally in block scope
{

auto x{ inp };

m That is the role of lambda functions

auto anotherfunc = [x] (double in) m Introduced using lambda expressions
—> double ({
return in % in x sin(x); .

s ()7 = The starting square brackets are called

x = inp * anotherfunc (x); “capture brackets”, and they can make

return x; in-scope variables visible inside the

} lambda. We can choose how much of

its environment is visible inside the
lambda

= Also sometimes called “closures”

l) JULICH
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LAMBDA FUNCTIONS

1 auto separated_from 10_by_a multiple_of_7(long n) —> bool
2 {

3 return (n - 10) % 7 == 0;

4

}

= If you can write a function, you can write a lambda function

IJ JULICH
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LAMBDA FUNCTIONS

1 [] (long n) —> bool

2 {

3 return (n - 10) % 7 == 0;
4 }

= If you can write a function, you can write a lambda function

IJ JULICH
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LAMBDA FUNCTIONS

1 // From examples/iota_lambda.cc
2 sv::iota (-50L, 50L) | sv::filter(
3 [l (long n){ return (n - 10) % 7 == 0;1});

= If you can write a function, you can write a lambda function

= Usually to package ad-hoc tasks in block scope in order to feed them to higher order
functions.

= Example: sv::filter needs a "callable object" which returns a boolean. If the
returned value is false, the sv: : filter skips the element.

IJ JULICH
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LAMBDA FUNCTIONS

1 // From examples/iota_lambda.cc
2 sv::iota (0L, 10L) | sv::transform([] (long n){ return n * n;});

= |f you can write a function, you can write a lambda function
= Usually to package ad-hoc tasks in block scope in order to feed them to higher order
functions.

= Example: sv::filter needs a "callable object" which returns a boolean. If the
returned value is false, the sv: :filter skips the element.

= Example: sv::transform applies a supplied "callable object" to each element of
an incoming sequence and generates a new sequence.

IJ JULICH
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constexpr auto cube (unsigned u) {
return u * u * uj;

}

consteval auto cube2 (unsigned u)
return u * u * u;

}

void elsewhere (unsigned inp) {
std::array<int, cube(10)> A;
constexpr auto myvar =
auto myvar2 = cube (inp);

std: :array<int, cube2(10)> B;

constexpr auto myvar =

auto myvar2 = lcube2 (inp) ;

19 - 23 May 2025

{

cube (99U) ;"

cube2 (990) ;

CONSTEXPR AND CONSTEVAL FUNCTIONS

= A function can be declared

constexpr or consteval. Both
versions make them available for use at
compilation time, to initialise
constexpr variables or in contexts
where only compile time constants are
allowed

constexpr functions remain
available to use at runtime

= |t is a compiler error to call a

consteval function with arguments
with values not known at compilation

time. .
IJ JULICH
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C++source #1 & X

x86-64 clang (trunk) (Editor #1) & X

4 -std=c++23 -O3 -stdlib=lit ~

J© Cppinsights  ® Quick-bench 1@ C++ x86-64 clang (trunk)
A %~ V- B £ +- /-

main:

A~ B save/load +Addnew..v W Vim

algorithm

ranges

sr = std::ranges;
SV = sr::views;

is_prime(unsigned N) -> bool

r::none_of(
iota(2u
::take_while([=](auto i) { ret
nN%i1i==0; });

i*i<=N; }),

i Output ( /0) x86-64 clang (trunk) i -6
uto main() -> int C Houtput( /0) xs6 g (trunk) i
Output of x86-64 clang (trunk) (Compiler #1) £ X

::fold_left A~ @Wraplines = Selectall

ota(2u)
filter([](unsic d { urn is_prime(i); }) ASM generation compiler returned: @
::take(10U), Execution build compiler returned: ©
ouL, Program returned: 129
std::plus<unsigned long>{}




COMPILE TIME ASSERTIONS

double advance (unsigned long L)
{
static_assert (sizeof (L) >= 8,
"long type must be at least 8 bytes)");
//Bit manipulation assuming "long" is at least 8 bytes

= Prints the second argument as an error message if the first argument evaluates to
false.
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COMPILE TIME ASSERTIONS

double advance (unsigned long L)
{
static_assert (sizeof (L) >= 8,
"long type must be at least 8 bytes)");
//Bit manipulation assuming "long" is at least 8 bytes

= Prints the second argument as an error message if the first argument evaluates to
false.

= Express assumptions clearly, so that the compiler notifies you when they are violated

IJ JULICH
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RUN-TIME ERROR HANDLING

Exceptions: When there is nothing reasonable to return

1 auto mysqgrt (double x) -> double
2 |

3 const auto eps2 = 1.0e-24;
4 auto r0 = 0.5 « (1. + x);

5 auto rl = x / r0;

6 while ((r0 - rl) = (r0O - rl) >
7 eps2) {

8 r0 = 0.5 » (xr0 + rl);

9 rl = x / r0;

10 }

11 return ril;

Member of the Helmholtz Association 19 - 23 May 2025

Exceptions

= A function may be called with
arguments which don’t make sense

= An illegal mathematical operation

= Unexpected values, e.g., an
arbitrary string when expecting a
number

= Too much memory might have
been requested

JULICH
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THROWING AND CATCHING EXCEPTIONS

© 0 N O W N =

10
11
12
13
14

using error_code = int;
auto mysqgrt (double x) -> double

{

const auto eps = 1.0e-12;

const auto eps2 = eps * eps;

if (x < 0) throw error_code{-1};

auto r0 = 0.5 » (1. + x);

auto rl = x / r0;

while ((r0O - rl) % (rO0 - rl) > eps2) {
r0 = 0.5 = (xr0 + rl);
rl = x / r0;

}

return ril;
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THROWING AND CATCHING EXCEPTIONS

1 using error_code = std::string;

2 auto mysqgrt (double x) -> double {

3 using std::format;

4 const auto eps = 1.0e-12;

5 const auto eps2 = eps * eps;

6 if (x < 0) throw

7 format ("Bad input {} for mysqgrt", x);
8 auto r0 = 0.5 % (1. + x);

9

auto rl = x / r0;
10 while ((r0O - rl) » (r0O - rl) > eps2) {
11 r0 = 0.5 » (xr0 + rl);
12 rl = x / r0;
13 }
14 return ril;

9 JULICH
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THROWING AND CATCHING EXCEPTIONS

{
try

© 0 N O R W N =

e e
N S =
—~
—~

auto appl (double x, double y) -> double

{
if (x < y) std::swap(x, V);
return mysqrt (x + y) + mysgrt(x - y);

} catch (error_code& error) {

std::cout << "Caught error_code: "
<< error << "\n";
// somehow fix the situation and
// return something sensible. If that
// doesn't work...
throw;

Member of the Helmholtz Association
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THROWING AND CATCHING EXCEPTIONS

1 auto mysqgrt (double x) —> double ({

2 using std::format;

3 const auto eps = 1.0e-12;

4 const auto eps2 = eps * eps;

5 if (x < 0) throw std::runtime_error{

6 format ("Bad input {} for mysqgrt", x)
7 }i

8 auto r0 = 0.5 » (1. + x);

9 auto rl = x / r0;

10 while ((r0O - rl) » (r0O - rl) > eps2) {
11 r0 = 0.5 » (xr0 + rl);

12 rl = / r0;

13 }

14 return ril;

9 JULICH
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THROWING AND CATCHING EXCEPTIONS

{
try

© 0 N O R W N =

e e
N S =
—~
—~

} catch

{
if (x < y) std::swap(x, V);

auto appl (double x, double y) -> double

return mysqrt (x + y) + mysgrt(x - y);

std::cout << "Caught runtime
<< error.what () <<
// somehow fix the situation

// return something sensible.

// doesn't work...
throw;

(std: :runtime_erroré& error) {

error: "

" \n";
and
If that

Member of the Helmholtz Association
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TRY AND CATCH BLOCKS

void f () { void g(int i) { if (i > -3) £(); }
try { auto main(int argc, charx argv([]) —-> int {
// lines try {
try { g(argc)

// a line throwing an exception
} catch (exception_type_0& err) {
// handle errors of type 0
}
// more lines
} catch (exception_type_l& err) {
// handle errors of type 1

} catch (exception_type_2& err) {
VAR

}

} catch (exception_type_3& err) {
// handle error type 3
}

Member of the Helmholtz Association 19 - 23 May 2025
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TRY AND CATCH BLOCKS

= Exceptions are monitored and handled in try. .catch blocks

= When an exception is thrown in the try part of a try. .catch block, the
attached catch blocks are checked for a handler matching the type of the thrown
exception.

= |f no matching handler is found, we look for the next bigger try. .catch block
surrounding the previous one

= |f an exception is thrown in an area inside a function, not inside a try section, the
enclosing try section is searched based on the call site for the call

= This search can unwind till it reaches main (). If still no matching handler is found,
the program exits with error.

l) JULICH
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TRY AND CATCH BLOCKS

Once an exception is thrown, the program control flow enters a special mode
Imagine all other lines, except try. .catch blocks and the throw expression
being “greyed out”

In this view, the code looks like a smallish tree of try. .catch blocks. Find the
the smallest enclosing try block with an attached catch block of the matching
type! Execution jumps to that catch block.

The type matching and jump destinations can all be determined by the compiler
= This jump in program control still follows all the rules regarding variable scopes:
when we leave a block of code by flying away on the back of an exception, it still
counts as leaving the block. Automatic variables declared in that scope are
therefore destroyed.

IJ JULICH
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IS IT NEEDLESSLY EXPENSIVE TO USE EXCEPTIONS?

auto f (double x, bool& succeeded) -> double
{
const auto eps = 1.0e-12;
const auto eps2 = eps * eps;
if (x < 0) |
succeeded = false;
} else {
auto r0 = 0.5 » (1. + x);
auto rl = x / r0;
while ((r0 - rl) » (r0 - rl) > eps2) {
r0 = 0.5 » (xr0 + rl);
rl = x / r0;
}
succeeded = true;

}

return rl;

Contrast: how about we use additional function
arguments to indicate success or failure?

Member of the Helmholtz Association
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auto appl (double x, —> double
{
if (x < y) std::swap(x,
bool ep{false},
auto rp = f(x +
auto rm = f(x —
if (ep and em) {
return rp + rm;
} else {
// handle errors

}

double vy)

V)i
em{false};
Y, €p)i
y, em);

// normal case

= A value is returned even in the
case of failure. Error flag can be
too easily ignored, leading to
incorrect calculations.

/)
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auto f (double x)

{

IS IT NEEDLESSLY EXPENSIVE TO USE EXCEPTIONS?

—> double

const auto eps = 1.0e-12;
const auto eps2 = eps * eps;
if (x < 0)
throw std::runtime_error{
format ("Bad input {} for square root!",
i

auto r0 = 0.5 » (1. + x);

auto rl = x / r0;

while ((r0 - rl) = (r0 - rl) > eps2) {
r0 = 0.5 = (r0 + rl);
rl = x / r0;

}

return rl;

An error handling method with functionality
comparable to exceptions will have a similar
cost!

Member of the Helmholtz Association 19 - 23 May 2025

auto appl (double x, -> double
{
if (x < y)
try {
return f(x + y) + f(x - y);
} catch (std::runtime_errors err) {
// handle errors

double y)

std::swap(x, Vy);

}
}

= Normal, successful flow is
separated from error handling code

m |n case there is an error, it is
impossible to ignore! The function
does not return with a value. The
only choices are to handle the error
or to terminate the program.
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NOEXCEPT

auto sum(unsigned i, unsigned j)
—> unsigned ({
return i + j;
}
void contained(int i) {
try {
// some code
} catch (ET_1& err) {
} catch (ET_2& err) {
} catch (...) {
// handle every exception

}

Member of the Helmholtz Association 19 - 23 May 2025

= Sometimes, we know that an exception
will never escape certain functions
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NOEXCEPT

= Sometimes, we know that an exception

auto sum(unsigned i, unsigned j) will never escape certain functions
noexcept -> unsigned ({ . .
return i + i; = Such functions can b.e.decorated with

} the noexcept specifier to tell the

void contained(int i) noexcept { compiler that it does not need to make

try {
// some code
} catch (ET_1l& err) {

arrangements about propagating
exceptions out of those functions

© 0w N O Uk W N

10
11
12
13

} catch (ET_2& err) {
} catch (...) {
// handle every exception

}

Member of the Helmholtz Association 19 - 23 May 2025
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NOEXCEPT

auto sum(unsigned i, unsigned j)
noexcept -> unsigned ({
return i + j;

}

void contained(int i) noexcept {
try {

// some code

} catch (ET_1& err) {

} catch (ET_2& err) {

} catch (...) {

// handle every exception

}

Member of the Helmholtz Association 19 - 23 May 2025

= Sometimes, we know that an exception
will never escape certain functions

= Such functions can be decorated with
the noexcept specifier to tell the
compiler that it does not need to make
arrangements about propagating
exceptions out of those functions

= By discarding some exception handling

code, the compiler may in some cases
generate better optimised code

l) JULICH
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OPTIONAL VALUES

#include <optional>
auto f (double x) -> std::optional<double>
std::optional<double> ans;
const auto eps2 = 1.0e-24;
if (x >= 0) {
auto r0 = 0.5 « (1. + x);
auto rl = x / r0;
while ((r0 - rl) = (r0 - rl) > eps2)
r0 = 0.5 = (r0 + rl);
rl = x / r0;
}
ans = rl;
}
return ans;
}
// Elsewhere. ..
std::cout << "Enter number : ";
std::cin >> x;

if (auto r = f(x); r.has_value()) {
std::cout << "The result is "
<< r.value () << "\n';

}

Member of the Helmholtz Association 19 - 23 May 2025

—

std: :optional<T> is analogous to
a box containing exactly one object of
type T or nothing at all

If created without any initialisers, the
box is empty

You store something in the box by
assigning to the optional
Evaluating the optional as a boolean
gives a true outcome if there is an
object inside, irrespective of the value
of that object

Empty box evaluates to false
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OPTIONAL VALUES

#include <optional>

auto f (double x) -> std::optional<double>
std: :optional<double> ans;
const auto eps2 = 1.0e-24;
if (x >= 0) {

auto r0 = 0.5 » (1. + x);

auto rl = x / r0;

while ((r0 - rl) = (xr0 - rl) > eps2)
r0O = 0.5  (r0 + rl);
rl = x / r0;

}

ans = rl;

}
return ans;
}
// Elsewhere. ..
std::cout << "Enter number : ";
std::cin >> x;
if (auto r = f(x); r) {
std::cout << "The result is "
<< *r << '\n';

}

Member of the Helmholtz Association 19 - 23 May 2025

std: :optional<T> is analogous to
a box containing exactly one object of
type T or nothing at all

If created without any initialisers, the
box is empty

You store something in the box by
assigning to the optional
Evaluating the optional as a boolean
gives a true outcome if there is an
object inside, irrespective of the value
of that object

Empty box evaluates to false

IJ JULICH
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STD:EXPECTED

#include <expected>
auto mysqgrt (double x) -> std::expected<double, std::string> ({
const auto eps = 1.0e-12;

const auto eps2 = eps * eps;

if (x >= 0.) {

auto r0 =

auto rl =

while ((rO

r0 = 0.

rl = x

* (r0 — rl) > eps2) {

}

return { rl };
} else {

return std::unexpected { "Unexpected input!" };
}

}

// Elsewhere. ..

if (auto rm = mysqgrt(x); rm)
else std::cout << "Error: " << rm.error () << "\n";

= Similar to std: :optional, but has more capacity to describe the error
= The unexpected value can be of a type of our choosing .
@) JULICH

Forschungszentrum

<< Il\nll;

std::cout << "Square root = " << rm.value ()

Member of the Helmholtz Association 19 - 23 May 2025 Slide 105



© 0 N O Uk W N

e e
w N = O

ASSERTIONS

#include <cassert>

bool check_things()

{
// false 1f something is wrong
// true otherwise

}

double somewhere ()

{
// if I did everything right,
// val should be non-negative
assert (val >= 0);
assert (check_things());

Member of the Helmholtz Association 19 - 23 May 2025

m assert (condition) aborts if
condition is false

= Used for non-trivial checks in code
during development. The errors we are
trying to catch are logic errors in
implementation.

= |f the macro NDEBUG is defined before
including <cassert>
assert (condition) reduces to
nothing

IJ JULICH

Slide 106 Forschungszentrum



© 0 N O Uk W N

e e
w N = O

ASSERTIONS

#include <cassert>
bool check_things()

{
//
//
}
double
{
//
//

false 1if something 1is wrong
true otherwise

somewhere ()

if I did everything right,
val should be non-negative

assert (val >= 0);
assert (check_things());

Member of the Helmholtz Association 19 - 23 May 2025

assert (condition) aborts if
condition is false

Used for non-trivial checks in code
during development. The errors we are
trying to catch are logic errors in
implementation.

If the macro NDEBUG is defined before
including <cassert>

assert (condition) reduces to
nothing

After we are satisfied that the program
is correctly implemented, we can pass
~DNDEBUG to the compiler, and skip
all assertions. @) JULICH
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Exercise 1.16:

The program examples/exception.cc demonstrates the use of exceptions. Rewrite the
loop so that the user is asked for a new value until a reasonable value for the function
input parameter is given.

Exercise 1.17:

Handle invalid inputs in your gcd.cc program so that if we call it as gcd apple orange
it quits with an understandable error message. Valid inputs should produce the result as
before.

9 JULICH
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Exercise 1.18:

In the folder examples/sqrt_error_handling, you will find the solution to the square
root exercise, with different error handling methods discussed here: exceptions,
std::optional and std: :expected. Study the code, experiment, ask for
clarifications!

9 JULICH
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ENUMERATIONS

= A type whose instances can take a few

enum colour { red, green, blue }; different values (e.g., directions on the

= screen, colours, supported output
colour c{green}; d

Y modes ...)

switch (c) { = Less error prone than using integers

case red : do_stuffl(); break; with ad hoc rules like, "1 means red, 2
case green : do_stuff2(); break; "

case blue: means green ...
default: do_stuff3();
}i

Member of the Helmholtz Association 19 - 23 May 2025 Slide 109

= Internally represented as (and convertible to) an integer
= All type information is lost upon conversion into an integer
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SCOPED ENUMERATIONS

m Defined with enum class

= Must always be fully qualified when
used: traffic_light::red
etc.

= |n C4+420, we can enable one
specific enum class in a scope
by using the using enum XYZ;
declaration.

= No automatic conversion to int.

m Possible to use the same name,
e.g., green, in two different
scoped enums.

Member of the Helmholtz Association 19 - 23 May 2025

enum class colour{ red, green, blue };
enum class traffic light {
red, yellow, green
i
bool should_brake (traffic_light c);
if (should_brake (blue))

if
R

auto respond(traffic_light L) {
using enum traffic light;

switch (L) {

JULICH
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1 #include <what 1s necessary>
2 auto main() -> int
3 |
4 const std::vector v{1, 2, 3, 4, 5};
5 const auto tot{0};
6 for (const auto el : v) tot += el;
7 std::cout << tot << "\n";
s}
[ Which of the following is true ? ]

v can not be a const as we are looping through its contents
B tot can not be a const as we are adding to it in the loop
el can not be a const as it is obviously meant to change through the sequence

B All of the above IJ JULICH
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Exercise 1.19:

What is the largest number in the Fibonacci sequence which can be represented as a 64
bit integer? How many numbers of the sequence can be represented in 64 bits or less?
Write a C++ program to find out. Start from examples/fibonacci.cc, and insert
your code where indicated.

9 JULICH
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INPUT AND OUTPUT WITH IOSTREAM

= To read user input into variable x, simply write std: :cin >> x;

= To read into variables %, y, z, name and count

std::cin >> x >> y >> z >> name >> count;
= std: :cin will infer the type of input from the type of variable being read.

= For printing things on screen the direction for the arrows is towards std: : cout:

std::cout << x << y << z << name << count << '\n';

IJ JULICH
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READING AND WRITING FILES

» Declare your own source/sink objects, which will have properties like std: : cout
or std::cin

#include <fstream>

std::ifstream fin{"inputfile"};

// Or, std::ifstream fin; and later, fin.open("inputfile");
std::ofstream fout{"outputfile"};

W N =

m Use them like std: :cout or std: :cin

double x,vy, z;

int i;

std::string s;

fin >> x >> y >> z >> 1 >> s;

fout << x << y << z << 1 << 5 << '"\n';

aos W o

IJ JULICH
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STRING STREAMS

= ostringstream is an output stream

auto report (float x) -> std::string for output into a String_

{

auto a £ (x); m 1stringstream Is an input stream

auto b = g(x); to read values from a string.
// We need the output to be

// a string, perhaps to be

// processed further elsewhere.
std::ostringstream ost;

ost << "f(x) returned " << a <<"\n";
ost << "g(x) returned " << b <<"\n";
return ost.str();

= Same usage syntax as cout and cin
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STREAM INPUT IN A LOOP
= Each of the 3 input stream types

std::ifstream fin{"somefile.dat"}; introduced here works as a boolean in

double x; conditionals or loop conditions.
while (fin >> x) {

// while it is possible to read a ™ Loop ends when there is no more valid
// new value for x, do something. input

}
std::string line; = We can even pretend they are sequences

while (getline(fin, line)) { with "iterators" to their start and end
// while it 1is possible to read a
// line of input, do something
}
ifstream fin{ argv[l] };
for (auto it = istream_iterator<int> (fin);
it != istream_iterator<int>{};
++it) {
std::cout << "Token : " << *it << "\n"; .
JULICH
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EXAMPLE PROGRAMS USING FILE 10

Replace instances of multiple consecutive white space characters with a single TAB

character...
// examples/onespace.cc 16
#include <iostream> 17
auto main (int argc, 18
char+ argv[]) —> int 19
{ 20
using namespace std; 21
string line; 22
while (getline(cin, line)) {
if (line.empty()) continue;
bool sp{true};
for (auto c line) {
if (isspace(c)) |
if (not sp) cout << '"\t';
sp = true;
} else {

Member of the Helmholtz Association
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sp = false;
cout << ¢y
}
}

cout << "\n";

IJ JULICH
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EXAMPLE PROGRAMS USING FILE 10

[Continued...]
= Often needed to clean up data files formatted to look good to human eyes for
processing with tools which rely on consistent spacing.
= The program here uses the standard input and output, but can be used to process
actual data files like this:

cat datafile | onespace.ex > datafile.cln

s Observe how we process the file by lines
= The continue instruction means "skip the rest of the body of this loop and proceed
directly to the evaluation of loop continuation".

Exercise 1.20: Strings and 1/0

Write a program to find the largest word in a plain text document.

lJ JULICH
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Chapter 2
C++ classes and class hierarchies
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OBJECTS, PROPERTIES, CLASSES

Atomic Number Common Name Symbol Molar Mass (g/mol) Valence Electrons

1 Hydrogen H 1.008 1
2 Helium He 4.0026 2
3 Lithium Li 6.94 1
4 Beryllium Be 9.0122 2
5 Boron B 10.81 3
6 Carbon C 12.011 4
7 Nitrogen N 14.007 5
8 Oxygen 0] 15.999 6
9 Fluorine F 18.998 7
10 Neon Ne 20.180 8

@) JULICH
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OBJECTS, PROPERTIES, CLASSES
Name Distance Apparent Brightness Constellation  Stellar Category
from Sun
Sirius 8.6ly -1.46 Canis Major  Main Sequence
Canopus 310ly -0.72 Carina Bright Giant
Arcturus 37ly -0.05 Bootes Red Giant
Alpha Centauri 4.37ly -0.27 Centaurus  Main Sequence
Vega 25ly 0.03 Lyra Main Sequence
Rigel 860ly 0.12 Orion Blue Supergiant
Betelgeuse 640ly 0.42 Orion Red Supergiant
Procyon 11.4ly 0.38 Canis Minor  Main Sequence

= Each star in the table has a certain number of properties
= Notation: a_star.name, a_star.constellation ...

Member of the Helmholtz Association
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OBJECTS, PROPERTIES, CLASSES

Serius Arcturus
struct Star { 8.6 37.0
string name; -1.46 -0.05
Distance d; Canis Major Bootes
double brightness; Main sequence Red giant
string constellation, :
category; R|gel ,,,,,,,,,,,,,,,,,
s 860
0.12
, p " Orion
= Objects of a “type .
Blue supergiant Memory

= Each “instance” represents an entity
with the same set of “members”, e.g.,
a name, a constellation etc.

= The data contained in the members
varies as needed
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AD HOC STRUCTS

= Some times calculations involve
bundles of entities which belong
together, e.g., the location of a
minimum of a function and the
corresponding minimum value

IJ JULICH
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AD HOC STRUCTS

= Some times calculations involve
bundles of entities which belong
together, e.g., the location of a
minimum of a function and the
corresponding minimum value

= This can be done using C++
struct to staple together values
of zero or more types into a single
object

1 struct minim_ret_type {
2 double min_loc, min_val;

3}

l) JULICH
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AD HOC STRUCTS

= Some times calculations involve
bundles of entities which belong
together, e.g., the location of a
minimum of a function and the
corresponding minimum value

= This can be done using C++
struct to staple together values
of zero or more types into a single
object

= Can be defined in block as well as

1 struct minim ret_type { global scope
2 double min_loc, min_val;

3}

l) JULICH
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AD HOC STRUCTS

= We can now use the name of the
struct minim ret_type { struct to create variables, such that
} double min_loc, min_val;j each of them has a min_1loc member
14 . .
auto minimize (double rl, double rz,  2nda min_val member, accessible

minim_ret_type m;

// Find minimum somehow
m.min_loc = the_location;
m.min_val the_value;
return m;

IJ JULICH
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AD HOC STRUCTS

auto minimize (double rl, double r2,

}

FunctionType f)

minim ret_type m;

// Find minimum somehow

m.min_loc = the_location; -
m.min_val = the_value;

return m;

void elsewhere ()

Memb

{

£ the Helmhol

auto res = minimize (0., 10.,
cost_func);
print ("Minimum found at {} with
"a value {}\n", res.min_loc,

"

10 - 23 May 2025

We can now use the name of the
struct to create variables, such that
each of them has a min_loc member
and a min_val member, accessible
using a “dot” notation

Can be function argument (and hence
can participate in overload resolution),
or return value ( and hence gives us a
way to return multiple values)

Good practical way of returning
multiple objects from a function

res.minval) ;

IJ JULICH
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AD HOC STRUCTS

auto minimize (double rl, double r2,

FunctionType f) —-> minim_ret_type

// Find minimum somehow
return {the_location, the_value};

}

void elsewhere ()

{

auto [loc, val] = minimize (0., 10.
cost_func);

cout <<
<<

"Minimum found at " << loc
"with a value " << wval <<

Member of the Helmholtz Association
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as shown

= Use braces to directly initialise objects

= Structured bindings can be used to

create aliases for the components. The
binding names are independent of the

names in the struct

4

n \n" ,.
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AD HOC STRUCTS

= A struct is a user defined data type

‘{’°1d elsewhere () = Each instance has a bundle, with a
auto ml - minimize (-10., 0., min_loc and min_val member
constfuncl); m Members are accessed from the

minim_ret_type m2 = object using the . notation, and from a
minimize (-10., O.,

const func2) ; pointer to an object with the —> notation.
auto * mptr = &m2; (»mptr) .min_val is the same as

if (ml.min_val > mptr->min_val) mptr—>min_val

haha () ;
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DESIGNATED INITIALISERS

1 // examples/desigZ.cc

2 struct v3 { double x, y, z; };

3 struct pars { int offset; v3 velocity; };

4 auto operator<<(std::ostream& os, const v3& v) —> std::ostream&
5 |

6 return os << v.x << ", " << v,y << ", " << v,z << """y

7}

8 auto example_func(pars p)

9

10 std::cout << "offset = " << p.offset

=
-
—

<< " with velocity " << p.velocity << "\n";

Member of the Helmholtz Association 19 - 23 May 2025
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DESIGNATED INITIALISERS

// examples/desig2.cc
auto main() -> int
{
example_func(
{.offset = 5, .velocity = {.x=1., .y = 2., .z=3.}1});

D U W N =

= Simple struct type objects can be initialised by designated initialisers for each field.

= Can be used to implement a kind of "keyword arguments” for functions. But
remember, at least as of C++23, the field order can not be shuffled.

IJ JULICH
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C++ CLASSES

Member of the Helmholtz Association

// examples/trivialclassoverload.cc
class A {};
class B {};

void func(int i, A a) {

cout << "f: inputs (int, A)\n";
}
void func(int i, B b) {

cout << "f inputs (int, B)\n";
}
auto main() —> int {

A xaj;

B xb;

func (0, =xa);

func (0, xb);

19 - 23 May 2025

= User defined data types. Independently

created classes are different, even if
they have the same content.

Function overloading: The two versions
of the function func shown here are
different entities from the compiler’s
viewpoint. No ambiguity about which
function is called in lines 13 and 14 in
main ().

IJ JULICH
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C++ CLASSES: OVERLOADING OPERATORS

= For C++ class types, operators like +,

// examples/op_overload.cc - %, /, ||, && ...are functions

class A {}; As | | £ th

class B {}; = As long as at least one of the

auto operator+ (A x, A y) —> A { arguments to an operator is of a class
std::cout << "operator+(a, A)\n"; type (not a built-in type like int,

} return x; double ...), it is possible to provide a

auto operatort (B x, B y) > B { recipe to interpret expressions like
std::cout << "operator+ (B, B)\n"; al + a2

} return x; = al + a2 is interpreted as a function

auto operator+ (A x, B y) —> A {...} call operator+(al, a2)

auto main() -> int { = bl + b2 andal + bl are fine, but
A al, az; bl + a2; doesn't work. Think why!
B bl, b2;

IJ JULICH
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OVERLOADING OPERATORS

+ — * / % & - ]

+= —= *= /= Y%= &= "= |= =
++ - && | ! = ==

< > = == <= >= <=> = =
0 (] : -> S <<= >>= >>

new delete new[] delete|]
Table: List of operators you can overload. (But remember, can # should!)

= Consider the impact an overloaded operator on the readability in every new use case
= Many important commonly used C++ features depend on suitably overloaded
operators. E.g., std: :cout << "Hello\n";

@) JULICH
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C++ CLASSES

= Usually, encapsulates some data to

1 struct Vector3 { represent an idea

2 double x, vy, z;

3}
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C++ CLASSES

struct Vector3 {
double x, vy, z;
auto mag2 () —-> double
{

return x * x +y x y + 2z x z;

bi

Member of the Helmholtz Association 19 - 23 May 2025

= Usually, encapsulates some data to

represent an idea

= Specifies possible operations on the

data
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C++ CLASSES

= Usually, encapsulates some data to

struct Vector3 {

double x, vy, z;
-> double

auto mag2 ()

{

represent an idea

= Specifies possible operations on the
data

return x x x £y * y * 2 % Zig Qnpce defined, one can create and use

bi

void somefunc ()

{
int a, b, c¢;
Vector3 d, e,
//
if (d.mag2()

< e.mag2())

variables of the new type

doX () ;

Member of the Helmholtz Association
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C++ CLASSES

= Usually, encapsulates some data to

struct Vector3 {

double x, vy, z;
-> double

auto mag2 ()

{

represent an idea

= Specifies possible operations on the
data

return x x x £y * y * 2 % Zig Qnpce defined, one can create and use

bi

void somefunc ()

{
int a, b, c¢;
Vector3 d, e,
//
if (d.mag2()

// On the stack
// On the stack

< e.mag2())

variables of the new type

= |[n C++, objects of user defined types
also live on the stack unless explicitly
created on the heap.

doX () ;

Member of the Helmholtz Association
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C++4 CLASSES

struct complex {
double real, imag;
auto modulus () —-> double {
return sqrt (real x real +
imag % imag);

bi

complex a{l, 2}, b{3, 4};
complex* cptr = &aj;
auto c = a.modulus();/
auto d = b.modulus ();/
auto e = cptr->modulus()
J/ 1 « 1 + 2 % 2

/S 1 1 + 2 + 2
/ 3 3+ 4 % 4
()
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C++4 CLASSES

struct complex {
double real, imag;
auto modulus () —-> double {
return sqrt (real x real +
imag % imag);

bi

complex a{l, 2}, b{3, 4};
complex* cptr = &aj;
auto ¢ = a.modulus();

J/ 1 « 1 + 2 % 2
auto d = b.modulus();// 3 * 3 + 4 % 4

s();

*

14

auto e = cptr->modulu

)
/J/ 1 % 1 + 2 2

Member of the Helmholtz Association 19 - 23 May 2025 Slide 133

= Data and function members
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= A (non-static) member function is
invoked on an instance of our structure.
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C++ CLASSES

= Data and function members

Member of the Helmholtz Association 19 - 23 May 2025 Slide 133

struct complex { = A (non-static) member function is

double real, imag; . ked . f
auto modulus() -> double { Invoked on an Instance ot our structure.

return sqgrt (real x real + = a.real is the real part of a.
imag * imag); a.modulus () is the modulus of a.

bi

complex a{l, 2}, b{3, 4};

complex* cptr = &aj;

auto c = a.modulus();//

auto d = b.modulus();//
s (
*

1 1 + 2 % 2
3 % 3 + 4 % 4

14

auto e = cptr->modulu

)
/J/ 1 % 1 + 2 2
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C++ CLASSES

Data and function members

struct complex { = A (non-static) member function is

double real, imag; . ked . f

auto modulus() -> double { Invoked on an Instance ot our structure.

return sqgrt (real x real + = a.real is the real part of a.

: imag « imag); a.modulus () is the modulus of a.
}; = Inside a member function, member
. variables of the invoking instance can
Compiex a{l, 2}, b{3, 4}; be referred to as this->varname,
complex* cptr = &aj . .
auto o = a.modulus()i// 1 « 1 + 2 » 2 which can be shortened to just

3 % 3 + 4 % 4 VvVarname.

14

auto e = cptr->modulu

//

auto d = b.modulus();//
s (

/J/ 1 o+ 1 + 2 *

)
2

l) JULICH
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C++ CLASSES

struct complex {
double real, imag;
auto modulus () —-> double {

return sqrt (real x real +
imag % imag);

bi

complex a{l, 2}, b{3, 4};
complex* cptr = &aj;

auto ¢ = a.modulus();// 1 « 1 + 2
auto d = b.modulus();// 3 * 3 + 4
auto e = cptr->modulus{();

J/ 1 + 1 + 2 % 2

Member of the Helmholtz Association 19 - 23 May 2025

*
*

= Think of a call like a.modulus () as

2
4

complex: :modulus (a) The
address of the object on the left of the
" " is the implicit first argument to the
member function.
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COMPILER . - i < - i -
EXPLORER Add... ‘ More Look after yourself, and, if you can, someone else too - Share Other Policies (&

C++ source #1 X x86-64 clang 12.0.0 (Editor #1, Compiler #1) C++ X
A~ BSave/load +Addnew..> WV Vim /“ Cpplnsights ® Quick-bench C.s x86-64 clang 12.0.0 -03

i = il
x?mz ey{\ A~ @output..~ YFilter..~ [ELibraries + Addnew..~ 4 Addtool... ™

mod() -> ; 1 ample: :mod(): @Example: :mod()

Example: :mod() ->
X T x+y*y;

unrelated(Example*
unrelated(Example* ptr) -> 1 xmmword ptr [

ptr->x * ptr-> x + ptr->y * ptr ->y;

IJ JULICH
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EXPLICIT THIS PARAMETER

= Non-static member functions of a class

struct Example { define a local pointer variable called
auto modz3(this Example& self) this inside the function, which points
-> double; he i ki .
return self.x + self.x + to the invoking instance
self.y » self.y; = |n C++423, a member function can be

Ot e W N =

bi written in a way which exposes the

implicit parameter (calling instance), so
that it can be used similar to the self
parameter for class member functions
in Python.

= True benefits only in connection with
universal references

l) JULICH
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Compiereuplorer x| © compllerexplorer x| +
c @ o8 godboltorg B0k Q searc omezmeoeso>mFa =

Avch Ui Forums 48 Wose Visited £ Defaul Crap. (3 Personsl Cjlch £ Computing (3 Research (Dtesching (Jwanuals (INews (Jcmp (3Homepages (3Taks | (90C (ICre ©/8850%1 = lupytersSC. C Complr Explorer 4 Guideline for newco... () Oxford Learmer'sDit.. (3 [Folde Narme 5 Other Bookemarks

COMPILER .
EXPLORER A%~

C++source #1 £ X X86-64 gec (trunk) (Editor #1) & X

A~ @ +- v 2 2 x86-64 gcc (trunk) -03 -std=c++23 -march=skylake

More ¥ Templates Share > Policies (& v Other v

Example { = A~
ble X, y; B
to mod() -> ;

to mod23(t Example&)

to Example::mod() ->

eturn x * x +y * y;
to unrelated(Example* ptr) -> do

turn ptr->x * ptr -> x + ptr->y * ptr->y;
Example: :mod23(this

) Example::mod23(th Example& self) ->

self.x * self.x + self.y * self.y;
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OPERATORS AS MEMBER FUNCTIONS

= Since operators working with class

struct complex { types are normal functions, one can

double real, imag; have operators as member functions

auto modulus () —> double ) o . )

{ = The implicit argument (invoking
return sqrt(real » real + instance) is on the left hand side for

} imag * imag); binary operators. That's why the binary

auto operator: (complex other) opera.tor + is defined here as a member
~> complex function taking only one argument

{
return {real + other.real,
imag + other.imag};

}i

l) JULICH
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MEMBER FUNCTIONS AND CONST

© 00 N O Uk W N =

10
11
12
13
14
15
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= Explicit arguments to member
struct complex { functions can be declared const

auto modulus() -> double; similar to arguments for any other
auto operator- (EEISHNSSTENEEE rhs) function

-> complex;
i
auto operatorx (const complexx lhsptr,
const complex& rhs)
-> complex { //
}
void somewhere_else () {
complex zl, z2;
auto z3 = z1 - z2;
// We know zZ2 didn't change.
// But did zl ?
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MEMBER FUNCTIONS AND CONST

Member of the Helmholtz Association

struct complex ({

}i

auto operatorx (const complexx lhsptr,
const complex& rhs)

}

auto modulus () —> double;

auto operator- (const complex& rhs)

—> complex;

-> complex { //

void somewhere_else () {

complex zl, z2;

auto z3 = z1 - z2;

// We know zZ2 didn't change.
// But did zl ?

19 - 23 May 2025

= Explicit arguments to member

functions can be declared const
similar to arguments for any other
function

Non-member operator definitions
like operator=« in line 6 have
two parameters: the first
represents the left side and the
second the right side. These are
easy to declare const.

IJ JULICH
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MEMBER FUNCTIONS AND CONST

m But LHS for member functions are

1 struct complex ({ passed implicitly!

2 double m_real, m_imag;

3 auto modulus() -> double; = Where do we put a const

4 auto operatorf (COHSt complex& rhs) qualifier, |f we Want tO eXpreSS that
5 > complex; the calling instance (LHS

6 )i argument) must not change?
7 auto operatorx (const complexx lhsptr,

8 const complexé& rhs)

9 -> complex { //

10 }

11 void somewhere_else () {

12 complex zl, z2;

13 auto z3 = z1 - z2;

14 // We know z2 didn't change.

15 // But did zl ?

o) IJ JULICH
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MEMBER FUNCTIONS AND CONST

m But LHS for member functions are

1 struct complex ({ passed implicitly!

2 double m_real, m_imag;

3 auto modulus () const —-> double; = Where do we put a const

4 auto operatorf (COHSt complex& b) qualiﬁer, |f we Want tO eXpreSS that
5 const -> complex; the calling instance (LHS

6 )i argument) must not change?
7 auto operatorx (const complexx lhsptr,

8 const complex& rhs) = Answer:

9 -> complex { // ... After the closing parentheses
10 }

11 void somewhere_else () {

12 complex zl, z2;

13 auto z3 = z1 - z2;

14 // Neither zl nor z2 changed

IJ JULICH
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MEMBER FUNCTIONS AND CONST

1 struct complex ({

2 double m_real, m_imag;

3 auto modulus () const —-> double;
4 auto operator- (const complex& b)
5 const —> complex;

6 1}

7 auto operatorx (const complexx lhsptr,
8 const complexé& rhs)

9 -> complex { //

10 }

11 void somewhere_else () {

12 complex zl, z2;

13 auto z3 = z1 - z2;

14 // Neither zl nor z2 changed

Member of the Helmholtz Association 19 - 23 May 2025

m But LHS for member functions are

passed implicitly!

= Where do we put a const
qualifier, if we want to express that
the calling instance (LHS
argument) must not change?

= Answer:

After the closing parentheses

= The const qualifier does not refer
to the function, but to the implicit

argument

Slide 140
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SOME EXAMPLE CLASSES

class Angle {
double rd = 0;
public:
enum unit {
radian,
degree
bi

class Vector3
{
public:
enum crdtype
{cartesian=0,
polar=1};

Member of the Helmholtz Association 19 - 23 May 2025
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class Isinglattice ({
public:
using update_type =
pair<size_t, size_t>;
Isinglattice(size_t N,
double J);
void latticeSize (size_t ns);

class KMer {
public:
auto at (size_t 1)
—> Nucleotide;
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OBJECT INITIALISATION: CONSTRUCTORS

= [n C++, initialisation functions for a struct have the same name as the struct. They
are called constructors.

1 struct complex ({

2 complex (double re, double im) ({
3 real = re;

4 imag = im;
5

6

}i

= Alternative syntax to initialise variables in constructors

1 struct complex ({
2 complex (double re, double im) : real{re}, imag{im} {}

3}

l) JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 142 Forschungszentrum



© 0 N O Uk W N

CONSTRUCTORS

= Constructors may be (and normally are)

struct complex ({ overloaded.
complex (double re, double im) { . .
real - re; = When a variable is declared, a
imag = im; constructor whose number and type of
} arguments matches the initialiser
complex () | expression is implicitly called
real = imag = 0; )
} = The default constructor is the one
double real, imag; without any arguments. That is the
bi one invoked when no arguments are

complex a(3.2, 9.3);// C++11 and older given while creating the ObJeCt'

complex b{4.3, 1.9};// Preferred
complex c{};

l) JULICH
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CONSTRUCTORS

struct complex
{
complex (double re, double im)
{
real = re;
imag = im;

}

complex () {}

double real{0.};

double imag{0.};
}i

complex a(4.3, 23.09), b;

Member of the Helmholtz Association 19 - 23 May 2025

= Member variables can be initialised to
"default values" at the point of

declaration
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ONSTRUCTORS

Member of the Helmholtz Association

struct complex
{
complex (double re, double im)
{
real = re;
imag = im;
}
complex () {}
double real{0.};
double imag{0.};
}i

complex a(4.3, 23.09), b;

19 - 23 May 2025

= Member variables can be initialised to
"default values" at the point of
declaration

= Member variables not touched by the
constructor stay at their default values

l) JULICH
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CONSTRUCTORS

struct complex
{
complex (double re, double im)
real{re}, imag{im}
{

}

complex () {}

double real{0.};

double imag{0.};
}i

complex a(4.3, 23.09), b;

Member of the Helmholtz Association 19 - 23 May 2025

= Member variables can be initialised to
"default values" at the point of

declaration

= Member variables not touched by the
constructor stay at their default values

= Preferred syntax for initialisation of
members in a constructor is
shown here. This form of initialisation
outside the constructor function body is
only possible for constructors
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FREEING MEMORY FOR USER DEFINED TYPES

What happens to the memory? The struct

struct darray { darray has a pointer member, which points to
double xdata = nullptr; dynamically allocated memory

size_t sz = 0; . .
darray(size t N) : sz{N} { = When the Infe of the variable A_ ends, the
data = new double[sz]; member variables (e.g. the pointer data)
} go out of scope.
}i .
auto tempfunc (double phasediff) " How does one free the dynamically allocated
"~ double memory attached to the member data?

{
darray A{large_number};
// do some great calculations
return answer;
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FREEING MEMORY FOR USER DEFINED TYPES

For any class which explicitly allocates dynamic

struct darray memory
{ = We need a function that cleans up all
double *data{nullptr}; licitly all d . h
size t sz(0}; exp |C|ty allocate memory in use, so t a.t
darray (size t N) : sz (N} { we call it for every object whose lifetime is
data = new double([sz]; about to end.
} .
~darray () = In C++, such functions are called
if (data) destructors, and have the name ~ followed
delete [] data; by the class name.

= Destructors take no arguments, and there is

}i
exactly one for each class

IJ JULICH
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FREEING MEMORY FOR USER DEFINED TYPES

For any class which explicitly allocates dynamic

struct darray { memory
~darray () { .
if (dat ) . ..
* (d2121):e [] data;: You don't call it explicitly.
} It is always called whenever the lifetime of
bi an object ends! It is impossible to forget.
auto tempfunc (double phasediff)
—> double {

darray A{large_number};
// do some great calculations
return answer;
} // automatic call to ~darray
// for A

Member of the Helmholtz Association 19 - 23 May 2025 Slide 147

IJ JULICH

Forschungszentrum



© 0 N O O ks W N

=
o

11

FREEING MEMORY FOR USER DEFINED TYPES

For any class which explicitly allocates dynamic

struct darray { memory
~darray () { .
if (dat ) . ..
* (d2121):e [] data;: You don't call it explicitly.
} It is always called whenever the lifetime of
bi an object ends! It is impossible to forget.
auto tempfunc (double phasediff)
—> double {

darray A{large_number};

// do some great calculations i
return answer; The basis for RAII!

} // automatic call to ~darray
// for A

IJ JULICH
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DESTRUCTORS

class A {
A() {}
~A() {}
bi
auto demo (A) {
A vl;
try {
A v2;
// calc
} // ~A() for v2
catch {
/S
}
} // ~A() for vl

Member of the Helmholtz Association
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= No matter how you exit a scope, if the
lifetime of a variable ends, its
destructor is invoked automatically

= What if we acquire resources in
constructors and clean up in the
destructor? It would be impossible to
forget to free resources when we are

done!
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COPYING AND ASSIGNMENTS

1 struct complex ({

2 double x, vy;

3}

4 /).

5 complex z0{2.0, 3.0}, zl;

6 z1 = z0; // assignment operator

7 complex z2{z0}; //copy constructor
X X
y y
z1 z0

Member of the Helmholtz Association 19 - 23 May 2025

= While copying and assigning, in most
cases, we want to assign the data
members to the corresponding members
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COPYING AND ASSIGNMENTS

= While copying and assigning, in most

1 struct complex ({ cases, we want to assign the data
2 } double x, y; members to the corresponding members
3 )
a /). = This happens automatically, but using
5 complex z0{2.0, 3.0}, zl; special functions for these copy
6 z1 = z0; // assignment operator operations
7 complex z2{z0}; //copy constructor
X X
y y
z1 z0
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COPYING AND ASSIGNMENTS

= While copying and assigning, in most

1 struct complex ({ cases, we want to assign the data
2 } double x, y;j members to the corresponding members
3}
« /). = This happens automatically, but using
5 complex z0{2.0, 3.0}, zl; special functions for these copy
6 z1 = z0; // assignment operator operations
7 complex z2{z0}; //copy constructor )
= You can redefine them for your class
X X
y y
z1 z0
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COPYING AND ASSIGNMENTS

= While copying and assigning, in most

1 struct complex ({ cases, we want to assign the data
2 } double x, y;j members to the corresponding members
3}
« /). = This happens automatically, but using
5 complex z0{2.0, 3.0}, zl; special functions for these copy
6 z1 = z0; // assignment operator operations
7 complex z2{z0}; //copy constructor )
= You can redefine them for your class
= Why would you want to ?
X X
y y
z1 z0
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COPYING AND ASSIGNMENTS

class darray {
double *x;
i
darray::darray (unsigned n) {
x = new double[n];
}
void foo () {
darray arl(5);
darray ar2{arl}; //copy constructor
10 ar2([3] = 2.1;
11 //oops! arl[3] is also 2.1 now!
12} //trouble

© 0w N O U s W N =

ar?2

ar1

= Copying pointers with dynamically allocated memory may not be what we want
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COPYING AND ASSIGNMENTS

class darray {
double *x;
}i , ~
darray::darray (unsigned n) { P -
x = new double[n]; : X

}
void foo () {
darray arl(5);
darray ar2{arl}; //copy constructor ar2 ar1
10 ar2([3] = 2.1;
11 //oops! arl[3] is also 2.1 now!
12} //trouble

© 0w N O U s W N =

= Copying pointers with dynamically allocated memory may not be what we want
= Leads to "double free" errors when the objects are destroyed ‘J JULICH
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COPYING AND ASSIGNMENTS

class darray {
double *x{nullptr};
unsigned int len{};
public:
// Copy constructor
darray (const darray &);
//assignment operator
auto operator=(const darrayé&)
-> darrayé&;

© 0w N O U s W N =

=
o

}i
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abcd
abcd

arrl arrQ
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COPYING AND ASSIGNMENTS

1 darray::darray(const darrayé& other)
2 A

3 if (other.len != 0) {

4 len = other.len;

5 x = new double[len];

6 for (unsigned i = 0;

7 i < len; ++1i) {

8 x[1i] = other.x[i];
9 }

10 }

11}

IJ JULICH
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COPYING AND ASSIGNMENTS

© 0 N O R W N =

e e
N S =

auto darray::operator=(const darrayé& other)

{

if (this != &other) {
if (len !'= other.len) {
len = other.len;
if (x) delete [] x;

x = new double[len];

}
for (unsigned i = 0; i < len; ++1i)
x[1] = other.x[1];

}

return +this;

-> darrayé&
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

1 class darray {

2 darray (darray &&); //Move constructor ablc/d
3 auto operator=(darray &&) —> darrayé&; nullptr

4 };

5 darray::darray (darray&& other) {

6 len = other.len;

7 x = other.x; y y

: } other.x = nullptr; arrl arro
10 auto darray::operator=(darray&é& other) n ConSchtorasggn'ﬁon1an
H > darrayé | R-value reference

12 len = other.len;

13 x = other.x; (darray &&)

14 other.x = nullptr;

15 return +this;

16}

IJ JULICH
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

1 class darray {

2 darray (darray &&); //Move constructor ablcld

3 auto operator=(darray &&) —> darrayé&; nullptr

4}

5 darray::darray (darray&& other) {

6 len = other.len; =

7 x = other.x; y y

: } other.x = nullptr; arrl arr0

10 auto darray::operator=(darray&é& other) n Conschtorasdgn'ﬁon1an
H > darrayé | R-value reference

12 len = other.len;

13 x = other.x; (darray &&)

14 other.x = nullptr; = Steal resources from RHS
15 return +this;

16}
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

1 class darray { :

2 darray (darray &&); //Move constructor ablcld

3 auto operator=(darray &&) —> darrayé&; nullptr

4}

5 darray::darray (darray&& other) {

6 len = other.len; =

7 x = other.x; y y

: } other.x = nullptr; arrl arr0

10 auto darray::operator=(darray&é& other) n Conschtorasdgn'ﬁon1an
H > darrayé | R-value reference

12 len = other.len;

13 x = other.x; (darray &&)

14 other.x = nullptr; = Steal resources from RHS
15 return +this;

16}
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

1 class darray { :

2 darray (darray &&); //Move constructor alblcld

3 auto operator=(darray &&) —> darrayé&; nullptr

4 };

5 darray::darray (darray&& other) {

6 len = other.len; =

7 x = other.x; y y

: } other.x = nullptr; arrl arr0

10 auto darray::operator=(darray&é& other) n Conschtorasdgn'ﬁon1an
H > darrayé | R-value reference

12 len = other.len;

13 x = other.x; (darray &&)

14 other.x = nullptr; = Steal resources from RHS
15 return +this;

» Put disposable content in RHS

IJ JULICH
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

V2
}

-> darrayé& |
/S ..

}
darray dl(3);

© 0 N O O A W N

= o= e
N o= O

darray d3{std::move (dl) };

[
w

Member of the Helmholtz Association

darray: :darray (darrayé&s& other) ({

auto darray::operator=(darray&& other)

init_array(dl); //dl = {1.0,2.0,3.0}

darray d2{dl}; //Copy construction
// dl and d2 are {1.,2.,3.}

//Move

// d3 is {1.,2.,3.}, but dl is empty!

19 - 23 May 2025

abcd
nullptr
y y
arrl arrO

= Construct or assign from an
R-value reference
(darray &&)
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

Member of the Helmholtz Association

darray: :darray (darrayé&s& other) ({
//
}
auto darray::operator=(darray&& other)
-> darrayé& |
//
}
darray dl(3);
init_array(dl);
darray d2{dl};
// dl and d2 are {1.,2.,3.}
darray d3{std::move(dl)}; //Move
// d3 is {1.,2.,3.}, but dl is empty!

//dl = {1.0,2.0,3.0}
//Copy construction

19 - 23 May 2025

abcd
nullptr
y y
arrl arrO

= Construct or assign from an
R-value reference
(darray &&)

» Steal resources from RHS
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR
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darray: :darray (darrayé&s& other) ({
//
}
auto darray::operator=(darray&& other)
-> darrayé& |
//
}
darray dl(3);
init_array(dl);
darray d2{dl};
// dl and d2 are {1.,2.,3.}
darray d3{std::move(dl)}; //Move
// d3 is {1.,2.,3.}, but dl is empty!

//dl = {1.0,2.0,3.0}
//Copy construction

19 - 23 May 2025

abcd
nullptr
y y
arrl arrO

= Construct or assign from an
R-value reference
(darray &&)

» Steal resources from RHS

IJ JULICH
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

1
2
3
4
5
6
7
8
9

10
11
12
13
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darray: :darray (darrayé&s& other) ({
VA

}

auto darray::operator=(darray&& other)
-> darrayé& |
VAP

}

darray dl(3);

init_array(dl);

darray d2{dl};

// dl and d2 are {1.,2.,3.}

darray d3{std::move(dl)}; //Move

// d3 is {1.,2.,3.}, but dl is empty!

//dl = {1.0,2.0,3.0}
//Copy construction

19 - 23 May 2025

abcd
nullptr
y y
arrl arrO

= Construct or assign from an
R-value reference
(darray &&)

» Steal resources from RHS
= Put disposable content in RHS
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

= You can enable move semantics for your class by writing a constructor or assignment
operator using an R-value reference

@) JULICH
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MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

= You can enable move semantics for your class by writing a constructor or assignment
operator using an R-value reference

» Usually you will not be using it explicitly. Results of the evaluation of expressions
might create a nameless object containing the resultant value (prvalue: pure
r-value). A function may be returning a named entity which is about to expire
(xvalue: expiring value) References to such objects are called R-value references. A
move constructor or assignment operator is automatically invoked if constructor
argument is an R-value reference

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 156 Forschungszentrum



MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

= You can enable move semantics for your class by writing a constructor or assignment
operator using an R-value reference

» Usually you will not be using it explicitly. Results of the evaluation of expressions
might create a nameless object containing the resultant value (prvalue: pure
r-value). A function may be returning a named entity which is about to expire
(xvalue: expiring value) References to such objects are called R-value references. A
move constructor or assignment operator is automatically invoked if constructor
argument is an R-value reference

= You can invoke the move constructor by casting the function argument to an
R-value reference, e.g. darray d3{std: :move (dl) }

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 156 Forschungszentrum



MOVE CONSTRUCTOR/ASSIGNMENT OPERATOR

= You can enable move semantics for your class by writing a constructor or assignment
operator using an R-value reference

» Usually you will not be using it explicitly. Results of the evaluation of expressions
might create a nameless object containing the resultant value (prvalue: pure
r-value). A function may be returning a named entity which is about to expire
(xvalue: expiring value) References to such objects are called R-value references. A
move constructor or assignment operator is automatically invoked if constructor
argument is an R-value reference

= You can invoke the move constructor by casting the function argument to an
R-value reference, e.g. darray d3{std: :move (dl) }

= To be explained later: always try to make your move constructors noexcept
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BIG FIVE (OR ZERO)

Default constructor = How many of these do you have to write for
Copy constructor each and every class you make 7

= Move constructor

Assignment operator

Move assignment operator
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BIG FIVE (OR ZERO)

= Default constructor = How many of these do you have to write for
= Copy constructor each and every class you make 7

pointers in your class, and don't want any
non-trivial initialisation, the compiler will
auto-generate reasonable defaults. “Rule of
zero"”

Assignment operator

Move assignment operator

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 157 Forschungszentrum



BIG FIVE

1 class darray ({

2 public:

3 darray (double x, double y) : re{x}, im{y} {}

4 darray () = default;

5 darray (const darray &) = default;

6 darray (darray &&) = default;

7 auto operator=(const darrayé&) —-> darrayé& = default;
8 auto operator=(darrayé&&) —> darrayé& = default;
9}

= |f you have to write any constructor yourself, auto-generation of the default
constructor is disabled
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BIG FIVE

1 class darray ({

2 public:

3 darray (double x, double y) : re{x}, im{y} {}

4 darray () = default;

5 darray (const darray &) = default;

6 darray (darray &&) = default;

7 auto operator=(const darrayé&) —-> darrayé& = default;
8 auto operator=(darrayé&&) —> darrayé& = default;
9}

= |f you have to write any constructor yourself, auto-generation of the default
constructor is disabled
= But you can request default versions of the any of these functions as shown
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BIG FIVE

1 class darray ({

2 darray () = delete;

3 darray (const darray &) = delete;

4 darray (darray &&) = default;

5 auto operator=(const darray &) -> darray& = delete;
6 auto operator=(darray &&) —> darray& = default;

7

i

= You can also explicitly request that one or more of these are not auto-generated

= |n the example shown here, it will not be possible to copy objects of the class, but
they can be moved
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COPY AND SWAP

= We want to reuse the code in the copy
constructor and destructor to do
memory management

1 auto operator=(const darrayé& oth)
2 -> darrayé& |

3 // Copy assignment

4}

5 auto operator=(darray&é& oth)

6 -> darrayé& |

7 swap (oth) ;

8 return *this;

9
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COPY AND SWAP

= We want to reuse the code in the copy
constructor and destructor to do
memory management

auto operator=(darray d)
-> darrayé& |
swap (d) ;
return xthis;
}

// No further move assignment op!

= Pass argument to the assignment
operator by value instead of reference

D ks W N =
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COPY AND SWAP

= We want to reuse the code in the copy

constructor and destructor to do 1 auto operator=(darray d)
memory management 2 —» darrayé {
) 3 swap (d) ;
= Pass argument to the assignment 4 return sthis;
operator by value instead of reference s }
6 // No further move assignment op!

= Use the class member function swap
to swap the data with the newly
created copy

= Neat trick that works in most cases

= Reduces the big five to big four
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PUBLIC AND PRIVATE MEMBERS

c.start(zl.imag * p);

1 auto foo(complex a, int p, truck c) -> int

2 A

3 complex zl1l, z2, z3 = a;

4

5 z1l = zl.argument () * z2.modulus() * z3.conjugate();
6

7

}

Imagine that ...
= We have used our complex number structure in a lot of places
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PUBLIC AND PRIVATE MEMBERS

c.start(zl.imag * p);

1 auto foo(complex a, int p, truck c) -> int

2 A

3 complex zl1l, z2, z3 = a;

4

5 z1l = zl.argument () * z2.modulus() * z3.conjugate();
6

7

Imagine that ...
= We have used our complex number structure in a lot of places
= Then one day, it becomes evident that it is more efficient to define the complex
numbers in terms of the modulus and argument, instead of the real and imaginary
parts.
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PUBLIC AND PRIVATE MEMBERS

1 auto foo(complex a, int p, truck c) -> int

2 A

3 complex zl1l, z2, z3 = a;

4

5 z1l = zl.argument () * z2.modulus() * z3.conjugate();
6 c.start(zl.imag * p);

7}

Imagine that ...
= We have used our complex number structure in a lot of places
= Then one day, it becomes evident that it is more efficient to define the complex
numbers in terms of the modulus and argument, instead of the real and imaginary
parts.
= We have to change a lot of code.
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PUBLIC AND PRIVATE MEMBERS

c.start (zl.imag * p);

1 auto foo(complex a, int p, truck c) -> int

2 A

3 complex zl1l, z2, z3 = a;

4

5 z1l = zl.argument () * z2.modulus() * z3.conjugate();
6

7

Imagine that ...
= Code calling member functions to access member data can survive

= Direct use of member variables deprives the implementer of the freedom to change
internal organisation of the class for efficiency or other reasons
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C++ CLASSES

= Members declared under the keyword

class complex private can not be accessed from
o outside
public:

complex (double re, double im) = Public members (data or function) can

© 0w N O Uk W N

=R = e
w N = O

m_real (re),

m_imag (im) {}

complex () = default;

auto real ()
{ return m_real;
auto imag()
{ return m_imag;

private:
double m_real{},

const

const

-> double

}
-> double

}

m_imag{};

be accessed

Provide a consistent and useful
interface through public functions

Keep data members hidden

Make accessor functions const when
possible

o
'S

struct = members public by default
class = members private by default

IJ JULICH

Forschungszentrum

}i

Member of the Helmholtz Association 19 - 23 May 2025 Slide 163



Exercise 2.1:

Write a toy class for your own experiments. Let's call it Entry. An Entry is supposed
to contain some information about a book, say, name, publication year and anything else
you fancy. Keep it minimal. We are only interested in the C4++ syntax side of things at
this point. Write the necessary member functions to get and set the member variables.
Fill in the constructors and the destructor, if you need them. Think about what should or
should not be const in your member functions!
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Exercise 2.2:

The program examples/complex_number_class.cc contains a version of the
complex number class, with all syntax elements we discussed in the class. It is heavily
commented with explanations for every subsection. Please read it to revise all the syntax
relating to classes. Write a main program to use and test the class.
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CONSTRUCTOR/DESTRUCTOR CALLS

Exercise 2.3:

The file examples/verbose_ctordtor.cc demonstrates the automatic calls to
constructors and destructors. The simple class Vbose has one string member. All its
constructors and destructors print messages to the screen when they are called. The
main () function creates and uses some objects of this class. Follow the messages
printed on the screen and link them to the statements in the program. Does it make
sense (i) When the copy constructor is called ? (ii) When is the move constructor
invoked ? (iii) When the objects are destroyed ?

Suggested reading:
http://www.informit.com/articles/printerfriendly/2216986
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http://www.informit.com/articles/printerfriendly/2216986

Exercise 2.4:

The program examples/onexcept .cc shows the behaviour of constructor/destructor
calls when an exception is called. Observe that exiting a function via an exception is also
leaving the scope, and therefore invokes the destructor.
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MAKING STD::COUT RECOGNISE CLASS

Teaching cout how to print your type: overload operator<<

1 auto operator<<(std::ostreamé& os, const complex& a)

2 —-> std::ostreamé&

3

4 0os << a.real();

5 if (a.imag() < 0) os << a.imag() << " i ";

6 // If imag() is negative, it already has a - sign
7 else os << " +" << a.imag() << " i ";

8 return os;

9 }

10 complex a;

12 std::cout << "The roots are " << a << " and "
13 << a.conjugate() << '\n';
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AND SIMILARLY FOR STD::CIN

1 auto operator>>(std::istream& is, complexé& a) —> std::istreams
2 |

3 double x, y;

4 is >> x >> y;

5 a.set_real (x);

6 a.set_imag(y);

7 return is;

8

= It is up to you to decide |O operations for your classes
= The stream parameters can not be const, because by reading from or writing to

the stream, we change its state
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PRACTISE: WRITE A DATA ROW CLASS

Exercise 2.5:

You now have all the ingredients to write a data row class. A tabular data file has 5
columns. The first two are integers, the rest are doubles. Let's call the columns id, cat, x,
y, and z, respectively. Make sure that there are |0 stream overloads for the reading and
writing objects of that type. Demonstrate by reading a suitable data file
"multicolumn.dat", and storing the rows in a vector of your DataRow type. You should
then be able to sort the vector according to any of the data columns.
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Exercise 2.6:

The notebooks ClassesBasics.ipynb and CtorDtorDemo.ipynb demonstrate different
aspects of C++ classes discussed in the class. They offer a complementary way of

practising small classes compared to the exercises above. Work through them and make
modifications of your own and practise!
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USING YOUR CLASS WITH STD::FORMAT AND
STD:PRINT

= std: :print relies on the standard library formatting facilities

= When the compiler parses std: : format ("the value is {}\n",
where v is of a type T, the compiler looks for the definition of a template
specialisation of std: : formatter<T> with two member functions parse and

V),

format.
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DATATYPES

Type Bits Value
Float 0 100 1001 0000 1111 1101 1011 3.1415927
Int 0100 0000 0100 1001 0000 1111 1101 1011 1078530011

= Same bits, different rules = different type

From arbitrary collection of members to a new “data type”

= Make sure every way to create an

1 class Date { object results in a valid state

z publir:: mday, mmonth, m_year; = Provide only those operations on
4 static auto today() -> Date; the data which keep the essential
5 auto operator+ (int n) const -> Date; properties intact

6 auto operator-(int n) const > Date;

7 auto operator- (const Date &) const —> int;

8 1
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CLASS INVARIANTS

= A class is supposed to represent an idea: a complex number, a date, a dynamic array.
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CLASS INVARIANTS

= A class is supposed to represent an idea: a complex number, a date, a dynamic array.

= |t will often contain data members of other types, with assumed constraints on
those values:
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CLASS INVARIANTS

= A class is supposed to represent an idea: a complex number, a date, a dynamic array.
= |t will often contain data members of other types, with assumed constraints on
those values:
= A dynamic array is supposed to have a pointer that is either nullptr or a valid
block of allocated memory, with the correct size also stored in the structure.
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CLASS INVARIANTS

= A class is supposed to represent an idea: a complex number, a date, a dynamic array.

= |t will often contain data members of other types, with assumed constraints on
those values:
= A dynamic array is supposed to have a pointer that is either nullptr or a valid
block of allocated memory, with the correct size also stored in the structure.
= A Date structure could have 3 integers for day, month and year, but they can not be,
for example, 0,-1,1
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CLASS INVARIANTS

= A class is supposed to represent an idea: a complex number, a date, a dynamic array.
= |t will often contain data members of other types, with assumed constraints on
those values:
= A dynamic array is supposed to have a pointer that is either nullptr or a valid
block of allocated memory, with the correct size also stored in the structure.
= A Date structure could have 3 integers for day, month and year, but they can not be,
for example, 0,-1,1
= Using private data members and well designed public interfaces, we can
ensure that assumptions behind an idea are always true.
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CLASS INVARIANTS

class darray {

private:
double * dataptr = nullptr;
size_t sz = 0;

public:

// initialize with N elements
darray (size_t N);
~darray () ;
// resize to N elements
void resize(size_t N);
// other members who don't change
// dataptr or sz
}i

Member of the Helmholtz Association 19 - 23 May 2025
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CLASS INVARIANTS

class darray {

private:
double * dataptr = nullptr;
size_t sz = 0;

public:

// initialize with N elements
darray(size_t N);
~darray () ;
// resize to N elements
void resize(size_t N);
// other members who don't change
// dataptr or sz
}i
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= Construct ensuring class Invariants

= Maintain Invariants in every member
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CLASS INVARIANTS

class darray {

private:
double * dataptr = nullptr;
size_t sz = 0;

public:

// initialize with N elements
darray(size_t N);
~darray () ;

// resize to N elements
void resize(size_t N);

// other members who don't change

// dataptr or sz
}i

19 - 23 May 2025

= Construct ensuring class Invariants
= Maintain Invariants in every member

= — a structure which always has
sensible values
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STATIC MEMBERS

class Triangle { objects of the class.
public:
static unsigned counter;
Triangle() : ... {
++counter;
}
~Triangle () { ——-counter; }

static auto instanceCount ()
—> unsigned ({
return counter;
}
}i
Triangle.cc
unsigned Triangle::counter = 0;
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= Static variables exist only once for all
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STATIC MEMBERS

= Static variables exist only once for all

class Triangle { objects of the class.
public:
static unsigned counter; = Can be used t_o keep track of the
Triangle() : ... { number of objects of one type created
++counter; in the whole application
}
~Triangle () { ——-counter; }

static auto instanceCount ()
—> unsigned ({
return counter;
}
}i
Triangle.cc
unsigned Triangle::counter = 0;
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STATIC MEMBERS

= Static variables exist only once for all

class Triangle { objects of the class.
public:
static unsigned counter; = Can be used t_o keep track of the
Triangle() : ... { number of objects of one type created
++counter; in the whole application
. o . = Must be initialised in a source file
~Triangle () { counter; }
static auto instanceCount () somewhere, or else you get an
-> unsigned { "unresolved symbol" error

return counter;
}
}i
Triangle.cc
unsigned Triangle::counter = 0;
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STATIC MEMBERS

class Triangle {

public:
static unsigned counter;
Triangle() : ... {
++counter;
}
~Triangle () { ——-counter; }

static auto instanceCount ()
—> unsigned ({
return counter;
}
}i
Triangle.cc
unsigned Triangle::counter = 0;

19 - 23 May 2025

Static variables exist only once for all
objects of the class.

Can be used to keep track of the
number of objects of one type created
in the whole application

Must be initialised in a source file
somewhere, or else you get an
"unresolved symbol" error

Static member functions do not have
an implicit this pointer argument.
They can be invoked as
ClassName: : function ().
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SOME FUN: OVERLOADING THE () OPERATOR

class swave {
private:

double a = 1.0, omega = 1.0;
public:

swave () = default;

swave (double x, double w)

a{x}, omega{w} {}
auto operator () (double t)
—> double ({
return a * sin(omega * t);
}
}i

const

© 0 N O Uk W N =

= o
=]

const double pi = acos(-1);
int N = 100;
swave f£{2.0, 0.4};
swave g{2.3, 1.2};
for (int i = 0; i < N; ++1i) {
double ar = 2 « 1 * pi / N;
std::cout << i << " " << f(ar)
<< " " << g(ar)
<< '\n';

= Function like objects, i.e., classes which define a () operator
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SOME FUN: OVERLOADING THE () OPERATOR

class swave {
private:

double a = 1.0, omega = 1.0;
public:

swave () = default;

swave (double x, double w)

a{x}, omega{w} {}
auto operator () (double t)
—> double ({
return a * sin(omega * t);
}
}i

const

© 0 N O Uk W N =

= o
=]

const double pi = acos(-1);
int N = 100;
swave f£{2.0, 0.4};
swave g{2.3, 1.2};
for (int i = 0; i < N; ++1i) {
double ar = 2 « 1 * pi / N;
std::cout << i << " " << f(ar)
<< " " << g(ar)
<< '\n';

= Function like objects, i.e., classes which define a () operator

= |f they return a bool value, they are called predicates
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FUNCTIONALS

Using function like objects
= They are like other variables. But they can be used as if they were functions!
= You can make vectors or lists of functionals, pass them as arguments ...

= Although you can run any recipe you want by overloading an operator, most
operators are limited to one or two arguments. () can take as many as you need.
This also contributes to functionals looking like functions when in use.
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WRITE YOUR OWN FUNCTIONAL!

Exercise 2.7:

Write a functional class where the return value of f(x) is given by a user specified
piece-wise continuous linear function. You should write a class PieceWise. It should have
a function to read a vector of x;,y; values from a file. Sort them according to x values.
Then implement an operator () function, so that when you write

1 PieceWise f;
2 f.read file("somefile.dat");
3 auto y = f(x);

you get the correct piece wise linear function evaluated. Use the standard library function
std: :lerp to perform the linear interpolation.
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OVERLOADING OTHER OPERATORS FOR
EXPRESSIVE CODE

= Operator overloading is not limited to arithmetic and shift operators.

= Sometimes, choosing the right operator to overload can increase the expressiveness
of the code

args | sv::drop(l) | sv::transform(str)

@) JULICH
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OVERLOADING OTHER OPERATORS FOR
EXPRESSIVE CODE

// examples/collect.cc

class collect {
std: :vector<int>
public:

auto operator| (int i)

-> collecté&

{

dat .push_back (1) ;

return +this;

}

auto operator~ ()
{

return dat;
}
}i

Member of the Helmholtz Association

auto main() —> int

{

dat; auto C = collect({};

cl 112131 4;

for (auto el : (~C)) {
std::cout << el << "\n";

}

o N 3 ok W N

const noexcept -> decltype (dat)

IJ JULICH
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USER DEFINED LITERALS

Redefining the """ operator!

= You know how to create objects and set 1 auto main() -> int
their values 2 |
) 3 double N=6.023e23;
= You even know how to construct with a Temperature T;
given initial value 5 T.value(293.0);
6 auto U = Temperature{373.0};
7 auto T2 = 350_C;
8 auto T3 = 900_K;
9 complex ¢ = 1+2_1i;

10
11}

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 182 Forschungszentrum



USER DEFINED LITERALS

Redefining the """ operator!

= You know how to create objects and set 1 int main()
their values 2
. 3 double N=6.023e23;
= You even know how to construct with a Temperature T;
given initial value 5 T.value (293.0);
6 auto U = Temperature (373.0);
7 auto T2 = 350_C;
8 auto T3 = 900_K;
9 complex ¢ = 1+2_1i;

10
11}
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USER DEFINED LITERALS
Redefining the """ operator!

= You know how to create objects and set
their values

= You even know how to construct with a
given initial value

= |t's far cooler to initialise with your own
literals!

= Redefine how literals are interpreted for
your class

= Desirable to enable clean and easily
read initialisations

Member of the Helmholtz Association 19 - 23 May 2025
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10

int main ()

{

double N=6.023e23;
Temperature T;
T.value (293.0);
auto T2 = 350_C;
auto T3 = 900_K;
complex ¢ = 1+2_1i;
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USER DEFINED LITERALS

1 auto operator ""_K(long double d) >
2 A
3 return { static_cast<double> (d),
4}
5 auto operator ""_C(long double d) ->
6 |
7 return { static_cast<double> (d),
8}

Temperature

Temperature

Temperature

Temperature

::Unit::K

::Unit::C

}i

}i

= Defining your own rules for how literals are interpreted for your class

= Desirable to enable clean and easily read initialisations

Member of the Helmholtz Association
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USER DEFINED LITERALS

Exercise

= The demo program 1 auto main() -> int
examples/literals.cc shows how 2 |
this is d . . | 3 double N = 6.023e23;
! is is done u”smg a simple s auto T2 - 350_C;
temperature” class 5 auto T3 = 900_K;

= Make something similar for a 6
Distance class!
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CLASS INHERITANCE

. @ Tree of Life Analogy

= Inherited traits: many properties shared among
entities of different related types

5 4 »x_

= Each branch may add new properties

= Seems like a good fit to different ideas we may
want to represent in code

@) JULICH
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CLASS INHERITANCE

struct Point {double X, Y;}; class Quadrilateral {

class Triangle { public:

public: void translate();
// Constructors etc., and then, void rotate (double byangle);
void translate(); auto area () const -> double;
void rotate (double byangle); auto perimeter () const -> double;
auto area () const -> double; auto is_convex () const -> bool;
auto perimeter () const -> double; private:

private: Point vertex[4];
Point vertex([3]; };

bi

= Many actions (e.g. translate and rotate) will involve identical code

= Properties like area and perimeter make sense for all, but are better calculated
differently for each type

@ » JULICH
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INHERITANCE: BASIC SYNTAX

= Class members can be private,

class SomeBase { protected or public
public: . b ible f

double f(); = public members are accessible from
protected: everywhere

) 12"‘ 1i = private members are for internal use

private: .

int 3; in one class
}i = protected members can be seen by

derived classes

IJ JULICH
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INHERITANCE: BASIC SYNTAX

class Derived : public SomeBase {

void haha () {

// can access f() and 1

// can not access j

}
}; // Derived is also called a "subtype" of SomeBase
void elsewhere ()

{

© 0 N O R W N =

SomeBase a; // only properties defined in SomeBase

Derived b; // b has properties defined in class
// SomeBase and Derived

// Can call a.f(),

// but e.g., a.i = 0; 1is not allowed

e e
=W N = O
—~
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INHERITANCE

= Inheriting class may add more data, but
it retains all the data of the base

= The base class functions, if invoked,
will see a base class object

= The derived class object is a base class
object, but with additional properties
access of base
class functions

ey

access of derived class functions
(qualified by private, protected etc)

IJ JULICH
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INHERITANCE

= A pointer to a derived class always
points to an address which also
contains a valid base class object.

= baseptr=derivedptr is called

"upcasting". Always allowed.
v = Implicit downcasting is not allowed.
access of base Explicit downcasting is possible with

class functions static_cast and dynamic_cast

ey

access of derived class functions

ualified by private, protected etc .
(q yp p ) 'J JULICH
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INHERITANCE

class Base {
public:
void f () {
std::cout << "Base::f()\n";
}
protected:
int i{4};

Ny’

access of base
class functions

}i

class Derived : public Base {

© W N O Uk W N

10 int k{0};

11 public:

12 void g () {

13 std::cout << "Derived::g()\n";
access of derived class functions 14 }

(qualified by private, protected etc) ' i

‘J JULICH
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INHERITANCE

1 auto main() -> int
2 |

3 Derived b;

4 Base *ptr = &b;
5

6

7

ptr->g(); // Error!
static_cast<Derivedx> (ptr)->g/();

Ny’

access of base
class functions

v

access of derived class functions
(qualified by private, protected etc)

IJ JULICH
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CLASS INHERITANCE

= We want to write a program to
= |ist the area of all the geometric objects
= select the largest and smallest objects
= draw
in our system.
= A loop over a vector of them will be nice. But vector< 22?2 >
= Object oriented languages like C++, Java, Python ... have a concept of
"inheritance" for the classes, to describe such conceptual relations between different
types.
= 4 ways to solve this problem in C4+-+ will be introduced at various points in this
course

IJ JULICH
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INHERITANCE WITH VIRTUAL FUNCTIONS

= Abstract concept class
rotate(...); area();

translate(...);  perimeter(); “ S h a p e "
/‘ ™\ = Inherited classes add/change
class Polygon class Circle .

some properties

Point centr; area();
double r; perimeter();

Wensletoly_cieumierencel) = and inherit other properties

T from “base” class

npt=4; area();
is_convex();

class Shape‘

std::vector<Point> vertex;
int nvrtx;

perimeter();

npt=3; area(); ‘

A triangle is a polygon. A polygon is a shape. A circle is a shape.

Forschungszentrum
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

class Shape ({

1

2 public:

3 virtual
4 virtual
5 virtual
6 virtual
7 virtual
8

}i

void rotate (double)
void translate (Point)
auto area()
auto perimeter ()

-> double
-> double

Note: In C++, member functions are not virtual by default.

Member of the Helmholtz Association

» Circle is a derived class

from base class Shape

= A derived class inherits

from its base(s), which
are indicated in the class
declaration.

Functions marked as
virtual in the base
class can be
re-implemented in a
derived class.

IJ JULICH
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

» Circle is a derived class

1 class Circle : public Shape { from base class Shape
2 public: . . .

3 Circle(); // and other constructors = A der_lved class mhelilts
4 ~Circle(); from its base(s), which
5 void rotate (double phi) {} are indicated in the class
6 auto area () const —> double override declaration.

7 { .

s return pi * r * r; = Functions marked as

9 } virtual in the base
lo private: class can be

11 double r;

re-implemented in a

12 }; .
derived class.

Note: In C++, member functions are not virtual by default.
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Member of the Helmholtz Association 19 - 23 May 2025 Slide 194 Forschungszentrum



CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

= A derived class inherits all

e
w N = O

1 class Circle : public Shape { member variables and

2 public: functions from its base.

3 Circle(); // and other constructors ] ]

4 ~Circle(); = virtual re-implemented in

5 void rotate (double phi) {} a derived class are said to be

6 auto area () const —-> double override "sverriden" and ought to be

! t . marked with override

8 return pi » r * r;

9 } = A class with a pure virtual
Prcll"a;i: function (with " = 0" in the
Vs oubte ri declaration) is an abstract
Sl;ape a; // Error! class. Objects of that type can
Circle b; // ok. not be declared.

—
a
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

Syntax for inheritance

1 class Polygon : public Shape { = Triangle implements its own
2 public: ' ] area () function, but can not
3 auto perimeter () const -> double final . )
A ( implement a perimeter (),
5 // return sum over sides as that IS declared as flnal
6 } in Polygon. This is done if
7 protected: the implementation from the
8 vector<Point> vertex; .

: base class is good enough for
0 int npt; . . .

b intended inheriting classes.

.
o
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

Syntax for inheritance

1 class Triangle : public Polygon { = Triangle implements its own

> public: area () function, but can not
3 Triangle () : npt(3) . ;

A ; implement a perimeter (),
5 vertex.resize (3) ; // ok as that IS declared as flnal

6 } in Polygon. This is done if

7 auto area () const -> double override the implementation from the

8 { .

9 // return sqrt (s*(s—a)*(s—-b)*(s-c)) _base cIass. IS g(.)(_)d enough for

o } intended inheriting classes.

11 };
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

1 class Polygon : public Shape {

2 public:

3 auto perimeter () const -> double final
4 {

5 // return sum over sides

6 }

7 protected:

8 vector<Point> vertex;

9 int npt;

.
o

}i

Member of the Helmholtz Association 19 - 23 May 2025
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The keyword override
ensures that the compiler
checks there is a corresponding
base class function to override.

Virtual functions can be
re-implemented without this
keyword, but an accidental
omission of a const or an &
can lead to really obscure
runtime errors.
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

class Triangle
public:
Triangle ()
{
vertex.res
}
auto area()

{

© 00 N O O ks W N =

10 }

11 };

: public Polygon {

: npt (3)

ize(3); // ok

The keyword override
ensures that the compiler
checks there is a corresponding
base class function to override.

= Virtual functions can be

-> double override // Error!!

// return sqrt (s*(s—a)*(s—-b)*(s-c))

Member of the Helmholtz Association
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re-implemented without this
keyword, but an accidental
omission of a const or an &
can lead to really obscure
runtime errors.
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CLASS INHERITANCE WITH VIRTUAL FUNCTIONS

1 auto main() —-> int {

2 vector<std: :unique_ptr<Shape>> shape;

3 shape.push_back (std: :make_unique<Circle> (0.5, Point (3,7)));
4 shape.push_back (std: :make_unique<Triangle> (

5 Point (1,2),Point (3, 3),Point (2.5,0)));

6 for (size_t i = 0;1 < shape.size(); ++1) {

7 std: :cout << shapel[i]->area() << '\n';

8

9

= A pointer to a base class is allowed to point to an object of a derived class
= Here, shape[0] —>area () will call Circle: :area(),
shape[l]->area () will call Triangle: :area ()
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CALLING VIRTUAL FUNCTIONS: HOW IT WORKS

D *d=new D2; . . .
d->f0); = For classes with virtual functions, the

T compiler inserts an invisible pointer
g function member to the data and additional
function

book keeping code

= There is a table of virtual functions for
each derived class, with entries pointing
functi )
58 fﬂ:z:z:s: to function code somewhere

() [function ptr (Davabe | = The vptr pointer points to the vtable

o0 [functionptr| ¢, Fanction ptr of that particular class
g() [function ptr

IJ JULICH
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CALLING VIRTUAL FUNCTIONS: HOW IT WORKS

IJ JULICH
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CALLING VIRTUAL FUNCTIONS: HOW IT WORKS

= Virtual function call proceeds by first
finding the right vtable, then the
correct entry for the called function,
dereferencing that function pointer and
then executing the correct function
body

= Don't make everything virtual! The
overhead, with modern machines and
compilers, is not huge. But abusing
this feature will hurt performance

Member of the Helmholtz Association 19 - 23 May 2025

D *d=new D2;
d->f();

function
’g’. function
function

£() | function ptr
g() | function ptr

f() [ function ptr
g() [ function ptr 0

function ptr
9() [ function ptr
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CALLING VIRTUAL FUNCTIONS: HOW IT WORKS

= Virtual function call proceeds by first
finding the right vtable, then the
correct entry for the called function,
dereferencing that function pointer and
then executing the correct function
body

= Don't make everything virtual! The
overhead, with modern machines and
compilers, is not huge. But abusing
this feature will hurt performance
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D *d=new D2;
d->f();

function
’g’. function
function

£() | function ptr
g() | function ptr

f() [ function ptr
g() [ function ptr 0

function ptr
9() [ function ptr
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CALLING VIRTUAL FUNCTIONS: HOW IT WORKS

= Virtual function call proceeds by first
finding the right vtable, then the
correct entry for the called function,
dereferencing that function pointer and
then executing the correct function
body

= Don't make everything virtual! The
overhead, with modern machines and
compilers, is not huge. But abusing
this feature will hurt performance

f0
90

D *d=new D2;
d->f();

function
§. function
function

function ptr

function ptr

f() [ function ptr
g() [ function ptr 0

function ptr
9() [ function ptr

= But if virtual functions offer the cleanest solution with acceptable performance,
don’t invent weird things to avoid them!
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CLASS INHERITANCE

Inherit or include as data member ?

class DNA {

std: :valarray<char> seq;
}i
class Cell : public DNA 2?77
or
class Cell {

DNA mydna;
}i

Member of the Helmholtz Association 19 - 23 May 2025

= A derived class extends the concept
represented by its base class in some

way.

= Although this extension might mean
addition of new data members,

B = A® newdata

does not necessarily mean the class for
B should inherit from the class for A

Slide 202
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CLASS INHERITANCE

Inherit or include as data member ?

class DNA {

std: :valarray<char> seq;

}i

class Cell
or

class Cell {

DNA mydna;
}i

public DNA 227

Member of the Helmholtz Association
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is vs has

= A good guide to decide whether to
inherit or include is to ask whether the
concept B contains an object A, or
whether any object of type B is also an
object of type A, like a monkey is a
mammal, and a triangle is a polygon.

m is = inherit . has = include

l) JULICH
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CLASS INHERITANCE

Inheritance summary

= Base classes to represent common properties of related types : e.g. all proteins are
molecules, but all molecules are not proteins. All triangles are polygons, but not all
polygons are triangles.

= |Less code: often, only one or two properties need to be changed in an inherited class
= Helps create reusable code

= A base class may or may not be constructible ( Polygon as opposed to Shape )

IJ JULICH
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CLASS DECORATIONS

More control over classes

m Possible to initialise data in class
declaration

= [nitialiser list constructors
= Delegating constructors allowed

= Inheriting constructors possible

Member of the Helmholtz Association 19 - 23 May 2025

class A {
int v[]{1, -1, -1, 1};

public:
A() = default;
A(std::initializer_list<int> &);
A(int i, int j, int k, int 1) {

v[0] = 1i;
v[1l] = 3;
v([i2] = k;
v[(3] = 1;

}
//Delegate work to another constructor
A(int i, int j) : A(i, 3, 0, 0) {}

i

class B : public A {

public:

// Inherit all constructors from A
using A::A;
B(string s);

}i

IJ JULICH
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MORE CONTROL OVER CLASSES

= Explicit default, delete,
override and final

= "Explicit is better than implicit"

= More control over what the compiler
does with the class

= Compiler errors better than hard to
trace run-time errors due to implicitly
generated functions

Member of the Helmholtz Association 19 - 23 May 2025

class A {

}i

class B :

{

bi

// Automatically generated is ok

A() = default;

// Don't want to allow copy

A(const A &) = delete;

A & operator=(const A &) = delete;
// Instead, allow a move constructor
A(const A &&);

// Don't try to override this!

void getDrawPrimitives () final;
virtual void show(int i);

public A

B() = default;

void show ()override; //will be an error!

JULICH
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Exercise 2.1:

The directory exercises/geometry contains a set of files for the classes Point,
Shape, Polygon, Circle, Triangle, and Quadrilateral. In addition, there is a main.cc and
a CMakeLists.txt. Observe the use of the keywords like default,override,
final etc. Familiarise yourself with

= |Implementation of inherited classes
= Compiling multi-file projects

= The use of base class pointer arrays to work with heterogeneous types of objects

mkdir build

cd build
CXX=g++ cmake ..
make

lJ JULICH
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Chapter 3
Templates

IJ JULICH

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo



ALGORITHMS

// examples/strtrans.cc

#include <iostream>

#include <algorithm>

#include <string>

auto main() —> int {
std::string name;
std::cout << "What's your name ? ";
getline(std::cin, name);
auto bkpname {name};
std: :ranges::transform(name, begin(name), toupper);
std::cout << bkpname << " <-———-——— > " << name << "\n";

© 0 N O R W N =

—
=]

12}

= What does this code do ?

lJ JULICH
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ALGORITHMS

// examples/strtrans.cc

#include <iostream>

#include <algorithm>

#include <string>

auto main() —> int {
std::string name;
std::cout << "What's your name ? ";
getline(std::cin, name);
auto bkpname {name};
std: :ranges: :transform(name, begin (name), toupper);
std::cout << bkpname << " <-——————— > " << name << "\n";

© 0 N O R W N =

—
= o

12}

= What does this code do 7
» std: :transform transforms each element in an input range using a given
operation, and writes the results to an output range ‘J JULICH
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ALGORITHMS

import std;
auto main (int argc, charx argv([])

}

—-> int {
using namespace std;
vector<string> names;
ifstream input_file{argv[1l]};
string name;
while (getline (input_file, name))

if (not name.empty())

names .push_back (name) ;

ranges: :sort (names) ;
//
//
//
for (auto n : names)

cout << n << "\n";

Member of the Helmholtz Association 19 - 23 May 2025

= What does this code do ?
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ALGORITHMS

import std;
auto main (int argc, charx argv([])
—-> int {
using namespace std;
vector<string> names;
ifstream input_file{argv[1l]};
string name;
while (getline (input_file, name))
if (not name.empty())
names .push_back (name) ;
ranges: :sort (names) ;
//
//
//
for (auto n : names)
cout << n << "\n";

}

Member of the Helmholtz Association 19 - 23 May 2025

= What does this code do ?

m vector, string grow to
accommodate any new element added
using push_back
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ALGORITHMS

import std;

auto main (int argc,

}

char+ argv[])
—-> int {
using namespace std;
vector<string> names;
ifstream input_file{argv[1l]};
string name;
while (getline (input_file,
if (not name.empty())
names .push_back (name) ;
ranges: :sort (names) ;
//
//
//
for (auto n names)
cout << n << "\n";

name) )

Member of the Helmholtz Association
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= What does this code do ?

m vector, string grow to
accommodate any new element added
using push_back

= sort sorts a range in increasing order

JULICH
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ALGORITHMS

import std;

auto main (int argc,

}

char+ argv[])
—-> int {
using namespace std;
vector<string> names;
ifstream input_file{argv[1l]};
string name;
while (getline (input_file,
if (not name.empty())
names .push_back (name) ;
ranges: :sort (names) ;
//
//
//
for (auto n names)
cout << n << "\n";

name) )

Member of the Helmholtz Association
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What does this code do ?

vector, string grow to
accommodate any new element added
using push_back

sort sorts a range in increasing order

What is "increasing" order is decided by
using the operator < to compare
elements of the sequence

JULICH
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ALGORITHMS WITH LAMBDA FUNCTIONS

1 import std; = What does this code do ?
2 auto main(int argc, charx argv[]) -> int {

3 using namespace std;

4 vector<string> names;

5 ifstream input_file{argv[1l]};

6 string name;

7 while (getline (input_file, name))

8 if (not name.empty())

9 names.push_back (name) ;

10 ranges: :sort (names,

11 [] (auto namel, auto name2) {
12 return namel > name2;

13 }

14 )

15 for (auto n : names)

16 std::cout << n << "\n";

) IJ JULICH
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ALGORITHMS WITH LAMBDA FUNCTIONS

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

Member of the Helmholtz Association 19 - 23 May 2025 Slide 211

import std; = What does this code do 7

auto main (int argc, charx argv[]) —-> int {

}

] = We can give std: :sort a
using namespace std; . functi th
vector<string> names; comparison function as the

ifstream input_file{argv([1]}; sorting criterion
string name;
while (getline (input_file, name))
if (not name.empty())
names.push_back (name) ;
ranges: :sort (names,
[] (auto namel, auto name2) {
return namel > name2;

)i
for (auto n : names)
std::cout << n << "\n";

IJ JULICH
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ALGORITHMS WITH LAMBDA FUNCTIONS

import std; = What does this code do 7

auto main(int argc, charx argv[]) —> int { . \We can give std: :sort a
using namespace std; o

1

2

3 - -
4 vector<string> names; comparison function as the
5 ifstream input_file{argv([1]}; sorting criterion
6 string name;
7 while (getline (input_file, name))
8 if (not name.empty())
9

= This can be used to order the
elements in lots of different

names.push_back (name) ; ways. Like sorting in
10 ranges: :sort (names, decreasing order.
11 [] (auto namel, auto name2) {
12 return namel > name2;
13 }
14 )
15 for (auto n : names)
16 std::cout << n << "\n";

) IJ JULICH
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ALGORITHMS WITH LAMBDA FUNCTIONS

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

import std;
auto main (int argc, charx argv[]) —-> int {

vector<string> names;

ifstream input_filef{argv[1l]};

string name;

while (getline (input_file, name))

if (not name.empty())
names .push_back (name) ;
ranges: :sort (names,
[] (auto namel, auto name2) {
return namel.length () <

name2.length();

)

for (auto n : names) cout << n << "\n";
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the strings ...

/)

= Or, sorting by the length of
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ALGORITHMS WITH LAMBDA FUNCTIONS

1 import std;

2 auto main(int argc, charx argv[]) —-> int ({
3 using namespace std;

4 vector<std::string> names;

5 ifstream input_file{argv([1l]};
6

7

8

9

string name;
while (getline (input_file, name))

if (not name.empty()) names.push_back (name) ;
sort (names.begin (), names.end(),
10 [] (auto namel, auto name2) —> bool {
11 return namel.length () < name2.length{();
12 }
13 )
14 for (auto n : names) cout << n << "\n";

IJ JULICH
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ALGORITHMS WITH LAMBDA FUNCTIONS

m sort () needs a function comparing two elements
= |f we have such a function, we can pass its name
= |f we don't, we can use a lambda function, as the argument to the function sort ()

= Notation resembles a mapping a, b, c... — value from some inputs to an output
value

= Like normal functions, we can skip the trailing return type if the return type is
unambiguous

l) JULICH
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FUNCTION OVERLOADING

auto power (int x, unsigned n) —> unsigned = When specialised strategies are needed
b to accomplish the same task for
for (; n > 0; ——n) ans *= x; different types

return ans;
}
auto power (double x, double y) -> double
{

return exp(y * log(x));

}

auto someother (double mu, double alpha,
int rank) -> double
{

double st=power (mu, alpha) xexp (-mu) ;

if (n_on_bits (power (rank,5))<8)
st=0;

return st;

IJ JULICH
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FUNCTION OVERLOADING

auto power (int x, unsigned n) —> unsigned = When specialised strategies are needed
b to accomplish the same task for
for (; n > 0; ——n) ans *= x; different types
return ans; . . .
} = Static polymorphism: no virtual
t doubl , doubl —> doubl . .
fute pover(double x, double v) o dispatch, everything resolved at

return exp(y * log(x)); compilation time
}
auto someother (double mu, double alpha,

int rank) -> double

{

double st=power (mu, alpha) xexp (-mu) ;

if (n_on_bits (power (rank,5))<8)
st=0;

return st;

IJ JULICH
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FUNCTION OVERLOADING

void copy (ints start, ints end, ints start2) = When specialised strategies are needed
{ to accomplish the same task for

for (; start != end; ++start, ++start2) { .
xstart2 = «start; different types
} . . .
} = Static polymorphism: no virtual
void co (string* start, string* end, . .
B ringy startd) dispatch, everything resolved at
{ . . .
for (; start != end; ++start, ++start2) { con1pﬂat|on time
| rstart2 = sstart; = But sometimes we need the opposite:
} same operations to be performed on
void copy (doublex start, doublex end, . . .
double start2) different kinds of input
{
for (; start != end; ++start, ++start2) {
*start2 = xstart;

}
}
double a[10], b[10];
copy(a, a + 10, b);

IJ JULICH
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INTRODUCTION TO C++ TEMPLATES

Same operations on different types

void copy (int+ start, ints end, int* start2)

{ = Exactly the same high level code

for (; start != end; ++start, ++start2) {

} xstart2 = «start; = Once we have written a string class, we
} can write the exact same code for the

oid (string+ start, strings end, . . . .

voRe TR siriig* ctarts) string and integer versions of this copy
{ function

for (; start != end; ++start, ++start2) {

} rstart2 = «start; = Couldn't we automate the process of
} writing the 3 variants shown, by

void copy (doublex start, doublex end, .
double. start2) perhaps, using a placeholder type, and

{ generating the right variant wherever
for (; start != end; ++start, ++start2) {

xstart2 = =*start; required ?
}

}
double a[10], b[10];

copy(a, a + 10, b); ‘J JUL'CH
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INTRODUCTION TO C++ TEMPLATES

Dear compiler, in the following, T is a Wouldn't it be nice,
placeholder!
void copy(T+ start, T+ end, T+ start2) = if we could write the function in
{
for (; start |- end; +istart, +istart2) { terms of some placeholder for the
*start2 = xstart;

} actual type 7

IJ JULICH
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INTRODUCTION TO C++ TEMPLATES

Dear compiler, in the following, T is a Wouldn't it be nice,
placeholder!
void copy (T+ start, T+ end, T+ start2) = if we could write the function in
{
for (; start |- end; ++start, +istart2) { terms of some placeholder for the
*start2 = xstart;

} actual type 7

double a[10], b[10]; = and when we need to use the
copy<double>(a, a + 10, b); function, we indicate what to
string names[10], onames[10];

copy<string> (onames, onames + 10, names); substitute in place of the
placeholder 7

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 217 Forschungszentrum



INTRODUCTION TO C++ TEMPLATES

/7

template <class T>

void copy (T start, Tx end, T* start2)

{
for (; start != end; ++start,
x*start2 = xstart;

}

double a[10], b[10];
copy<double>(a, a + 10, b);
string names[10], onames[10];
copy<string> (onames, onames + 10,

Member of the Helmholtz Association

++start2)

names) ;

19 - 23 May 2025

Wouldn't it be nice,

= if we could write the function in

terms of some placeholder for the
actual type 7

and when we need to use the
function, we indicate what to
substitute in place of the
placeholder 7

For the first point : Sure!

IJ JULICH
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INTRODUCTION TO C++ TEMPLATES

//
template <class T>
void copy (T start, Tx end, T* start2)
{
for (; start != end; ++start, ++start2) {
*start2 = xstart;

}

double a[10], b[10];

copy(a, a + 10, b);

string names[10], onames[10];
copy (onames, onames + 10, names);

Test it: examples/template_intro.cc

Member of the Helmholtz Association 19 - 23 May 2025

Wouldn't it be nice,
= if we could write the function in

terms of some placeholder for the
actual type 7

and when we need to use the
function, we indicate what to
substitute in place of the
placeholder 7

For the first point : Sure!
For the second point: the compiler

already knows those types based on
the inputs at the point of usage!

IJ JULICH

Slide 217 Forschungszentrum



INTRODUCTION TO C++ TEMPLATES

template <class T>
void copy (T+ start, Tx end, Tx start2)
{
for (; start != end; ++start, ++start2) {
+*start2 = *start;

}

Although we seemingly call a function we only wrote once, with different kinds
of inputs, the compiler sees these as calls to two different functions. No runtime
decision is needed to find the function to call.

IJ JULICH
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TEMPLATES

Generic code The logic of the copy operation is quite simple. Given a pair of “iterators”
(Behaviourally pointer like entities: can be advanced along a sequence, can be
dereferenced) first and last in an input sequence, and a target location result in
an output sequence, we want to:

= Loop over the input sequence

= For each position of the input iterator, copy the current element to the output
iterator position

= Increment the input and output iterators
= Stop if the input iterator has reached last

l) JULICH
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A TEMPLATE FOR A GENERIC COPY OPERATION

template <class InputIter, class OutputIter>

OutputIter copy (InputIter first, Inputlter last,

OutputIter result)
{

while (first != last) *result++ = xfirst++;
return result;

}

C++ template notation
= A template with which to generate code!

= |f you had iterators to two kinds of sequences, you could substitute them in the
above template and have a nice copy function!

= The compiler does the necessary substitution when you try to use the function

= The compiler needs access to the template source code at the point where it is
trying to instantiate it!

Member of the Helmholtz Association
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ORDERED PAIRS

struct double_pair
{

double first, second;
bi

double_pair coords[100];

struct int_pair
{

int first, second;
bi

int_pair line_ranges[100];

struct int_double_pair
{

// wait!

// can I make a template out of it?
bi

Member of the Helmholtz Association 19 - 23 May 2025

Class templates

= Classes can be templates too
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ORDERED PAIRS

pair<double, double> coords[100];
pair<int,int> line_ranges[100];
pair<int,double> whatever;

pair<int,double>, after the template

substitutions, becomes
struct pair<int, double>
{

int first;

double second;
bi

Member of the Helmholtz Association 19 - 23 May 2025

Class templates
= Classes can be templates too

= Generated when the template is

“instantiated”

template <class T,
struct pair

{

class U>

T first;
U second;
bi

Slide 221
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ORDERED PAIRS

Class templates
pair<double, double> coords[100];
bair<int,int> line. ranges[100]; = Classes can be templates too

i int, doubl hat ; .
patrrint, doubter whatever = Generated when the template is

pair<int,double>, after the template “instantiated”

SUbStitUtiOnS, becomes template <class T, class U>
struct pair<int, double> ?truct pair
{ .

int first; T first;

double second; U second;

}.
i !
= Useful for creating many generic types

@ » JULICH
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TEMPLATE SPECIALISATION

template <class T> class vector ({
// heap allocated array of T
bi

= vector<T> is very general and useful

@) JULICH
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TEMPLATE SPECIALISATION

template <class T> class vector ({
// heap allocated array of T
bi

» vector<T> is very general and useful

= |If T is bool, the most space efficient way to
store a large number of those variables is to
pack 8 of them in each byte

IJ JULICH
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TEMPLATE SPECIALISATION

t late <cl T> cl t .
e e L e vesker » vector<T> is very general and useful

Vi = |If T is bool, the most space efficient way to
store a large number of those variables is to
pack 8 of them in each byte

= But the general vector template would store
each bool in its own byte

IJ JULICH
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TEMPLATE SPECIALISATION

e elase T i vesker = vector<T> is very general and useful
témplate <> class vector<bool> = |If T is bool, the most space efficient way to
// heap allocated array . .
/) of integers, each storing store a large number of those variables is to
/4 32 bits pack 8 of them in each byte

bi
= But the general vector template would store

each bool in its own byte

= C++ templates can have “specialisations”: a
concrete definition of the same class, where the
placeholder has been explicitly substituted

Forschungszentrum
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TEMPLATE SPECIALISATION

e elase T i vesker = vector<T> is very general and useful
témplate <> class vector<bool> = |If T is bool, the most space efficient way to
// heap allocated array . .
/) of integers, each storing store a large number of those variables is to
/4 32 bits pack 8 of them in each byte

bi
= But the general vector template would store

each bool in its own byte

= C++ templates can have “specialisations”: a
concrete definition of the same class, where the
placeholder has been explicitly substituted

= When a specialisation exists, it has priority over
the more general template

IJ JULICH
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TEMPLATE SPECIALISATION

template <class T> class vector ({
// heap allocated array of T

» vector<T> is very general and useful

template <> class vector<bool> { = |If T is bool, the most space efficient way to

// heap allocated array

/) of integers, each storing store a large number of those variables is to
// 32 bits pack 8 of them in each byte

1.
template <class T, class U>

auto operation(T x, U y) -> unsigned  ® But the general vector template would store

{
// General algorithm

}

template <>

each bool in its own byte

= C++ templates can have “specialisations”: a

auto operation<int, int>(int x, int y) concrete definition of the same class, where the

—> unsigned

( placeholder has been explicitly substituted

// Special case: both T and U are int

) = When a specialisation exists, it has priority over
the more general template

= Also possible for functions, but only complete
specialisations allowed
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

B std::vector<T>, std::array<T, N>, std::valarray<T>
std: :map<K, V>, std::string ...

@) JULICH
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

B std::vector<T>, std::array<T, N>, std::valarray<T>,
std: :map<K, V>, std::string ...
smAvectormeans ... LI I I I TTTTITIITTITITIIIITTTITIITIITTTT]
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

B std::vector<T>, std::array<T, N>, std::valarray<T>,
std: :map<K, V>, std::string ...
smAvectormeans ... LI I I I TTTTITIITTITITIIIITTTITIITIITTTT]

= The code required to write containers of int, double, complex_number or
any other class type will only differ by the type of the elements

@) JULICH
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

B std::vector<T>, std::array<T, N>, std::valarray<T>,
std: :map<K, V>, std::string ...
smAvectormeans ... LI I I I TTTTITIITTITITIIIITTTITIITIITTTT]

= The code required to write containers of int, double, complex_number or
any other class type will only differ by the type of the elements

= The template captures the essential structure, and we don't need to separately
develop, debug or test these parameterised types for every possible element type

l) JULICH
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

B std::vector<T>, std::array<T, N>, std::valarray<T>,
std: :map<K, V>, std::string ...
smAvectormeans ... LI I I I TTTTITIITTITITIIIITTTITIITIITTTT]

= The code required to write containers of int, double, complex_number or
any other class type will only differ by the type of the elements

= The template captures the essential structure, and we don't need to separately
develop, debug or test these parameterised types for every possible element type

= No inheritance relationship between vectors of different types

l) JULICH
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CLASS TEMPLATES YOU HAVE ALREADY SEEN...

m std::vector<T>, std::array<T, N>, std::valarray<T>
std: :map<K, V>, std::string ...

smAvectormeans ... LI T T T T TTTTTTTTTTTTTITIITITITITITITITITITNT]N

= The code required to write containers of int, double, complex_number or
any other class type will only differ by the type of the elements

= The template captures the essential structure, and we don't need to separately
develop, debug or test these parameterised types for every possible element type

= No inheritance relationship between vectors of different types

= No inheritance relationship required between entities which can be vector elements

IJ JULICH
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VARIABLE TEMPLATES

template <class T> constexpr auto algocategory = 0;

template<> constexpr auto
template<> constexpr auto
template<> constexpr auto
template<> constexpr auto

algocategory<int> = 1; auto main() -> int
algocategory<long> = 1; {
algocategory<int+> = 2; int v{7};
algocategory<long*> = 2; proc(l);

template <class T> proc(l.);
auto proc(T x) { proc(1L);
if constexpr (algocategory<T> == 2) { proc(v) ;
std::cout << "Using method for category 2 \n"; proc (&v) ;

} else if constexpr (algocategory<T> == 1) { }
std::cout << "Using method for category 1 \n";

} else {

std::cout << "Using method for category 0 \n";

}

= Can be a static data member of a class or a global variable parameterised by
template parameters
= Can be used along with compile time if statements to decide between different

algorithms

Member of the Helmholtz Association
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ONE CLASS TEMPLATE IN DETAIL

Initialiser list constructors

= The darray class we saw earlier in some examples represents a dynamic array, like
the std: :vector. It is a good example to illustrate more about class templates

IJ JULICH
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ONE CLASS TEMPLATE IN DETAIL

Initialiser list constructors

= The darray class we saw earlier in some examples represents a dynamic array, like
the std: :vector. It is a good example to illustrate more about class templates

= We want to be able to initialise our darray<T> like this:
darray<double> D (400, 0.);
darray<string> S{"A", "B", "C"};
darray<int> I{1, 2, 3, 4, 5};

IJ JULICH
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ONE CLASS TEMPLATE IN DETAIL

Initialiser list constructors

= The darray class we saw earlier in some examples represents a dynamic array, like
the std: :vector. It is a good example to illustrate more about class templates

= We want to be able to initialise our darray<T> like this:
darray<double> D (400, 0.);
darray<string> S{"A", "B", "C"};
darray<int> I{1, 2, 3, 4, 5};

= And then we want to be able to use it as follows...
for (auto i = 0UL; 1 < D.size(); ++i) {
D[i] = i * 1i;
std::cout << D[i] << "\n";

@) JULICH
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ONE CLASS TEMPLATE IN DETAIL

Initialiser list constructors

= Making it into a template and writing many of the special functions is easy.
template <class T> class darray {

std::unique_ptr<T[]> dat;
size_t sz{};

public:
darray () = default;
~darray () = default;

bi

darray (const darrayé& other);

darray (darray&&) noexcept = default;
darray& operator=(const darrayé& other);
darray& operator=(darray&&) noexcept =

default;

= Using the unique_ptr to manage the heap allocation/deallocation means we
don't need to do anything special for default constructor, destructor and the move
operations. Only copy needs to be carefully implemented!

Member of the Helmholtz Association
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ONE CLASS TEMPLATE IN DETAIL

Initialiser list constructors

= To initialise our darray<T> like this:
darray<string> S{"A", "B", "C"};
darray<int> I{1, 2, 3, 4, 5};

we need an initialiser_list constructor
darray (initializer_1ist<T> 1) {

arr = std::make_unique<T[]>(l.size());
for (auto i{0UL}; autos&s& el : 1) arr[i++] = el;
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A DYNAMIC ARRAY CLASS TEMPLATE

template <class T>
class darray {

= Two versions of the []
public: f d | d
auto operator[] (size_t i) const Operator or read-only an
-> const T& { return arr[i]; } read/vvﬁte access
auto operator|[] (size_t i) -> T& { return arr[i]; }

bi

@ » JULICH
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A DYNAMIC ARRAY CLASS TEMPLATE

template <class T>
class darray {

= Two versions of the []

public: f d | d
auto operator[] (size_t i) const Operator or réad-only an
-> const T& {_returg arr[i]; } . read/vvﬁte access
auto operator([] (size_t i) —> T& { return arr[i]; }

Vi = Use const qualifier in any

member function which does
not change the object

IJ JULICH
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A DYNAMIC ARRAY CLASS TEMPLATE

template <class T>
class darray {
public:

auto operator[] (size_t i) const
-> const T& { return arr[i]; }

auto operator|[] (size_t i)
bi

Member of the Helmholtz Association

-> T& { return arr[i];

19 - 23 May 2025

Slide 228

Two versions of the []
operator for read-only and
read /write access

Use const qualifier in any
member function which does
not change the object

Both versions let us to use a
darray<int> object, say, D
with array style indexing, e.g.,
D [5UL]. The second is
usable only when D is not
declared const.

IJ JULICH
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TYPE DEDUCTIONS

= Template parameters can be type names or

compile time constant values of different types.

= Until C+420, non-type template parameters
were limited to integral types. Now, a lot of
other types are allowed.

Member of the Helmholtz Association 19 - 23 May 2025

template <class T, int N>

struct my_array {
T data[N];
bi
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TYPE DEDUCTIONS

= Template parameters can be type names or
compile time constant values of different types.

= Until C+420, non-type template parameters
were limited to integral types. Now, a lot of

other types are allowed.

= Can be used to specify compile time constant

sizes

Member of the Helmholtz Association 19 - 23 May 2025

template <class T, int N>
struct my_array {

T data[N];
bi
template <class T,

int nrows, int ncols>

struct my matrix {

T data[nrows * ncols];
bi

IJ JULICH

Slide 229 Forschungszentrum



TYPE DEDUCTIONS

= Template parameters can be type names or
compile time constant values of different types.

= Until C+420, non-type template parameters
were limited to integral types. Now, a lot of

other types are allowed.

= Can be used to specify compile time constant

sizes

= but also: a peculiar kind of “function” in effect

» Old uses of template integer arithmetic are by
now obsolete. constexpr functions constitute

a vastly superior alternative.

= But, type-deductions remain an important use

for template meta-programs

Member of the Helmholtz Association 19 - 23 May 2025

template <class T, int N>
struct my_array {

T datal[N];
bi
template <class T,

int nrows, int ncols>

struct my matrix {

T data[nrows * ncols];
bi
template <int i, int j>
struct mult ({

static const int value=ixj;

’

my_array<mult<l19,21>::value> vals;

IJ JULICH
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EVALUATE DEPENDENT TYPES

= Suppose we want to implement a template function

template <class T> auto £ (T a) -> U;

such that when T is a non-pointer type, U should take the value T. But if T is itself
a pointer, U is the type obtained by dereferencing the pointer

@) JULICH
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EVALUATE DEPENDENT TYPES

= Suppose we want to implement a template function
template <class T> auto £ (T a) -> U;
such that when T is a non-pointer type, U should take the value T. But if T is itself
a pointer, U is the type obtained by dereferencing the pointer

= We could use a template function to "compute" the type U like this:

template <class T> struct remove pointer { using type = T; };
template <class T> struct remove pointer<Tx> { using type = T; };

l) JULICH
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EVALUATE DEPENDENT TYPES

= Suppose we want to implement a template function
template <class T> auto £ (T a) -> U;
such that when T is a non-pointer type, U should take the value T. But if T is itself
a pointer, U is the type obtained by dereferencing the pointer

= We could use a template function to "compute" the type U like this:

template <class T> struct remove pointer { using type = T; };
template <class T> struct remove pointer<Tx> { using type = T; };

= We can then declare the function as:

template <class InputType>
auto f (InputType a) —> remove_pointer<InputType>::type ;

IJ JULICH
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TYPE FUNCTIONS

= Compute properties of types
= Compute dependent types

= Typically used with convenient alias
template declarations for the
dependent type or the constant value

Member of the Helmholtz Association 19 - 23 May 2025

template <class T1l, class T2>
std::is_same<T1l,T2>::value

template <class T>
std::is_integral<T>::value

template <class T>
std: :make_signed<T>::type

template <class T>
std: :remove_reference<T>::type

template <class T>
using remove_reference_t =
typename remove_reference<T>::type;

template <class T>
inline constexpr bool is_integral_v =
std::is_integral<T>::value;

IJ JULICH
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TYPETRAITS

= is_integral_v<T>: T is an integer type

= is_const_v<T> : has a const qualifier

m is _class_v<T> : struct or class

= is_pointer_v<T> : Pointer type

= is_abstract_v<T> : Abstract class with at least one pure virtual function
= is_copy_constructible_v<T> : Class allows copy construction

» is_same_v<T1,T2>: T1 and T2 are the same types

m is _base_of v<T,D>: Tis base class of D

m is _convertible v<T,T2>: T is convertible to T2

l) JULICH
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FORWARDING REFERENCES

template <class T> = Function argument written as if it were an R-value

?“t° wrapperfunc (T&& t) reference to a cv-unqualified template parameter

} other (std::forward<T>(t)); = If wrapperfunc is called with a constant L-value,

auto main() -> int T is deduced to be a constant L-value reference, and
{ )
std::string x("Solar"}; other receives a constant L-value reference
std::strin {"System"}; . . .
repbertuncla) » If wrapperfunc is called with an L-value, T is
wrapperfunc(x + " " + y); deduced to be an L-value reference, and other

receives an L-value reference

= |f the input is an R-value, then T is inferred to be a
plain type, and forward ensures that other
receives an R-value reference

l) JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 233 Forschungszentrum



FORWARDING REFERENCES

= Type deduction for variables declared with autos& & follows the same rules. The
declared variable is a const L-value reference, mutable L-value reference or an
R-value reference depending on the initialiser.

l) JULICH
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REF-QUALIFIERS

template <class T>

= Requirement: return a constant from a
struct myopt ({

et const qualified object, and a mutable
bool hasval { false }; answer from a mutable object
auto internal() const -> const T&

{
if (hasval)
return v;
throw runtime_error { "Bad optional" };
}
auto internal() -> T&
{
if (hasval)
return v;
throw runtime_error { "Bad optional" };
}
bi

Member of the Helmholtz Association
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REF-QUALIFIERS

auto internal() const —> const Ts = Requirement: return a constant from a

{ . .
if (hasval) const qualified object, and a mutable

return v; answer from a mutable object
throw runtime_error { "Bad optional" }; i i
} = The construction of the object B here
auto internal() -> T&

; invokes the copy constructor

if (hasval)
return v;
throw runtime_error { "Bad optional" };
}
bi
auto f () —> myopt<Vbose>
{
return myopt<Vbose> { Vbose { "A very long string" } };
}
auto main() -> int
{
auto B = f().internal();
cout << "Message: " << B.value() << "\n";

: IJ JULICH
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REF-QUALIFIERS

auto internal() const —> const Ts = Requirement: return a constant from a

{ . .
if (hasval) const qualified object, and a mutable

return v; answer from a mutable object
throw runtime_error { "Bad optional" }; i i
} = The construction of the object B here
auto internal() -> T& .
; invokes the copy constructor
if (hasval) . . . ..
return v; = How do we indicate that the implicit
throw runtime_error { "Bad optional" }; argurnent (caHing instance)is a
}
bi temporary? (to hopefully engage the
auto f () —> myopt<Vbose> I
( move constructor!)
return myopt<Vbose> { Vbose { "A very long string" } };
}
auto main() -> int

{
auto B = f().internal();
cout << "Message: " << B.value() << "\n";

: IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 235 Forschungszentrum



REF-QUALIFIERS

auto internal () consts& -> const T&

{

/S

}

auto internal()& -> T&
{

/..

}

auto internal () const&& —> const T&s

{
if (hasval)
return v;
throw runtime_error ({
}
auto internal()&s& —> T&&
{
if (hasval)
return v;
throw runtime_error ({
}
bi

Member of the Helmholtz Association

"Bad optional"

"Bad optional"

19 - 23 May 2025

bi

bi

Requirement: return a constant from a
const qualified object, and a mutable
answer from a mutable object

The construction of the object B here
invokes the copy constructor

How do we indicate that the implicit
argument (calling instance) is a
temporary? (to hopefully engage the
move constructor!)

Just like the const qualifier, we can
place L- and R- value reference symbols
to the right of the function parameter

li .
st @) JULICH
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"DEDUCING THIS* FROM C+4+23

template <class T>

struct
T v;
bool
auto

{

VA

}

auto

{

myopt {

hasval { false };

internal () const& —> const T&
internal() & -> T&

VA

}

auto

{

internal () const&& —> const T&&

VA

}

auto

{

internal () && —> T&&

VA

}
bi
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= The C++11 way of qualifying member
functions by L- and R- value references
is able to avoid more unnecessary
copies. When done right, it's good for
performance!

IJ JULICH
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"DEDUCING THIS*“ FROM C++23

template <class T>

struct
T v;
bool
auto

{

VA

}

auto

{

myopt {

hasval { false };

internal () const& —> const T&
internal() & -> T&

VA

}

auto

{

internal () const&& —> const T&&

VA

}

auto

{

internal () && —> T&&

VA

}
bi
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= The C++11 way of qualifying member
functions by L- and R- value references
is able to avoid more unnecessary
copies. When done right, it's good for
performance!

= But, we end up with 4 versions of many

member functions, 4 times as many
lines to maintain or making mistakes.
(often overlooked for this reason!)
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Slide 236 Forschungszentrum
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= The C++11 way of qualifying member
functions by L- and R- value references
is able to avoid more unnecessary
copies. When done right, it's good for
performance!

= But, we end up with 4 versions of many

member functions, 4 times as many
lines to maintain or making mistakes.
(often overlooked for this reason!)
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"DEDUCING THIS* FROM C+4+23

template <class T> = The C++11 way of qualifying member
struct myopt | functions by L- and R- value references
bool hasval { false }; is able to avoid more unnecessary
template <class Self> . . v
auto&s& internal (this Selfs&s self) C0P|es- When done l’lght. Iit's gOOd fOI’
{ |
it (hasval) performance!
return std::forward<Self> (self) .v; - But, we end Up Wlth 4 versions Of many
throw std::runtime_error { "Bad optional" };

} member functions, 4 times as many
lines to maintain or making mistakes.
(often overlooked for this reason!)

bi

= In C+423, it is possible to explicitly specify the formerly implicit calling instance for
a member function
= |t is possible to use the explicit this parameter with the rules to template
argument deduction to combine the 4 versions into one! .
@) JULICH
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NOT A TEXT SUBSTITUTION ENGINE!

Template specialisation

template <class T>
class vector {
// implementation of a general
// vector for any type T
bi
template <>
class vector<bool> {
// Store the true false values
// in a compressed way, i.e.,
// 32 of them in a single int
bi
void somewhere_else ()
{
vector<bool> A;
// Uses the special implementation
}

Member of the Helmholtz Association 19 - 23 May 2025

= Templates are defined to work with generic
template parameters

= But special values of those parameters,
which should be treated differently

= |f a matching specialisation is found, it is

preferred over the general template

template <class A, class B>

constexpr auto are_same = false;

template <class A>

constexpr auto are_same<A, A> = true;
static_assert (are_same<int, long>); // Fails
using Integer = int;

static_assert (are_same<int,

Integer>); // Passes

Slide 237
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NOT A TEXT SUBSTITUTION ENGINE!

Recursion and integer arithmetic

1 template <unsigned N> constexpr unsigned fact = N x fact<N-1>;
2 template <> constexpr unsigned fact<0> = 1U;
3 static_assert (fact<7> == 5040)

= Templates support recursive instantiation
» Combined with specialisation to terminate recursion

= Recursion and specialisation can be used to emulate “loop” like calculations via
tail-recursion

Exercise 3.1:

The example source file examples/no_textsub.cc demonstrates recursion and
specialisation in templates, and uses static_assert to verify that the arithmetic
calculations in this case indeed happen during compilation.

lJ JULICH
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NOT A TEXT SUBSTITUTION ENGINE!

Because: SFINAE

template <bool Cond, class T> struct enable_if {};

template <class T> struct enable_ if<true, T> { using type = T; }
template <class T>

auto func(T x) -> enable_if<sizeof (T) == 8UL, T>::type {
//impll

}

template <class T>

auto func(T x) -> enable_if<sizeof(T) != 8UL, T>::type {
//impl2

}

Substitution Failure Is Not An Error

If substituting a template parameter results in incomplete or invalid function
declarations, that overload is ignored.

The compiler simply tries to find another match

If it can't find any, then you have an error

func (1) will resolve to the second version and func (1.0) will resolve to the

first version during compilation! ‘J JULICH
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NOT A TEXT SUBSTITUTION ENGINE!

Because: concepts
template <class T>

auto func(T x) -> T requires (sizeof(T) == 8UL) {
//impll

}

template <class T>

auto func(T x) -> T requires (sizeof(T) != 8UL) {
//impl2

)
= Different implementations can be provided requiring different properties of the input
type
= Before C++420, this sort of selection was done using std: :enable_if. Now,
concepts provide a far cleaner alternative.
= Again, func (1) will resolve to the second version and func (1.0) will resolve to
the first version during compilation!

Forschungszentrum
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;
auto power (double x, int i) -> double ;

IJ JULICH
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;

auto power (double x, int i) -> double ;
= Same strategy for different types: function templates
template <class T> auto power (double x, T i) -> double ;
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;
auto power (double x, int i) -> double ;

= Same strategy for different types: function templates
template <class T> auto power (double x, T i) -> double ;

= Can we combine the two, so that we have two function templates, both looking like
the above, but one is automatically selected whenever T is an integral type and the
other whenever T is a floating point type 7

IJ JULICH
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;

auto power (double x, int i) -> double ;
= Same strategy for different types: function templates
template <class T> auto power (double x, T i) -> double ;

= Can we combine the two, so that we have two function templates, both looking like
the above, but one is automatically selected whenever T is an integral type and the
other whenever T is a floating point type 7

= Some way to impose requirements on permissible matches for the template

parameters. Something like:
template <class T> auto power (double x, T i) -> double requires floating point<T>;
template <class T> auto power (double x, T i) -> double requires integer<T>;
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;

auto power (double x, int i) -> double ;
= Same strategy for different types: function templates
template <class T> auto power (double x, T i) -> double ;

= Can we combine the two, so that we have two function templates, both looking like
the above, but one is automatically selected whenever T is an integral type and the
other whenever T is a floating point type 7

= Some way to impose requirements on permissible matches for the template

parameters. Something like:
template <class T> auto power (double x, T i) -> double requires floating point<T>;
template <class T> auto power (double x, T i) -> double requires integer<T>;

= |f we could do that, we can combine the generality of templates with the
selectiveness of function overloading
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CONSTRAINED TEMPLATES

= We created overloaded functions so that different strategies can be employed for

different input types
auto power (double x, double y) -> double ;

auto power (double x, int i) -> double ;
= Same strategy for different types: function templates
template <class T> auto power (double x, T i) -> double ;

= Can we combine the two, so that we have two function templates, both looking like
the above, but one is automatically selected whenever T is an integral type and the
other whenever T is a floating point type 7

= Some way to impose requirements on permissible matches for the template

parameters. Something like:
template <class T> auto power (double x, T i) -> double requires floating point<T>;
template <class T> auto power (double x, T i) -> double requires integer<T>;

= |f we could do that, we can combine the generality of templates with the
selectiveness of function overloading
= We can

IJ JULICH
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CONCEPTS

Named requirements on template parameters

= concepts are named requirements on template parameters, such as
floating_point, contiguous_range

= [f MyAPT is a concept, and T is a type, MyAPI<T> evaluates at compile time to
either true or false.

= Concepts can be combined using conjunctions (&&) and disjunctions (| |) to make
other concepts.

= A requires clause introduces a constraint on a template type

A suitably designed set of concepts can greatly improve readability of template code

IJ JULICH
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CREATING CONCEPTS

template <template-pars> = Qut of a simple type_traits style
concept conceptname = constraint_expr; .
boolean expression

template <class T> ) . .
concept Integer — std::is_integral_v<T>; = Combine with logical operators to create

template <class D, class B> H
concept Derived = std::is_base_of<B, D>; more conwplex reqturen1ents

class Counters; » The requires expression allows creation
template <class T> . . .
concept Integer_ish = Integer<T> || of SyntaCtIC reqL“rementS as shown in the

Derived<T, Counters>; Iast two examples

template <class T>

concept Addable = requires (T a, T b) {
{a+bl};

bi

template <class T>

concept Indexable = requires (T A) {
{ A[OUL] };

bi

IJ JULICH
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CREATING CONCEPTS

template <template-pars> = Out of a simple type_traits style
concept conceptname = constraint_expr; .
boolean expression

template <class T> . i i
concept Integer — std::is_integral_v<T>; = Combine with logical operators to create

template <class D, class B>
concept Derived = std::is_base_of<B, D>; more conwplex reqLurenwents

class Counters; » The requires expression allows creation
template <class T> . . .
concept Integer ish - Integer<T> || of syntactic requirements as shown in the

Derived<T, Counters>; Iast two examples

template <class T>

concept Addable = requires (T a, T b) {
{a+bl};

i

template <class T>

concept Indexable = requires (T A) {
{ A[OUL] };

bi
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CREATING CONCEPTS

template <template-pars>
concept conceptname = constraint_expr;

template <class T>

concept Integer = std::is_integral_ v<T>;
template <class D, class B>

concept Derived = std::is_base_of<B, D>;
class Counters;

template <class T>

concept Integer_ish = Integer<T> ||

Derived<T, Counters>;

template <class T>

concept Addable = requires (T a, T b) {
{a+bl};

i

template <class T>

concept Indexable = requires (T A) {
{ A[OUL] };

bi
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= Out of a simple type_traits style
boolean expression

= Combine with logical operators to create
more complex requirements

= The requires expression allows creation
of syntactic requirements as shown in the
last two examples.
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CREATING CONCEPTS

template <template-pars>
concept conceptname = constraint_expr;

template <class T>
concept Integer = std::is_integral_ v<T>;
template <class D, class B>
concept Derived = std::is_base_of<B, D>;
class Counters;
template <class T>
concept Integer_ish = Integer<T> ||
Derived<T, Counters>;
template <class T>
concept Addable = requires (T a, T b) {
{a+Db};
bi
template <class T>
concept Indexable = requires (T A) {
{ A[OUL] };
bi
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= The requires expression can contain a
parameter list and a brace enclosed
sequence of requirements, which can be:

= type requirements, e.g., typename
T::value_type;

= simple requirements as shown on the left

= compound requirements with optional

return type constraints, e.g.,
{ A[OUL] } —> convertible_to<int>;

IJ JULICH
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USING CONCEPTS

template <class T>
requires Integer_ish<T>
auto categ0(T&& i, double x) —-> T;

template <class T>
auto categl (T&& i, double x) -> T
requires Integer_ish<T>;

template <Integer_ish T>
auto categ2 (T&& i, double x) —-> T;

void erase (Integer_ish autoss 1)

Member of the Helmholtz Association 19 - 23 May 2025

To constrain template parameters, one can

place a requires clause immediately
after the template parameter list

place a requires clause after the
function parameter parentheses

Use the concept name in place of
class or typename in the template
parameter list

Use ConceptName auto in the
function parameter list

IJ JULICH
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void erase (Integer_ish autoss 1)
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To constrain template parameters, one can

= place a requires clause immediately
after the template parameter list

= place a requires clause after the
function parameter parentheses

= Use the concept name in place of
class or typename in the template
parameter list

= Use ConceptName auto in the
function parameter list
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USING CONCEPTS
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To constrain template parameters, one can
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after the template parameter list
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function parameter parentheses
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USING CONCEPTS

template <class T>
requires Integer_ish<T>
auto categ0(T&& i, double x) —-> T;

template <class T>
auto categl (T&& i, double x) -> T
requires Integer_ish<T>;

template <Integer_ish T>
auto categ2 (T&& i, double x) —-> T;

void erase(Integer_ish auto&s& 1)
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To constrain template parameters, one can

= place a requires clause immediately
after the template parameter list

= place a requires clause after the
function parameter parentheses

= Use the concept name in place of
class or typename in the template
parameter list

= Use ConceptName auto in the
function parameter list
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DECLARING FUNCTION INPUT PARAMETERS WITH
AUTO

1 template <class T>
2 auto sqgr(const T& x) { return x * x; }

= Because of syntax introduced for functions with constrained templates in C+-+20,
we have a new way to write fully unconstrained function templates...

@) JULICH
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DECLARING FUNCTION INPUT PARAMETERS WITH
AUTO

1 auto sqgr (const auto& x) { return x x x; }

» Because of syntax introduced for functions with constrained templates in C+-+20,
we have a new way to write fully unconstrained function templates...

= Functions with auto in their parameter list are implicitly function templates

l) JULICH
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DECLARING FUNCTION INPUT PARAMETERS WITH
AUTO

Exercise 3.2:

The program examples/gcd_w_concepts.cc shows a very small concept definition and
its use in a function calculating the greatest common divisor of two integers.

Exercise 3.3:

The series of programs examples/generic_funcl.cc through generic_funcéd.cc
shows some trivial functions implemented with templates with and without constraints.
The files contain plenty of comments explaining the rationale and use of concepts.

9 JULICH
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OVERLOADING BASED ON CONCEPTS

template <class N> = Constraints on template parameters are

concept Number - std::floating_point<N> notjust “documentation” or
or std::integral<N>; .
decoration.

void proc (Number auto&& x) |
std::cout << "Called proc for numbers";

}

auto main() -> int {
proc(-1);
proc (88UL) ;

proc(3.141);

(
proc("0118 999 88199 9119725 3");
(
proc (

"eighty"s);

@ » JULICH
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OVERLOADING BASED ON CONCEPTS

template <class N>
concept Number = std::floating_point<N>
or std::integral<N>;

template <class N>
concept NotNumber = not Number<N>;
void proc (Number auto&& x) |

std::cout << "Called proc for numbers";
}
void proc (NotNumber auto&s x) {

std::cout << "Called proc for non—numbers";

}

auto main() -> int {
proc(-1);
proc (88UL) ;

proc(3.141);

(
proc("0118 999 88199 9119725 3");
(
proc ("eighty"s);
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= Constraints on template parameters are
not just “documentation” or
decoration.

= The compiler can choose between
different versions of a function based
on concepts
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OVERLOADING BASED ON CONCEPTS

template <class N>
concept Number = std::floating_point<N>
or std::integral<N>;

template <class N>
concept NotNumber = not Number<N>;
void proc (Number auto&& x) |

std::cout << "Called proc for numbers";
}
void proc (NotNumber auto&s x) {

std::cout << "Called proc for non—numbers";
}
auto main() -> int {

proc(-1);

proc (88UL) ;

proc("0118 999 88199 9119725 3");

proc(3.141);

proc("eighty"s);

Member of the Helmholtz Association 19 - 23 May 2025

= Constraints on template parameters are
not just “documentation” or
decoration.

= The compiler can choose between
different versions of a function based
on concepts

= The version of a function chosen
depends on properties of the input
types, rather than their identities. “It's
not who you are underneath, it's what
you (can) do that defines you."
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OVERLOADING BASED ON CONCEPTS

template <class N> = During overload resolution, in case
concept Number = std::floating point<N> multiple matches are found, the most
or std::integral<N>; : . !
template <class N> constrained overload is chosen.
concept NotNumber = not Number<N>;
void proc (Number auto&& x) |
std::cout << "Called proc for numbers";
}
void proc (NotNumber auto&s x) {
std::cout << "Called proc for non—numbers";
}
auto main() -> int {
proc(-1);
proc (88UL) ;
proc("0118 999 88199 9119725 3");
proc(3.141);
proc ("eighty"s) ;

@) JULICH
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OVERLOADING BASED ON CONCEPTS

template <class N> = During overload resolution, in case

concept Number = std::floating point<N> multiple matches are found, the most
or std::integral<N>;

template <class N> constrained overload is chosen.

concept NotNumber = not Number<N>; . .

void proc (Number autoss x) { = Not based on any inheritance
std::cout << "Called proc for numbers"; .

) relationships

void proc (NotNumber auto&s x) {
std::cout << "Called proc for non—numbers";
}
auto main() -> int {
proc(-1);
proc (88UL) ;
proc("0118 999 88199 9119725 3");
proc(3.141);
proc ("eighty"s) ;
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OVERLOADING BASED ON CONCEPTS

template <class N>
concept Number = std::floating_point<N>
or std::integral<N>;

template <class N>
concept NotNumber = not Number<N>;
void proc (Number auto&& x) |

std::cout << "Called proc for numbers";
}
void proc (NotNumber auto&s x) {

std::cout << "Called proc for non—numbers";
}
auto main() -> int {

proc(-1);

proc (88UL) ;

proc("0118 999 88199 9119725 3");

proc(3.141);

proc("eighty"s);
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= During overload resolution, in case
multiple matches are found, the most
constrained overload is chosen.

= Not based on any inheritance
relationships

= Not a “quack like a duck, or bust”
approach either.
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OVERLOADING BASED ON CONCEPTS

template <class N>
concept Number = std::floating_point<N>
or std::integral<N>;

template <class N>
concept NotNumber = not Number<N>;
void proc (Number auto&& x) |

std::cout << "Called proc for numbers";
}
void proc (NotNumber auto&s x) {

std::cout << "Called proc for non—numbers";
}
auto main() -> int {

proc(-1);

proc (88UL) ;

proc("0118 999 88199 9119725 3");

proc(3.141);

proc("eighty"s);
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= During overload resolution, in case
multiple matches are found, the most
constrained overload is chosen.

= Not based on any inheritance
relationships

= Not a “quack like a duck, or bust”
approach either.

= Entirely compile time mechanism
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Exercise 3.4:

Check how you can use concepts to implement alternative versions of a function based
on properties of the input parameters! The program
examples/overload_w_concepts.cc contains the code just shown. Can you
add another overload that is picked if the input type is an array? This means, if X is the
input parameter, X [1i] is syntactically valid for unsigned integer i. The array version
should be picked up if the input is a vector, array, etc. , but also string. How
would you prevent the st ring and C-style strings picking the array version?

lJ JULICH
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PREDEFINED USEFUL CONCEPTS

Many concepts useful in building our own concepts are available in the standard library
header <concepts>.

same_as
convertible to

signed_ingegral,
unsigned_integral

floating_point

assignable_from

swappable, swappable_with

Member of the Helmholtz Association
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derived_from

move_constructible,
copy_constructible

invocable
predicate

relation

IJ JULICH
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CONCEPTS: SUMMARY

\ f(those who can fly)
— :<\
‘-i:j f(runners)
f(swimmers)

@) JULICH
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Chapter 4

SOLID principles

l) JULICH
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DESIGN GOALS

= Correctness
= Readability
= Extendability
= Speed

= Adaptability

Member of the Helmholtz Association

19 - 23 May 2025

A large scale software project is better off
being built out of components which are
resilient to unforeseen changes.
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DEPENDENCIES

= Impede modifications = Good design helps us control
= Hamper testing dependencies.
= Increase rebuild times = Variation points

= Flexible adaptible software

Guideline: Keep dependencies among software components to a minimum.

IJ JULICH
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ENCAPSULATION

= Member functions abstracting

properties

= Resilient to internal data reorganisation

= More flexible design

Member of the Helmholtz Association
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class complex_number

public:

double real, imag;
double modulus () ;

’

class complex number {

public:
auto
auto
void
void
auto

real () const —-> double;
imag () const —-> double;
real (double x);

imag (double x);

modulus () const —-> double;
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ENCAPSULATION

. SCOtt hﬂeyer: degree of encapSU|atk)n is // Class definition: bare essentials

H H namespace ns {
gauged by the number of things which olase Exemple (

break if the internal design changes public:
i auto propertyl () const -> double;
= Less member functions : better! auto property2() const -> double;
}i
= |f a function can be implemented as a }
non-friend, non-member function, it // Use case 1 header
namespace ns {
ShOUld be. auto calc (Example & ex) {

//ex.propertyl () + ...
//ex.property2 () ;
return haha;

}

}
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THE SOLID PRINCIPLES

= Single responsibility principle

Open-closed principle

Liskov's substitution principle

Interface segregation principle

Dependency inversion principle
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SRP: THE SINGLE RESPONSIBILITY PRINCIPLE

Every class should have a single responsibility and that responsibility should be entirely
encapsulated by that class.

= However tempting it might seem, avoid .j.ss Rectangle {

i H public:
adding member functions not related to soto area() const —» double;

the core idea of the class auto width() const —> double;
i . , auto height () const -> double;
= Related principle: Don't repeat yourself. void width (double x);
. . void height (double x);
Avoids opportunity for bugs and void draw() const;
reduces maintenance overhead. bi
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OCP: THE OPEN CLOSED PRINCIPLE

A software component should be open for extension, but closed for modifications.

= Closed: can be used by other components. Well defined stable interface.
= Open: Available for extension. Add new data fields, new functionality.

= Inheritance (possibly from abstract base classes)
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LSP: LISKOV’S SUBSTITUTION PRINCIPLE

"If, for each object o; of type S, there is an object o, of type T, such that for all
programs P defined in terms of T, the behaviour of P is unchanged when o; is
substituted for o,, then S is a subtype of T."

— Barbara Liskov

= Subtypes must be able to substitute the base type
= Deriving type fully reflects the behaviour of the base class
= True "is a" relationship

= Guideline: Don't inherit and then restrict the derived class so that it loses some
behaviour expected from the base class
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ISP: THE INTERFACE SEGREGATION PRINCIPLE

Clients should not be forced to depend on methods they do not use.

= See under "encapsulation" above

= Avoid "fat" classes. When one client forces a change, every other client is affected,
even if they are not using the same part of the fat class.

= Think how the functionality available through the namespace std is segregated.
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DIP: THE DEPENDENCY INVERSION PRINCIPLE

High-level modules should not depend on low level modules. Both should depend on
abstractions.

Abstractions should not depend on details. Details should depend on abstractions.

= High level components own the interface they depend on.
= They specify their requirements.

= If low level components implement that interface, they can be used with the high
level client interface.

= Cut the dependency chain
= Adaptor layers
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SUMMARY: SOLID PRINCIPLES

= Avoiding tight coupling between different components may require extra work at
first, but wins out in the life time of a project.

= Assign responsibilities carefully.

= SOLID principles are known to help develop and maintain flexible software.
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Chapter 5
L ambda functions
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FUNCTION LIKE ENTITIES

In C++4, there are a few different constructs which can be used in a context

requiring a “function”

not, virtual or not ...)

type of callable object

class Wave {

double A, ome, pha;

public:

auto operator () (double t) -> double {
return A  sin(ome * t + pha);

}

bi
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Functions in all varieties constitute one category (inline or not, constexpr or
Classes may overload the function call operator operator () to give us another

Lambda functions are similar, language provided entities

void elsewhere () {
Wave W{1.0, 0.15, 0.9};
for (auto i = 0; i < 100; ++1i) {
std::cout << i << W(i) << "\n";

}
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LAMBDA FUNCTIONS

= Locally defined callable entities sort (begin (v), end(v), [](auto x, auto y) {
- USGS . return x > y;
. Ef.Fe?ct.lve use of STL const auto inp file = []
= |nitialisation of const string resourcefl;
cout << "resource file : ";
- Concurrency cin >> resourcefl;
= New loop styles return resourcefl;
] }O
= Like a function object defined on the = tbb::parallel for(o, 1000000, [](int i) {
// process element 1
spot b

= Fine grained control over the visibility
of the variables in the surrounding
scope
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LAMBDA FUNCTIONS

Function Lambda expression
auto sqgr (double x) —-> double auto lsqr = [] (double x) —-> double
{ {
return x * X;
} bi
= Normal C++ functions can not be defined in block scope

return x * X;

= Lambda expressions are expressions, which when evaluated yield callable entities.
Like 2° is an expression, which when evaluated yields 512.

= Such callable entities can be created in global as well as block scope

Member of the Helmholtz Association
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LAMBDA FUNCTIONS

Function Lambda expression
auto sqgr (double x) —-> double auto lsgr = [] (double x) —-> double
{ {
return x * X;
} }i
= The lambda expression contains information which is used to make the callable
entity: such as, expected input, output and the body("“recipe”).

= Unlike normal functions, which have names, these callable entities themselves are

nameless, but named variables can be constructed out of them, if desired. Those
named variables can then be used like functions.

return x * X;
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LAMBDA FUNCTIONS

Function Lambda expression
auto sqgr (double x) —-> double auto lsgr = [] (double x) —-> double
{ {

return x * X; return x * X;

} i
= The lambda expression contains information which is used to make the callable
entity: such as, expected input, output and the body("“recipe”).

= Unlike normal functions, which have names, these callable entities themselves are
nameless, but named variables can be constructed out of them, if desired. Those
named variables can then be used like functions.
std::vector X{0.1, 0.2, 0.3, 0.4};
auto sgsum = 0.;
for (auto 1 = 0UL; i < X.size(); ++i) {

sgsum += sqr (X[1]);
}
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LAMBDA FUNCTIONS

Function Lambda expression
auto sqgr (double x) —-> double auto lsgr = [] (double x) —-> double
{ {

return x * X; return x * X;

} i
= The lambda expression contains information which is used to make the callable
entity: such as, expected input, output and the body("“recipe”).

= Unlike normal functions, which have names, these callable entities themselves are
nameless, but named variables can be constructed out of them, if desired. Those
named variables can then be used like functions.
std::vector X{0.1, 0.2, 0.3, 0.4};
auto sgsum = 0.;
for (auto 1 = 0UL; i < X.size(); ++i) {
sgsum += lsqr(X[1]);
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LAMBDA FUNCTIONS
template <Callable F>
auto aggregate (const std::vector<double>& inp, F f) —-> double

{
auto s{0.};
for (auto i = 0UL; i < inp.size(); ++i) { s += f£(inpl[il); }
return s;

}

= Typical use: arguments to higher order functions. Function parameter that specifies
an operation to be performed on a value or (as in this case) a range of values

IJ JULICH
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LAMBDA FUNCTIONS

template <Callable F>
auto aggregate (const std::vector<double>& inp, F f) —-> double

{
auto s{0.};
for (auto 1 = 0UL; 1 < X.size(); ++i) {

return s;

s += £(X[1]); }

}

//
std::vector X{0.1, 0.2, 0.3, 0.4};

auto sgsum = aggregate (X, sqgr);
= Typical use: arguments to higher order functions. Function parameter that specifies

an operation to be performed on a value or (as in this case) a range of values

= Named callable entities can be used when available.

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 269 Forschungszentrum



LAMBDA FUNCTIONS

template <Callable F>
auto aggregate (const std::vector<double>& inp, F f) —-> double

{
auto s{0.};
for (auto 1 = 0UL; 1 < X.size(); ++i) {

return s;

s += £(X[1]); }

}

//
std::vector X{0.1, 0.2, 0.3, 0.4};

auto sgsum = aggregate (X, 1lsqr);
= Typical use: arguments to higher order functions. Function parameter that specifies

an operation to be performed on a value or (as in this case) a range of values

= Named callable entities can be used when available.
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LAMBDA FUNCTIONS

template <Callable F>
auto aggregate (const std::vector<double>& inp, F f) —-> double

{

auto s{0.};
for (auto i = 0UL; i < X.size(); ++1i) { s += £(X[1i]); }

return s;

}

/S ...
std::vector X{0.1, 0.2, 0.3, 0.4};
auto sgsum = aggregate (X, [] (double x) -> double { return x * x; });

= Typical use: arguments to higher order functions. Function parameter that specifies
an operation to be performed on a value or (as in this case) a range of values

= Named callable entities can be used when available.
= Often it is more convenient to pass a lambda expression, and let the higher order

function create the callable entity it needs!
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CAPTURE BRACKETS

= Suppose we want to transfer some elements from one vector to another
std: :vector<int> v{1, -1, 9, 3, 4, -7, 3, -2}, w;
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CAPTURE BRACKETS
= Suppose we want to transfer some elements from one vector to another
std: :vector<int> v{1, -1, 9, 3, 4, -7, 3, -2}, w;
= Copy to w all positive elements
copy_if(v.begin(), v.end(), back_inserter (w),
[]1(int i) { return i>0; 1});

IJ JULICH
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CAPTURE BRACKETS
= Suppose we want to transfer some elements from one vector to another
std: :vector<int> v{1, -1, 9, 3, 4, -7, 3, -2}, w;
= Copy to w all positive elements
copy_if(v.begin(), v.end(), back_inserter (w),
[]1(int i) { return i>0; 1});
= Copy to w all elements larger than a user specified value
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CAPTURE BRACKETS

= Suppose we want to transfer some elements from one vector to another
std: :vector<int> v{1, -1, 9, 3, 4, -7, 3, -2}, w;
= Copy to w all positive elements
copy_if(v.begin(), v.end(), back_inserter (w),
[]1(int i) { return i>0; 1});
= Copy to w all elements larger than a user specified value

= This does not work
std::cin >> lim;
copy_if(v.begin(), v.end(), back_inserter (w),
[](int 1) { return 1 > 1lim ;});
// Lambda function has its own scope,
// and lim is not visible
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CAPTURE BRACKETS

= A way to make the lambda selectively aware of chosen variables in its context:
std::cin >> 1lim;
copy_if(v.begin(), v.end(), back_inserter(w),
[lim] (int i) { return i > lim; });
// Lambda function "captures" 1im, and 1lim 1s now
// visible inside the Ilambda

IJ JULICH
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LAMBDA EXPRESSIONS: SYNTAX

[capture] <templatepars> (arguments) lambda-specifiers { body }
= Variables in the body of a lambda function are either passed as function arguments

or "captured", or are global variables

= Function arguments field is optional if empty. e.g. [&cc]{ return cc++; }

= The lambda-specifiers field can contain a variety of things: Keywords mutable,
constexpr or consteval, exception specifiers, attributes, the return type, and
any requires clauses. All of these are optional.

= The return type is optional if there is one return statement. e.g.
[a,b,c] (int i) mutable { return axixi + bxi + c; }

= The optional keyword mutable can be used to create lambdas with state

= auto can be used to declare the formal input parameters of the lambda (since
C+-+14)

= Template parameters can be optionally provided where shown (since C++-20)
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EXPLICIT TEMPLATE PARAMETERS FOR LAMBDA
FUNCTIONS

// examples/saxpy_2.cc
// includes ...

auto main() —-> int {
const std::vector inpl { 1., 2., 3., 4., 5. };
const std::vector inp2 { 9., 8., 7., 6., 5. };
std: :vector outp(inpl.size(), 0.);
auto saxpy = []l<class T, class T_in, class T_out>
(T a, const T_in& x, const T_in& y, T_outs z) {
std: :transform(x.begin(), x.end(), y.begin(), z.begin(),
[a]l (T X, T Y){ return a = X + Y; });
bi
std::ostream_iterator<double> cout { std::cout, "\n" };

saxpy (10., inpl, inp2, outp);
copy (outp.begin (), outp.end(), cout);
}

For normal function templates, we could easily express relationships among the types of
different parameters. With C+4-20, we can do that for generic lambdas as well
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LAMBDA CAPTURE SYNTAX |

[capture]<templatepars> (arguments) lambda-specifiers { body }

= [ ](int a, int b) -> bool { return a > b;} : Capture nothing.
Work only with the arguments passed, or global objects.

[=] (int a) —> bool {return a > somevar;} : Capture everything
needed by value.

[&] (int a) {somevar += a;} : Capture everything needed by reference.
[=, &somevar] (int a) { somevar += max(a,othervar),; }:
somevar by reference, but everything else as value.

[a,&b]{ f(a,b); } : a byvalue, b by reference.

[a=std::move (b)]{ f(a,b); 1} : Init capture. Create a variable a with the
initializer given in the capture brackets. It is as if there were an implicit auto
before the a.
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Exercise 5.1:

The program lambda_captures.cc (alternatively, notebook
lambda_practice_1.ipynb) declares a variable of the Vbose type (with all
constructors, assignment operators etc. written to print messages), and then defines a
lambda function. By changing the capture type, and the changing between using and not
using the Vbose value inside the lambda function, try to understand, from the output,
the circumstances under which the captured variables are copied into the lambda. In the
cases where you see a copy, where does the copy take place ? At the point of declaration
of the lambda or at the point of use 7
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LAMBDA FUNCTIONS: CAPTURES

= Imagine there is a variable int p=5 defined previously

@) JULICH
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LAMBDA FUNCTIONS: CAPTURES

= Imagine there is a variable int p=5 defined previously

= We can “capture” p by value and use it inside our lambda
auto L = [p] (int 1i){ std::cout << i%3 + p; };
L(3); // result : prints out 14

auto M = [pl(int i){ p = ix3; }; // syntax error! p is read-only!
@) JULICH
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LAMBDA FUNCTIONS: CAPTURES

= Imagine there is a variable int p=5 defined previously
= We can “capture” p by value and use it inside our lambda

auto L = [p] (int 1i){ std::cout << i%3 + p; };
L(3); // result : prints out 14
auto M = [pl(int i){ p = ix3; }; // syntax error! p is read-only!

= We can capture p by value (make a copy), but use the mutable keyword, to let

the lambda function change its local copy of p
auto M = [p] (int i) mutable { return p += ix3; };
std::cout << M(1l) << "™ "; std::cout << M(2) <<" "; std::cout << p <<"\n";
// result : prints out "8 14 5"
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LAMBDA FUNCTIONS: CAPTURES

= Imagine there is a variable int p=5 defined previously
= We can “capture” p by value and use it inside our lambda
auto L = [p] (int 1i){ std::cout << i%3 + p; };
L(3); // result : prints out 14
auto M = [pl(int i){ p = ix3; }; // syntax error! p is read-only!
= We can capture p by value (make a copy), but use the mutable keyword, to let
the lambda function change its local copy of p
auto M = [p] (int i) mutable { return p += ix3; };
std::cout << M(1l) << "™ "; std::cout << M(2) <<" "; std::cout << p <<"\n";
// result : prints out "8 14 5"
= We can capture p by reference and modify it
auto M = [&p] (int i) { return p += ix3; };
std::cout << M(1l) << " "; std::cout << M(2) << " "; std::cout << p << "\n";

// result : prints out "8 14 14"
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NO DEFAULT CAPTURE!

Capture nothing

I —

[

[ ] Capture used by value (copy)

[=, &x] Capture used by value, except x by reference
[&] Capture used by reference

[&, x] Capture used by reference, except x by value
[a=init] Init capture

= A lambda with empty capture brackets is like a local function, and can be assigned
to a regular function pointer. It is not aware of identifiers defined previously in its
context

= When you use a (non-global) variable defined outside the lambda in the lambda, you
have to capture it
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STATEFUL LAMBDAS

= Mutable lambdas have "state", and remember any changes to the values captured
by value

= Combined with "init capture", gives us interesting generator functions

vector<int> v, w;

generate_n (back_inserter(v), 100, [i=0] () mutable {
++1i;
return ix*i;

}) i

// v =1[1, 4, 9, 16 ... ]
generate_n (back_inserter(w), 50, [i=0, j=1]() mutable {
i = std::exchange(]j, j+i); // exchange(a,b) sets a to b and returns the old value o

return i;
b
// See the videos on Fibonacci sequence on the
// YouTube channel "C++ Weekly" by Jason Turner
// w=1[1, 1, 2, 3, 5, 8, 11 ...]
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The program mutable_lambda.cc shows the use of mutable lambdas for sequence
initialisation.
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MEMORY MANAGEMENT ERRORS

auto somefunc (inputpars)
{ ~~ outputtype Danger: memory leak.

autox heapblock

= new double[1024];

// calculations

// calculations

// calculations

return res;

// Oops! Forgot to delete!
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= Explicit handling of heap
allocation /deallocation is error prone.
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MEMORY MANAGEMENT ERRORS

= Explicit handling of heap
auto somefunc (inputpars) allocation/deallocation is error prone.
~7 outputtype Danger: memory leak.

{
autox heapblock = Must match new with delete in code

= new double[1024];
// calculations
// calculations
// calculations
delete [] heapblock;
return res;
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MEMORY MANAGEMENT ERRORS
= Explicit handling of heap

auto somefunc (inputpars) allocation/deallocation is error prone.
{ ~- outputtype Danger: memory leak.
autox heapblock = Must match new with delete in code

= new double[1024];
// calculations
// throw an exception!
// calculations
delete [] heapblock;
return res;

= Even then, leak can happen: e.g., when
the code never reaches the delete

IJ JULICH
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MEMORY MANAGEMENT ERRORS
= Explicit handling of heap

auto somefunc (inputpars) allocation /deallocation is error prone.
{ ~~ outputtype Danger: memory leak.
auto heapblock = = Must match new with delete in code
make_unique<double[]>(1024); = Even then, leak can happen: e.g., when
// calculations
. the code never reaches the delete
// throw an exception!
// => unique_ptr cleans up = Use RAII for resource management
return res; instead.

// unique_ptr cleans up

IJ JULICH
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MEMORY MANAGEMENT ERRORS

auto somefunc (inputpars)
—> outputtype
{
auto heapblock =

make_unique<double[]>(1024);

// calculations

// throw an exception!

// => unique_ptr cleans up
return res;

// unique_ptr cleans up

Member of the Helmholtz Association 19 - 23 May 2025

Explicit handling of heap
allocation /deallocation is error prone.
Danger: memory leak.

Must match new with delete in code

Even then, leak can happen: e.g., when
the code never reaches the delete

Use RAII for resource management
instead.

Delegate explicit life time management
of heap resources to smart pointers,
e.g.,, std: :unique_ptr
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DANGERS OF DANGLING POINTERS AND

= While consistent and correct use of
RAIl will avoid heap memory leak
int« ptr = nullptr; errors, other forms of memory errors
if (something) { ist d harder t liminat
auto i — std::stoi(argvill); exist, and are harder to eliminate
ptr = &i;
std::cout << "ptr is pointing"
<< " at ll<< *ptr << ||\n"’.
}
// ptr still in scope,

// but i isn't!

std: :cout << *ptr << "\n";

// dangling —-—> dereference ——>
// undefined behaviour!
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REFERENCES

intx ptr = nullptr;

if (something) {
auto 1 = std::stoi(argv[l]);
ptr = &i;
std::cout << "ptr is pointing"

<< " at "<< xptr << "\n";
}
// ptr still in scope,

// but i isn't!

std: :cout << *ptr << "\n";

// dangling —-—> dereference ——>
// undefined behaviour!

Member of the Helmholtz Association
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DANGERS OF DANGLING POINTERS AND

= While consistent and correct use of
RAIl will avoid heap memory leak
errors, other forms of memory errors
exist, and are harder to eliminate

= When storing addresses in pointers, we
have to ensure that the pointer is not
used beyond the scope of the object it
points at.
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DANGERS OF DANGLING POINTERS AND
REFERENCES

= While consistent and correct use of

auto calc(double inp) RAIl will avoid heap memory leak
—> const doubles errors, other forms of memory errors

{ . . exist, and are harder to eliminate
auto loc = inp * inp; !
// Returning ref to local: = When storing addresses in pointers, we
return loc; // Bad idea! have to ensure that the pointer is not

} o
void elsewhere () used beyond the scope of the object it

{ points at.
auto&s res = calc(4); = |f we return a reference from a function,
std::cout << res << "\n"; i
) we must make sure, it is not a reference
to a temporary object.

l) JULICH
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DANGERS OF DANGLING POINTERS AND
REFERENCES

{

std::vector v{l, 2, 3};
autoé& vstart = v.front();
v.push_back (4);

// may invalidate vstart
v.push_back (5);
v.push_back (6);
v.push_back (7);

std::cout << vstart << "\n";
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= While consistent and correct use of
RAIl will avoid heap memory leak
errors, other forms of memory errors
exist, and are harder to eliminate

= When storing addresses in pointers, we
have to ensure that the pointer is not
used beyond the scope of the object it
points at.

= |f we return a reference from a function,
we must make sure, it is not a reference
to a temporary object.
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DANGERS OF DANGLING POINTERS AND
REFERENCES

{

std::vector v{l, 2, 3};
autoé& vstart = v.front();
v.push_back (4);

// may invalidate vstart
v.push_back (5);
v.push_back (6);
v.push_back (7);

std::cout << vstart << "\n";

Member of the Helmholtz Association

If we store references to heap object
components, operations on the owning
entity may invalidate the reference

19 - 23 May 2025

= While consistent and correct use of

RAIl will avoid heap memory leak
errors, other forms of memory errors
exist, and are harder to eliminate

= When storing addresses in pointers, we

have to ensure that the pointer is not
used beyond the scope of the object it
points at.

If we return a reference from a function,
we must make sure, it is not a reference
to a temporary object.
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DANGLING —> DEREFERENCE -> UNDEFINED
BEHAVIOUR

Exercise 5.3:
The folder examples/dangling_pr contains examples of the 3 kinds of memory bugs
mentioned in this section. Study them, and check what, if any, errors or warnings the
compiler generates for them. Try compiling with -wa11 wextra. Run them and examine
the results. Try compiling with —-fsanitize=address.

lJ JULICH
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AVOID DANGLING POINTERS AND REFERENCES

Ensure that pointers and references do not outlive the referenced objects

Prefer short lived non-owning pointers

= Do not return references to temporary objects

Avoid storing references to objects on the heap

@) JULICH
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Chapter 6
Standard Template Library

l) JULICH
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STANDARD TEMPLATE LIBRARY

= Utilities = Containers and Strings
= pair, tuple

Algorithms, ranges
= optional, expected, variant,

any

m bitset, bit, endian,
bit_cast safe integral comparisons

m initializer list,
type_traits, concepts

m filesystem, stacktrace

® bind, placeholders, apply
invoke ...

s Date and Time

[terators
= span and string_view

Fast character conversions

Multi-threading, atomic types

Parallel algorithms

Text formatting

Smart pointers

File system
= Random numbers

Regular expressions

l) JULICH
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STL CONTAINERS

= Many easy-to-use sequence types
int sz{}; available in the STL

std::cin => szj » vector : Dynamic array type

// std::vector<double> B(sz,3.0); s 1ist - Linked list

std: :vector B(sz, 3.0); // C++17 —> e - Linked Ui o ]
std::vector c{l, 2, 3, 4}; = map : Sorted associative container
c.push_back (5); // append = unordered_map: Hash table
std::map<string, int> rank; = Not always necessary to explicitly state

rank["Sirius"] = 1; .
rank ["Canopus"] = 2; the element type. If there is an

[
[ o .
for (autoss el: B) print ("{}\n", el); Iinitialiser, element type can be inferred.
(a‘ft°&f [key, Vall]" iank) N = Store a fixed kind of elements,

print ("{} -> {}\n", key, val); determined at the point of declaration.

for

= Form: container<datatype>.

Include file containername 9 JULICH
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STL CONTAINERS

= They can grow at run time (except std: :array)

= Whenever possible, prefer array or vector

@) JULICH
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VECTOR: DYNAMIC ARRAY CLASS TEMPLATE

data data data data data data data data
ijr itr+3
Iterator:
= Element type is a template = |terators are classes which pretend to be pointers
parameter = They can be dereferenced with overloaded » and
= Consecutive elements in —> operators to retrieve an element
memory = They can be moved forward or backward using
= Can be accessed using an overloaded ++ and —— operators
"iterator” = They can be compared for equality or inequality

IJ JULICH
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A LINKED LIST

A linked list is a collection of connected

nodes. Each node has some data, and one

or two pointers to other nodes. They are the

"next" and "previous" nodes in the linked Q- ®
list. When "next" or "previous" does not

exist, the pointer is set to nullptr ndliptr
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A LINKED LIST

When a new element is added to the end of
a list, its "previous" pointer is set to the
previous end of chain, and it becomes the

target of the "next" pointer of the previous Q- ®
end. /
nullptr

IJ JULICH
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A LINKED LIST

New elements can be added to the front or
back of the list with only a few pointers
needing rearrangement.
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A LINKED LIST

Any element in the list can be reached, if
one kept track of the beginning or end of
the list, and followed the "next" and
"previous" pointers.

Member of the Helmholtz Association 19 - 23 May 2025

. data
. data

data

nuIIptr

. data
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A LINKED LIST

A concept of an "iterator" can be devised,
where the ++ and —— operators move to the
next and previous nodes.

Member of the Helmholtz Association 19 - 23 May 2025

Slide 289

/)

JULICH

Forschungszentrum



A LINKED LIST

Inserting a new element in the middle of the
list does not require moving the existing
nodes in memory.

@ » JULICH
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A LINKED LIST

Just rearranging the next and previous
pointers of the elements between which the
new element must go, is enough. This gives
efficient O(1) insertions and deletions.
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A LINKED LIST

Just rearranging the next and previous
pointers of the elements between which the
new element must go, is enough. This gives
efficient O(1) insertions and deletions.
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GENERIC "CONTAINERS"

data data data data data

A A A

~.

(/ begin() )
itr
itr+2

= Can be accessed through a suitably
designed "iterator"

= The data type does not affect the
design — template

= Similarity of interface is by design

Member of the Helmholtz Association 19 - 23 May 2025

= With a standard container c of type C,
it's always possible to use
std: :begin (c) to access the start
and std: :end (c) to access the end

= std: :begin () and std: :end()
return C: :iterator or
C::const_iterator depending on
whether c is const qualified.

= std: :cbegin (c) and

std: :cend(c) return
C::const_iterator types
irrespective of whether c is a const
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STL CONTAINERS

= std::vector<> : dynamic arrays
= std::1list<> : linked lists
B std: :queue<> : queue

» std::deque<> : double ended
queue

» std: :map<A, B> : associative
container

m std: :set<> : store each element
once

Member of the Helmholtz Association 19 - 23 May 2025

Include file names correspond to class
names

= All of them provide corresponding

iterator classes

If iter is an iterator, xiter is data.

= All of them provide member functions

like begin (), end (), size (),
initialiser list constructors, deduction
rules for class template argument
deduction

Since C++17, all of them can infer
element type from initialiser
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STL CONTAINERS

list L{1, 2, 3, 4, 5};
// std::list<int>, initialised to 1, 2, 3, 4, 5
auto pp = partition(begin (L), end(L),

[](auto i) { return i % 3 == 0; 1});
decltype (L) M;
M.splice(end (M), L, begin(L), pp);

[ N

All of them are available for use when you import the standard library with
import std;

lJ JULICH
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USING STD::VECTOR

» vector<int> v (10); makes a vector (dynamic array) of 10 integers,
vector v (10, 0.) creates a vector of 10 doubles initialised to 0,

vector v{1U, 2U, 3U} creates a vector of unsigned int with values 1, 2
and 3.

= Efficient indexing operator [], for unchecked element access

= v.at (i) provides range checked access. An exception is thrown if at (i) is
called with an out-of-range i
» std::vector<std::list<userinfo>> wvu(10) ; array of 10 linked lists.

= Insertion operations at the end of the vector and even in the middle are usually fast,
but sometimes involve extra work (next slide)
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

: _ = std::vector may reserve a few
Size Unavailable
B memory extra memory blocks to allow a few

‘ | | | | | I | |-l] quick push_back operations.

= New items are simply placed in the
previously reserved but unused memory
and the size member adjusted.

IJ JULICH
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

: _ = std::vector may reserve a few
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

: _ = std::vector may reserve a few
Size Unavailable
B memory extra memory blocks to allow a few

‘ | | | | | | | |-l] quick push_back operations.

= New items are simply placed in the
previously reserved but unused memory
and the size member adjusted.
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

: _ = std::vector may reserve a few
Size Unavailable
B memory extra memory blocks to allow a few

‘ | | | | | | | |-l] quick push_back operations.

= New items are simply placed in the
previously reserved but unused memory
and the size member adjusted.
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

Size Unavalable = When this is no longer possible, a new
T T T T T |iy.lj Iarge.r memory blc?ck is reserved, e?nd all
previous content is moved or copied to
it.
= A few more quick push_back
Unavailable operations are again possible.

memory

(TT T T T T T T T

Size

Copy or move

New reserved

@) JULICH
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STD::VECTOR: APPENDING ELEMENTS...

Reserved

Size Unavalable = When this is no longer possible, a new
T T T T T |iy.lj Iarge.r memory blc?ck is reserved, e?nd all
previous content is moved or copied to
it.
= A few more quick push_back
Unavailable operations are again possible.

memory

[TT T T T T T T T

Size

Copy or move

New reserved
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GROWING STD::VECTOR: COPY OR MOVE?

Size Unavailable
memory

HEEEEEEEE 0

Copy or move ?

Unavailable
memory

CIT T T T T T T

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
Sice 205
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

HEEEEEEEE ¥

/ xception!

Unavailable
y memory

INEEEEEEEEE

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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= push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

= Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

HEEEEEEEE ¥

[N

,A‘zﬂﬁ“’“ )

Unavailable
memory

|II}‘IIIIIl||||||-l]

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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= push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

= Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers

= Trying to leave the vector unchanged in this
case can again fail because another move
throws an exception
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

[T T T T T T ]

4
/i Exception!

,A‘zﬂﬁ“’“ )

Unavailable
memory

|II}‘IIIIIl||||||-l]

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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= push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

= Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers

= Trying to leave the vector unchanged in this
case can again fail because another move
throws an exception
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

EEEEEEEE 1§

0D
0D
0D
0D

Unavailable
memory

CET T T T 1T T T

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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= push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

= Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers

= Trying to leave the vector unchanged in this
case can again fail because another move
throws an exception

= Scrupulous option: copy.
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

EEEEEEEE 1§

0D
0D
0D
0D

Unavailable
memory

CET T T T 1T T T

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers
Trying to leave the vector unchanged in this
case can again fail because another move
throws an exception

Scrupulous option: copy.

Unless?
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GROWING STD::VECTOR: COPY OR MOVE?

Reserved

Size Unavailable
memory

[T T T T e

Move s noexcept for the element type!

LI

SRON
SROWN
SRON
SRON

Unavailable
memory

CET T T T 1T T T

Size

New reserved

= When relocating older elements
upon a new allocation, does
vector copy them or move
them?
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push_back should either succeed, giving
us a larger vector, or fail, leaving us an
unchanged vector

Moving can be dangerous, as a few move
operations can succeed before one fails with
an exception, leaving two dirty buffers
Trying to leave the vector unchanged in this
case can again fail because another move
throws an exception

Scrupulous option: copy.

Unless?

Unless move is declared noexcept for the

element type ‘J JULICH
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STD::VECTOR

Reserved

= When push_back is no longer
memory . .
EEEEEEEE 1 possible, a new Iarger' memory bloc':k is
reserved, and all previous content is
moved (if element copy is noexcept)
Copy or move or copied to it.

Size Unavailable

Unavailable

= A few more quick push_back
memory . . .
operations are again possible.
EEEEEEEEEENE o peratt Salil pOssi

New reserved

Exercise 6.1:

Construct a list and a vector of 3 elements of the Vbose class from your earlier exercise.
Add new elements one by one and pause to examine the output.
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STD::VECTOR: APPENDING ELEMENTS...

/pu = |f you store pointers, references or
ooy iterators to any element of a vector and
EEEEEEEN 3 g .
then append elements to it, they can
end up attached to heap memory no
longer managed by the vector.

Dangling pointer/reference/iterator.

l) JULICH
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STD::VECTOR: APPENDING ELEMENTS...

/pu = |f you store pointers, references or
ooy iterators to any element of a vector and
EEEEEEEN 9 g .
then append elements to it, they can
end up attached to heap memory no
longer managed by the vector.

Dangling pointer/reference/iterator.
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STD::VECTOR: APPENDING ELEMENTS...

ptr
Unavailable
memory

IIIIIVIIIIII\IHI\E
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= |f you store pointers, references or

iterators to any element of a vector and
then append elements to it, they can
end up attached to heap memory no
longer managed by the vector.
Dangling pointer/reference/iterator.
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STD::ARRAY : ARRAYS WITH COMPILE TIME
CONSTANT SIZE

std: :array<T, N> is a fixed length array of size N holding elements of type T
It implements functions like begin () and end () and is therefore usable with STL
algorithms like transform, generate etc.

The array size is a template parameter, and hence a compile time constant.

m std::array<std::string, 7> week { "Mon", "Tue", "Wed",
"Thu", "Frill, "Sat", "Sun" };

IJ JULICH
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ASSOCIATIVE CONTAINERS: STD::MAP

std: :map<std::string, int> flsize;
flsize["S.dat"]1=123164;
flsize["D.dat"]1=423222;
flsize["A.dat"]=1024;

AW N e

= Think of it as a special kind of "vector" where you can have things other than
integers as indices.

= Template arguments specify the key and data types

= Could be thought of as a container storing (key,value) pairs :
{("S.dat",123164), ("D.dat", 423222), ("A.dat",1024)}

= The less than comparison operation must be defined on the key type

= Implemented as a tree, which keeps its elements sorted

@) JULICH
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A WORD COUNTER PROGRAM

Exercise 6.2:

Fake exercise: Write a program that counts all different words in a text file and prints the
statistics.

import std; A quick histogram!

auto main (int argc, charx argv[]) -> int

{

s std::map<string, unsigned>

std::ifstream fin(argv(1]); is a container which stores an integer,

std::map<std::string, unsigned> fregq;

std::string s; for each unique std: : string key.
while (fin >> s) freqg[s]++; i " . "
for (autoss [word, count] : freq) = The iterator for std: :map “points to
std::print ("{:20} :{:12}\n", 9
word, count); apair<key,value>

@ » JULICH
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STD::UNORDERED_MAP AND

STD::UNORDERED_SET

s el |ls]ls = Like std: :map<k, v> and

IR IR std: :set<v>, but do not sort the

Key || Key || Key || Key || Key elements

= [nternally, these are hash tables,

providing faster element access than
std: :map and std: :set

= Additional template arguments to

specify hash functions

Y

IJ JULICH

Unordered map
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VALARRAY

Another dynamic array type

ude <valarray>

= Mostly intended for numeric operations

void varray_ops ()

{

td:: 1 v1i(0., 1000000UL); 1

stdsvalarzay V100, 100000 = Expression template based whole array

2.resize (1000000UL, 0.); i i

garesize (10000000 007 ey mathematical operations

if (x.sum() < 100.0) { H 1

% = Algorithms through std: :begin (v)
) etc., instead of own member functions

» Bizarre constructor with different
convention compared to any other
container in the STL.

@) JULICH
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SMART POINTERS

OKAY, HUMAN. YOU KNOW WHEN YOURE | AND SUDDENLY You | WELL, THATS \HaT A
HOR? ;3) FALLING ASLEER AND | MISSTEP, STUMBLE, | SEGFAULT FEELS LIKE.
H YOU IMAGINE YOURSELE | AND TOLT AWAKE? )
BEFORE U WALKING OR VEAHI DOUBLE - CHECK. YOUR
HIT (OMPILE) AV SOMETHING, . ;" DAV POINTERS, OKAY?

T -1s8E al

Figure: Source: XKCD (http://xkcd.com)

= RAII (allocation in constructors, de-allocation in desctructor) for memory
management

= 3 kinds of smart pointers were introduced in C++11

= Ordinary (raw) pointers are also still used, but direct heap resource management

through those is discouraged 9 JULICH
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UNIQUE POINTER

1eptr.cc
auto main() -> int {
auto ul = std::make_unique<MyStruct>(1);
'y 2 on't ¢ le

// examp

//auto u2 e
auto u3 = st move (ul)

std::cout << "Data value for u3 is u3->vl = " << u3->vl <<'\n';
auto u4 = std::make_unique<MyStruct[]>(4);

Smart pointer: The data pointed to is freed when the pointer expires

Exclusive access to resource

Can not be copied (deleted copy constructor and assignment operator)

Data ownership can be transferred with std: :move

Can create single instances as well as arrays through make_unique

l) JULICH
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SHARED POINTER

// examp edptr.cc
auto main() -> int {
auto ul = std::make_shared<MyStruct>(1);
std::shared_ptr<MyStruct> u2 = ul; // Copy is
std::shared_ptr<MyStruct> u3 = std::move (ul);
std::cout << "Reference count of u3 is "
< u3.use_count () << '\n';

Smart pointer: The data pointed to is freed when the pointer expires
Can share resource with other shared/weak pointers

Can be copy assigned/constructed

Maintains a reference count ptr.use_count ()

IJ JULICH
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WEAK POINTER

// examples/weakptr.cc

auto main() -> int {
auto sl = std::make_shared<MyStruct>(1);
std: :weak_ptr<MyStruct> wl(sl);

std::cout << "Ref count of sl = " << sl.use_count() << '\n';
std::shared_ptr<MyStruct> s3(sl);
std::cout << "Ref count of sl = " << sl.use_count() << '\n';

= Does not own resource

= Can "kind of" share data with shared pointers, but does not change reference count

Exercise 6.3: uniqueptr.cc, sharedptr.cc

Read the 3 smart pointer example files, and try to understand the output. Observe when
the constructors and destructors for the data objects are being called.

9 JULICH
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SPAN

std::vector
m operator|]

m size () and
ssize ()

» begin ()
m end ()
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SPAN

std::vector
m operator|]

m size () and
ssize ()

» begin ()
m end ()
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:ispan

operator (]

size () and

ssize ()
begin ()
end ()
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SPAN

std::vector std::span

m operator|] m operator|]

m size () and m size () and

ssize () ssize()
» begin () = begin ()
= end () = end ()
Contiguous containers span: address and size of pre-existing data
= RAIIl = No resource ownership or management

l) JULICH
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SPAN

std::vector std::span

m operator|] m operator|]

m size () and m size () and

ssize () ssize()
» begin () e = begin ()
= end () = end ()
Contiguous containers span: address and size of pre-existing data
= As long as container exists, elements = Even if span exists, accessibility of data
can be accessed is not guaranteed

IJ JULICH
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SPAN

std::vector std::span

m operator|] m operator|]

m size () and m size () and

ssize () ssize()
» begin () e = begin ()
= end () = end ()
Contiguous containers span: address and size of pre-existing data
= When container has expired, references = When span has expired, references /
/ pointers / iterators to elements are pointers / iterators to elements may
invalidated remain valid

l) JULICH
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STD::SPAN

using std::span;

using std::transform_reduce;

using std::plus;

using std::multiplies;

auto compute (span<const double> u,
span<const double> v) -> double {
return transform_reduce (

, u.end(),

u.begin ()
v.begin ()

4 O'I

plus<double>{},

multiplies<double>({});

}

void elsewhere (doublex x, doublex vy,
unsigned N) {
return compute (span(x, N),

span (y,

N));

Member of the Helmholtz Association

19 - 23 May 2025

Non-owning view type for a contiguous
range

No memory management

Numeric operations can often be
expressed in terms of existing arrays in
memory, irrespective of how they got
there and who cleans up after they
expire

span is designed to be that input for
such functions

Cheap to copy

STL container like interface
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STD::SPAN

Exercise 6.4:

examples/spans is a directory containing the compute function as shown here. Notice
how this function is used directly using C4++ array types as arguments instead of spans,
and indirectly when we only have pointers.

9 JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 309 Forschungszentrum



STL ALGORITHMS

// get a vector from somewhere

auto v = get_vec();
// sort it
std::ranges::sort (v);

// Simplify with namespace aliasing

namespace sr =
sr::sort(v);
// Reverse the vector
sr::reverse(v);
if (sr::contains(x)) {...}
decltype (v) w(v.size(), 0);
sr::transform(v, w.begin(),
return x * x;
1)
sr::partition (v,

std: :ranges;

[] (auto x)

Member of the Helmholtz Association

[] (auto x) {

{ return x < 5.;

19 - 23 May 2025

i

Common operations on collections

Different kinds of loops

Higher order functions

Searching for elements with specific

properties
Partitioning
Left/right shift, rotations

Accumulation
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STL ALGORITHMS

// get a vector from somewhere
auto v = get_vec();
// sort it

std: :sort (v.begin(), v.end());
//
std: :sort (v.begin(), v.end());

// Reverse the vector
std: :reverse (v.begin(), v.end());

decltype (v) w(v.size(), 0);
std::transform(v.begin(), v.end(),
w.begin (),
[] (auto x) {
return x * Xx;
}
)i
std::partition(v.begin(), v.end(),
[] (auto x) { return x < 5.; 1});

Member of the Helmholtz Association 19 - 23 May 2025

Common operations on collections
Different kinds of loops
Higher order functions

Searching for elements with specific
properties

Partitioning
Left/right shift, rotations
Accumulation

Older form uses iterator pairs to convey
bounds
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= The standard library provides a large number of template functions to work with
containers

= Look them up in en.cppreference.com

= Use the suitable STL algorithms to generate successive permutations of the vector

9 JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 311 Forschungszentrum



STL ALGORITHMS: SORTING

m std::sort (iter_1, iter_2) sorts sinciudge <prints

the elements between iterators iter_ 1 #include <algorithm>
#include <vector>
and iter_2 auto main() -> int

{
std: :vector v{2, -3, 7, 4, -1, 9, 0};
// Sort using "<" operator
std::sort (v.begin(), v.end());
std: :println("{}", v);

//Sort using custom comparison
sort (v.begin(), v.end(),
[1(int i, int Jj) |
return i » i < j x J;
P
std: :println("{}", v);

IJ JULICH
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STL ALGORITHMS: SORTING

iter_2) sorts
the elements between iterators iter_ 1

= std: :sort (iter_1,

and iter_ 2

= std: :sort (iter_1,

callable object

Member of the Helmholtz Association

iter_ 2,
sorts the elements between iterators
iter_1 and iter_2 using a custom

comparison method 1t, which could be any

19 - 23 May 2025

#include <print>
#include <algorithm>
#include <vector>
auto main() -> int
{
std: :vector v{2, -3, 7, 4, -1, 9, 0};
// Sort using "<" operator
std::sort (v.begin(), v.end());
std: :println("{}", v);

//Sort using custom comparison
sort (v.begin(), v.end(),
[1(int i, int 3j) {
return i » i < j » J;
P
std: :println("{}", v);
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STL ALGORITHMS: SORTING

m std::sort (iter_1, iter_2) sorts sinciudge <prints
the elements between iterators iter_1 #include <algorithm>
#include <vector>
and iter_Z namespace sr = std::ranges;
auto main() -> int

m std::sort (iter_1, iter_2, 1lt) (
. std::vector v{2, -3, 7, 4, -1, 9, 0};
sorts the elements between iterators J/Sort using "<" operator
g : H sr::sort (v);
1ter_.1 and iter_2 using a custom s rimeth (v )
comparison method 1t, which could be any
. //Sort using custom comparison
Ca”able ObJeCt ranges::sort (v, [](int i, int 7j) {
return i » i < j x j;
» std::ranges: :sort (range) and 1 ;
std: :ranges::sort (range, 1lt) } std::print ("{}", v);
are corresponding versions using a range as

an argument instead of a pair of iterators

Forschungszentrum
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STD::FOR_EACH

std: : for_each is a higher order function, similar to this:

template <class InputIterator, class UnaryFunction>
void for_each (InputlIterator start, Inputlterator end, UnaryFunction f)

{

for (auto it = start; it != end; ++it) f(xit);
}

@ » JULICH
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STD::FOR_EACH

std: : for_each is a higher order function, similar to this:

template <class InputIterator, class UnaryFunction>
void for_each (InputlIterator start, Inputlterator end, UnaryFunction f)
{

for (auto it = start; it != end; ++it) f(xit);

What do the following lines do 7

std::vector X{9, 8, 7, 6, 5, 4, 3, 2, 1, 0};

for_each (X.begin(), X.end(), [] (ints elem){ elem = elem » elem; });
for_each (X.begin(), X.end(), [] (ints elem){ elem —-= 100; 1});
for_each(X.begin(), X.end(), [](int elem){ std::cout << elem << "\n"; });

IJ JULICH
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STD::TRANSFORM

std: :transform is a higher order
function, slightly more general than
std::for_each. It has a few overloads.
One of them is similar to what is shown to

the right...

f(*src);
O

*dest

OO0 e
O

O O O Destination
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STD::TRANSFORM

std: :transform is a higher order

function, slightly more general than
std::for_each. It has a few overloads. ,L

src

One of them is similar to what is shown to g O O O O O Source
the right... T Nt
I T
>
()
©
x

elolololor

dest —»
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STD::TRANSFORM

std: :transform is a higher order
function, slightly more general than
std::for_each. It has a few overloads.

O

One of them is similar to what is shown to g O O O O Source
the right... T

I T

>

()

©

x

OO st

dest ——» O
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Forschungszentrum

Member of the Helmholtz Association 19 - 23 May 2025 Slide 314



STD::TRANSFORM

std: :transform is a higher order
function, slightly more general than

std::for_each. It has a few overloads.

One of them is similar to what is shown to
the right...

Member of the Helmholtz Association 19 - 23 May 2025

= f(*src);

*dest

src

o

O0O0QO =

elolololor

Slide 314

dest —»

9

JULICH

Forschungszentrum



STD::TRANSFORM

std: :transform is a higher order
function, slightly more general than
std::for_each. It has a few overloads.

O =

One of them is similar to what is shown to g O O O O Source
the right... T
I T
>
()
©
x

elelelelel

@ » JULICH
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STD::TRANSFORM

std: :transform is a higher order
function, slightly more general than

std::for_each. It has a few overloads.

One of them is similar to what is shown to
the right...

Member of the Helmholtz Association 19 - 23 May 2025

template <class InputIt, class OutputlIt,
class UnaryFunction>
void transform(InputlIt start, InputIt end,
OutputIt out,
UnaryFunction f)

for (; start != end; ++start, ++out)
~out = f(*xstart);

template <class Range, class OutputIt,
class UnaryFunction>
void transform(Range R,
OutputIt out,
UnaryFunction f)

for (auto i = begin(R); 1 != end(R);
++1i, ++out)
~out = f(*start);

IJ JULICH
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STD:: TRANSFORM

std: :transform is a higher order
function, slightly more general than
std::for_each. It has a few overloads.
One of them is similar to what is shown to
the right...

[ What do the following lines do ?

std::vector X{9, 8, 7, 6, 5, 4, 3, 2, 1, 0};
std: :vector<int> Y;
transform(X.begin (), X.end(),

std: :back_inserter (Y),

[] (int elem) { return elem * elem;

I
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STD::RANGES::TRANSFORM

]
std::
std::
std::
std::

Resu

ranges: :transform(rangel, begin_res, unary_function);
transform(rangel, range2, begin_res, binary_function);
Apply callable object to the sequence and write result starting at a given iterator
location

The container holding result must be previously resized so that it has the right
number of elements

The “result” container can be (one of the) input container(s)
vector v{0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9};

list Ll(v.size(), 0), L2(v.size(), 0);
ranges: :transform(v, Ll.begin(), sin);
ranges::transform(v, L1, L2.begin(), std::max);

[t: L1 contains sin (x) for each x in v, and L2 contains the

greater (x,sin(x))

Member of
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STD:: TRANSFORM

std::
std::
std::
std::

transform(begin_1, end_1, begin_res, un_func);
transform(begin_1, end_1, begin_2, begin_res, bin_func);
Apply callable object to the sequence and write result starting at a given iterator
location

The container holding result must be previously resized so that it has the right
number of elements

The “result” container can be (one of the) input container(s)

vector v{0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9};

list Ll(v.size(), 0), L2(v.size(), 0);

transform(v.begin(), v.end(), Ll.begin(), sin);
transform(v.begin(), v.end(), Ll.begin(), L2.begin(), std::max);

Result: 1 contains sin (x) for each x in v, and L2 contains the
greater (x,sin(x))

Member of
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from
a source sequence to a destination sequence: 5 |
;—Io O O O O O Source
3
E OO0 setmaion
=
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from
a source sequence to a destination sequence: ,L

Q OO0 some

*src;

if (f(*src)) *dest

OO setrton

dest ——
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from
a source sequence to a destination sequence: 5 |
ill @ O O O O Source
E OO0 setmaion
=]
@) JULICH
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from

a source sequence to a destination sequence: o |
;—Io O O O O O Source
3
E O O O O O Destination
=
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from
a source sequence to a destination sequence: ’L

O Q OO0  some

*src;

if (f(*src)) *dest

OO setrton

dest ——
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from

a source sequence to a destination sequence: o |
;—Io O O O O O Source
3
E O O O O O Destination
=
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g

a source sequence to a destination sequence: o |
;—Io O O O O O Source
3
E O O O O O Destination
=
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g

a source sequence to a destination sequence: o )\
il;-lo O O @ O O Source
% Y
E O O O O O Destination

dest ——
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g

a source sequence to a destination sequence: o |
;—Io O O O O O Source
3
E O O O O O Destination
=
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from

src

a source sequence to a destination sequence: o |
;—Io O O O O O Source
3
E O O O O O Destination
= 1
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g
a source sequence to a destination sequence: /_L

O00QO ==

*src;

if (f(*src)) *dest

OO setrton

dest ——
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from

src

a source sequence to a destination sequence: o |
;—Io O O O @ O Source
3
E O O O O O Destination
= 1
@) JULICH
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g
a source sequence to a destination sequence: 5 |
;—Io O O O O O Source
3
E OO0 setmaion
!
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g
a source sequence to a destination sequence: ’_L

O00OY ==

*src;

if (f(*src)) *dest

OO setrton

dest ——
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from g
a source sequence to a destination sequence: 5 |
;—Io O O O O O Source
3
E OO0 setmaion
!
@) JULICH
Slide 317 Forschungszentrum
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FILTERING OPERATIONS

std: :copy_1f Conditionally copies elements from
a source sequence to a destination sequence:

[ What do the following lines do 7 ]

namespace sr = std::ranges;
std::vector X{9, 8, 7, 6, 5, 4, 3, 2, 1, 0};
std::vector<int> Y;
sr::copy_1if (X, std::back_inserter(Y),
[] (int elem){ return elem % 3 == 0; });

Member of the Helmholtz Association 19 - 23 May 2025

*src;

if (f(*src)) *dest

Slide 317
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OO setrton

dest
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Revisit the notebook lambda_practice_0.ipynb and focus this time on the standard
library algorithms used there.
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ALL_OF, ANY_OF, NONE_OF

auto valid(std::string name) -> bool

{

Member of the Helmholtz Association 19 - 23 May 2025 Slide 319

return all_of (name.begin(),name.end(),

[l (char c) { return (isalpha(c)) || isspace(c); 1});

std::all_of (begin_ , end_ , condition) checks if all elements in a
given range satisfy condition

condition is a callable object
std::any_of (begin_ , end_ , condition) checks if any single
element in a given range satisfies condition

std: :none_of (begin_ , end_ , condition) returns true if not a
single element in a given range satisfies condition

IJ JULICH
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ALL_OF, ANY_OF, NONE_OF

auto valid(std::string name) -> bool

{
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return all_of (name,

[l (char c) { return (isalpha(c)) || isspace(c); 1});

std: :ranges::all_of (range , condition) checks if all elements in a
given range satisfy condition

condition is a callable object
std: :ranges::any_of (range , condition) checks if any single
element in a given range satisfies condition

std: :ranges: :none_of (range , condition) returns true if not a
single element in a given range satisfies condition
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ALGORITHMS

vector v{ 1, 2, 3, 4, 5, 6, 7, 8, 9}, w{ 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 };
vector<int> x, vy, z, m;
if (is_sorted(begin(v), end(v)))
cout << "The sequence is sorted in the increasing order.\n";
reverse (v.begin (), v.end());

rotate (v.begin(), v.begin() + 3, wv.end());

sort (begin(v), end(v));

merge (v.begin(), v.end(), w.begin(), w.end(), back_inserter(m));
set_union(v.begin(), v.end(), w.begin(), w.end(), back_inserter (x));
set_intersection(w.begin(), w.end(), v.begin(), v.end(), back_inserter(y));
set_symmetric_difference(v.begin(), v.end(), w.begin(), w.end(), back_inserter(z));
if (is_permutation(z.begin(), z.end(), v.begin(), v.end())) // do something

Exercise 6.7:

A whole lot of operations available for sequence types. The file seqops . cc contains
the operations shown here.

@) JULICH
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ALGORITHMS

Member of the Helmholtz Association 19 - 23 May 2025 Slide 322

for_each (start, end, operation) : As it sounds

find(start, end, what): returns the location of the looked for value, "end"
if not found

find_if (start, end, condition), find the first element satisfying a
condition

copy (startl, endl, start2) : As it sounds

copy_if (startl, endl, start2, criterion) : criterionisa
unary function taking a value of the type found in the sequence and returning true
or false

transform(startl, endl, start2, operation) : applies
operation on every element in the input sequence and writes the results starting
at start?

IJ JULICH
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CONSTRAINED ALGORITHMS (RANGES)

= for_each (range, operation) : As it sounds

= find(range, what): returns the location of the looked for value, "end" if not
found

» find_if (range, condition), find the first element satisfying a condition

= copy (rangel, iterator2) : As it sounds

m copy_if (rangel, iterator2, criterion) : criterion is a unary
function taking a value of the type found in the sequence and returning true or false

» transform(rangel, iterator2, operation) : applies operation

on every element in the input sequence and writes the results starting at
iterator2

IJ JULICH
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ALGORITHMS

vector v{ 1, 2, 3, 4, 5, 6, 7, 8, 9}, w{ 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 };
vector<int> x, vy, z, m;
if (is_sorted(v))
cout << "The sequence is sorted in the increasing order.\n";
reverse (V) ;
rotate (v, v.begin() + 3);
sort (v);
merge (v, w, back_inserter (m));
set_union (v, w, back_inserter(x));
set_intersection(w, v, back_inserter(y));
set_symmetric_difference (v, w, back_inserter(z));
if (is_permutation(zv)) // do something

Exercise 6.8:

The file seqops_range. cc contains the operations shown here. Explore by making
modifications.

@) JULICH
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NUMERIC ALGORITHMS

#include <numeric>

using std::reduce;

using std::transform_reduce;

auto res = reduce (v.begin(), v.end())

auto res = reduce(v.begin(), v.end(),

auto res = reduce(v.begin(), v.end(),
init, std::plus<double>({});

auto res = transform_reduce (
u.begin(), u.end(),
v.begin (), init);

auto res = transform_reduce (
u.begin(), u.end(),
v.begin(), init, reduce_op,

auto res = transform_reduce (
std: :execution: :par,
u.begin(), u.end(),
v.begin(), init, reduce_op,

’
init);

transf_op);

transf_op);

Member of the Helmholtz Association 19 - 23 May 2025

Algorithms focused on numeric
calculations are in the numeric header

= Given b, e as iterators in a range V/,

reduce (b, e):

imb Vi
transform_reduce (b,

i F(V)

i=

e, f):

adjacent_difference (b, e):
Vi, (Vos1 — Vi), (Vs — Vi), .- - }
Parallel versions also in the library

To run the numeric operations in parallel,
use the parallel execution policy
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RANGES

std::vector v{ 1, 2, 3, 4, 5, 6, 7, 8,
// before std::ranges we did this...
std: :reverse(v.begin(), v.end());

std::rotate(v.begin(), v.begin()+3, v.end());

std: :sort (v.begin(), v.end());

std::vector v{ 1, 2, 3, 4, 5, 6, 7, 8,
namespace sr = std::ranges;
sr::reverse (V) ;
sr::rotate (v, v.begin()
sr::sort (v);

+ 3);

e}
—
~

Member of the Helmholtz Association

The <ranges> header defines a set of algorithms taking “ranges” as inputs
instead of pairs of iterators

A range is a concept : something with sr: :begin (), which returns an entity
which can be used to iterate over the elements, and sr: :end () which returns a
sentinel which is equality comparable with an iterator, and indicates when the
iteration should stop.

sr::sized_range : the range knows its size in constant time
input_range, output_range etc. based on the iterator types
borrowed_range : a type such that its iterators can be returned without the
danger of dangling.

view is a range with constant time copy/move/assignment

19 - 23 May 2025
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FUN WITH RANGES AND VIEWS

= The ranges library gives us many useful concepts describing sequences of objects.

= The function template sum in examples/ranges0.cc accepts any input range, i.e.,
some entity whose iterators satisfy the requirements of an input_iterator.

= Notice how we obtain the value type of the range
= Many STL algorithms have range versions since C++-20.

= The range concept is defined in terms of
= the existence of an iterator type and a sentinel type.
= the iterator should behave like an iterator, e.g., allow ++it, xit etc.
= it should be possible to compare the iterators with other iterators or with a sentinel
for equality.
= A begin () function returning an iterator and an end () function returning a

sentinel

IJ JULICH
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FUN WITH RANGES AND VIEWS

// examples/iota.cc = All containers are ranges, but not all

#include <ranges> ranges are containers
#include <iostream>
auto main() -> int { = std::string_view and
namespace sv = std::ranges::views; - i
for (auto i : sv::iota(lUL)) { std: : span are perfectly fine ranges.
if ((i+1) % 10000UL == 0OUL) { . . .
std::cout << i << ' 1; They have iterators with the right
if ((i+1) % 100000UL == 0UL) ; -
s eout o prope.rtles, begin () and end ()
if (i >= 100000000UL) break; functions.

} = Take this further! Create views which
need not actually contain any objects of
= Example: the standard view the sequence, but simply fake it when we
std::views::iota (integer) dereference the iterators.
gives us an infinite sequence of
integers starting at a given value.

IJ JULICH
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FUN WITH RANGES AND VIEWS

// examples/iota.cc
#include <ranges>
#include <iostream>
auto main() -> int {
namespace sv = std::ranges::views;
for (auto 1 : sv::iota(1UL)) {
if ((i+1) % 10000UL == 0QUL) {
std::cout << 1 << ' ';
if ((i+1) % 100000UL == 0UL)
std::cout << '\n';
if (i >= 100000000UL) break;

= Example: the standard view
std::views::iota (integer)
gives us an infinite sequence of
integers starting at a given value.

Member of the Helmholtz Association 19 - 23 May 2025

= All containers are ranges, but not all

ranges are containers

std::string_view and

std: :span are perfectly fine ranges.
They have iterators with the right
properties, begin () and end ()
functions.

Take this further! Create views which
need not actually contain any objects of
the sequence, but simply fake it when we
dereference the iterators.
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FUN WITH RANGES AND VIEWS

// examples/iota.cc
#include <ranges>
#include <iostream>
auto main() -> int {
namespace sv = std::ranges::views;
for (auto 1 : sv::iota(1UL)) {
if ((i+1) % 10000UL == 0QUL) {
std::cout << 1 << ' ';
if ((i+1) % 100000UL == 0UL)
std::cout << '\n';
if (i >= 100000000UL) break;

= Example: the standard view
std::views::iota (integer)
gives us an infinite sequence of
integers starting at a given value.

Member of the Helmholtz Association 19 - 23 May 2025

= All containers are ranges, but not all

ranges are containers

std: :string_view and

std: : span are perfectly fine ranges.
They have iterators with the right
properties, begin () and end ()
functions.

Take this further! Create views which
need not actually contain any objects of
the sequence, but simply fake it when we
dereference the iterators.
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FUN WITH RANGES AND VIEWS

"

%his is onl)ll(the box. The range;{:\
N—

asked for is inside.

std::views::iota

= Example: the standard view
std::views::iota (integer)
gives us an infinite sequence of
integers starting at a given value.
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= All containers are ranges, but not all

ranges are containers

std: :string_view and

std: : span are perfectly fine ranges.
They have iterators with the right
properties, begin () and end ()
functions.

Take this further! Create views which
need not actually contain any objects of
the sequence, but simply fake it when we
dereference the iterators.
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FUN WITH RANGES AND VIEWS

#include <ranges>
#include <iostream>
auto main() —-> int {
namespace sv = std::views;
for (auto i sv::iota (1lUL)) {

if ((i+1) % 10000UL == OUL) {
std::cout << i << ' ';
if ((i+1) % 100000UL == OUL)

std::cout << '\n';
if (i >= 100000000UL) break;

= Example: the standard view
std::views::iota (integer)
gives us an infinite sequence of
integers starting at a given value.
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= All containers are ranges, but not all

ranges are containers

std: :string_view and

std: : span are perfectly fine ranges.
They have iterators with the right
properties, begin () and end ()
functions.

Take this further! Create views which
need not actually contain any objects of
the sequence, but simply fake it when we
dereference the iterators.
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BORROWED RANGES

// examples/dangling0.cc L] The min_element function flndS the

auto get_vec() { .. .
staTveotor vl 2, 4, 15 0. 9 minimum ellement in a range and
return v; returns an iterator

}

auto main() —-> int {
auto v = get_vec();
auto iter = std::min_element (v.begin(),

v.end());
std::cout << "Minimum " << xiter << "\n";

}

Example from a CPPCon 2020 talk by
Tristan Brindle. Link.
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https://www.youtube.com/watch?v=d_E-VLyUnzc

BORROWED RANGES

// examples/dangling0.cc L] The min_element function f|nd5 the

auto get_vec() { .. .
sta:Tvecter w{ 2, 4, 1, 5, 0, 53 minimum element in a range and

return v; returns an iterator

}

auto main() —> int { = |f we feed the output from a function
auto v = get_vec(); . . .
auto iter — sr::min_element (v); directly to the algorithm, it would

receive an iterator to a container that is

std::cout << "Minimum " << xiter << "\n";

} already destructed, i.e., a dangling
Example from a CPPCon 2020 talk by iterator. Dereferencing should therefore
Tristan Brindle. Link. lead to a SEGFAULT.
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https://www.youtube.com/watch?v=d_E-VLyUnzc

BORROWED RANGES

// examples/dangling0.cc

auto get_vec() {
std::vector v{ 2, 4, -1, 8, 0, 9 };
return v;

}

auto main() —-> int {
auto iter = sr::min_element (get_vec());

std::cout << "Minimum " << xiter << "\n";

}

Example from a CPPCon 2020 talk by
Tristan Brindle. Link.

Member of the Helmholtz Association 19 - 23 May 2025

s The min_element function finds the
minimum element in a range and
returns an iterator

= |f we feed the output from a function
directly to the algorithm, it would
receive an iterator to a container that is
already destructed, i.e., a dangling
iterator. Dereferencing should therefore
lead to a SEGFAULT.

= |n reality, what happens is this!
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BORROWED RANGES

// examples/dangling0.cc L] The min_element function f|nd5 the

auto get_vec() { .. .
sta:Tvecter w{ 2, 4, 1, 5, 0, 53 minimum element in a range and

return v; returns an iterator

}

auto main() —> int { = |f we feed the output from a function
auto iter - sr::min_element (get_vec()); directly to the algorithm, it would

receive an iterator to a container that is

std::cout << "Minimum " << xiter << "\n";

} already destructed, i.e., a dangling
Example from a CPPCon 2020 talk by iterator. Dereferencing should therefore
Tristan Brindle. Link. lead to a SEGFAULT.

= |n reality, what happens is this!

error: no match for ‘operatorx’ (operand type is 'std::ranges::dangling')
19 | std::cout << "Minimum value is " << xiter << "\n";
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BORROWED RANGES

// examples/dangling0.cc

auto get_vec() {
std::vector v{ 2, 4, -1, 8, 0, 9 };
return v;

}
auto main() —-> int {

auto iter = sr::min_element (get_vec());

std::cout << "Minimum " << xiter << "\n";

Member of the Helmholtz Association 19 - 23 May 2025

= The ranges algorithms are written with
overloads such that when you pass an
R-value reference of a container as
input, the output type is
ranges: :dangling, an empty
struct with no operations defined.

= iter here will be deduced to be of
type ranges: :dangling, and
hence ~iter leads to that insightful
error message.
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Slide 330 Forschungszentrum



BORROWED RANGES

error: no match for ‘operatorx’ (operand type is 'std::ranges::dangling')
19 | std::cout << "Minimum value is " << xiter << "\n";

= When the input was an L-value reference, the algorithm returning the iterator
returned a valid iterator.

= Therefore: valid use cases work painlessly, and invalid ones result in actionable
insights from the compiler!
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BORROWED RANGES

/) examples/danglingl.cc = Sometimes, an iterator can point to a
static std::vector u{z, 3, 4, -1, 9}; valid element even when the “container”
static std::vector v{3, 1, 4, 1, 5}; .
auto get_vec(int c) -> std::span<int> { (imposter) has been destructed. span,
return { (¢ $ 2 == 0) 2 u : v }; . .
) string_view etc. do not own the
auto main (int argc, charx argv[]) -> int { elements in their range.
auto iter = sr::min_element (get_vec (argc));

// iter is valid, even if its parent span

, = No harm in returning real iterators of
// has expired. . )
std::cout << "Minimum " << siter << "\n"; these objects, even if they are R-values.

@ » JULICH
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BORROWED RANGES

/) examples/danglingl.cc = Sometimes, an iterator can point to a

static std::vector u{2, 3, 4, -1, 9};
static std::vector v{3, 1, 4, 1, 5};
auto get_vec (int c

}

auto main (int argc, charx argv[]) -> int {

}

valid element even when the “container”
) —> std::span<int> { (imposter) has been destructed. span,
return { (¢ $ 2 == 0) 2 u : v }; .
string_view etc. do not own the
. ; elements in their range.
auto iter = sr::min_element (get_vec (argc));
// iter is valid, even if its parent span

: e = No harm in returning real iterators of
// has expired. . )
std::cout << "Minimum " << siter << "\n"; these objects, even if they are R-values.

template <class T>
concept borrowed_range = range<T> &&
(is_lvalue_reference_v<T> || enable_borrowed_range<remove_cvref_ t<T>>)

A borrowed_range is a range so that its iterators can be returned from a function
without the danger of dangling, i.e., it is an L-value reference or
has been explicitly certified to be a borrowed range.
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VIEW ADAPTORS

namespace sv = std::views;
std::vector v{1l,2,3,4,5};

auto v3 = sv::take(v, 3);

// v3 is some sort of object so

// that it represents the first

// 3 elements of v. It does not

// own anything, and has constant
// time copy/move etc. It's a view.

// sv::take() is a view adaptor

Member of the Helmholtz Association 19 - 23 May 2025

= A view is a range with constant time

copy, move etc. Think string_view

A view adaptor is a function object,
which takes a “viewable” range as an
input and constructs a view out of it.
viewable is defined as “either a
borrowed_range or already a view.

View adaptors in the <ranges>
library have very interesting properties,
and make some new ways of coding
possible.

l) JULICH

Slide 333 Forschungszentrum



VIEW ADAPTORS

Adaptor (Viewable) -> View
Viewable | Adaptor -> View

vV | A1 | A2 | A3 -> View

Adaptor (Viewable, Args...) —> View
Adaptor (Args...) (Viewable) -> View
Viewable | Adaptor (Args...) —-> View

Member of the Helmholtz Association 19 - 23 May 2025

A view itself is trivially viewable.

Since a view adaptor produces a view,
successive applications of such adaptors
makes sense.

If an adaptor takes only one argument,
it can be called using the pipe operator
as shown. These adaptors can then be
chained to produce more complex
adaptors.

For adaptors taking multiple arguments,
there exists an equivalent adaptor
taking only the viewable range.
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VIEW ADAPTORS

Adaptor (Viewable) -> View
Viewable | Adaptor -> View

vV | A1 | A2 | A3 -> View

Adaptor (Viewable, Args...) —> View
Adaptor (Args...) (Viewable) -> View
Viewable | Adaptor (Args...) —-> View
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A view itself is trivially viewable.

Since a view adaptor produces a view,
successive applications of such adaptors
makes sense.

If an adaptor takes only one argument,
it can be called using the pipe operator
as shown. These adaptors can then be
chained to produce more complex
adaptors.

For adaptors taking multiple arguments,
there exists an equivalent adaptor
taking only the viewable range.
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VIEW ADAPTORS

Adaptor (Viewable) —> View
Viewable | Adaptor -> View

A view itself is trivially viewable.

Since a view adaptor produces a view,

V | A1l | A2 | A3 ... —> View
successive applications of such adaptors
Adaptor (Viewable, Args...) —> View n1akes sense.
Adaptor (Args...) (Viewable) -> View f
Viewable | Adaptor(Args...) —> View = If an adaptor takes only one argument,

it can be called using the pipe operator
as shown. These adaptors can then be
chained to produce more complex
adaptors.

= For adaptors taking multiple arguments,
there exists an equivalent adaptor
taking only the viewable range.
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VIEW ADAPTORS

Adaptor (Viewable) -> View
Viewable | Adaptor -> View

V | A1 | A2 | A3 ... —> View

Adaptor (Viewable, Args...) —> View
Adaptor (Args...) (Viewable) -> View
Viewable | Adaptor (Args...) -> View
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A view itself is trivially viewable.

Since a view adaptor produces a view,
successive applications of such adaptors
makes sense.

If an adaptor takes only one argument,
it can be called using the pipe operator
as shown. These adaptors can then be
chained to produce more complex
adaptors.

For adaptors taking multiple arguments,
there exists an equivalent adaptor
taking only the viewable range.
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VIEW ADAPTORS

Adaptor (Viewable) -> View
Viewable | Adaptor -> View

V | Al | A2 | A3 ... —> View

Adaptor (Viewable, Args...) —> View
Adaptor (Args...) (Viewable) -> View
Viewable | Adaptor (Args...) —-> View

A view itself is trivially viewable.

Since a view adaptor produces a view,
successive applications of such adaptors
makes sense.

If an adaptor takes only one argument,
it can be called using the pipe operator
as shown. These adaptors can then be
chained to produce more complex
adaptors.

For adaptors taking multiple arguments,
there exists an equivalent adaptor
taking only the viewable range.

So what are we going to do with this ? ‘J JULICH
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to = Ry =1{0,1,2,3...}

N = 10000.
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to” = Ry = {0,1,2,3...}

N = 10000. = R, = Ti1oRy = T(nr—>"—,\7;)R0
= Map the integer range to real numbers
in the range [0, 27)

@) JULICH
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to” = Ry = {0,1,2,3...}

N = 10000. = Ry =TioRo=T(n— 5)Ro
= Map the integer range to real numbers s Ry= TR = T(x —
in the range [0, 27) (sin®(x) + cos?(x) — 1)) Ry

= Evaluate sin?(x) + cos?(x) — 1 over the

resulting range Ry = TouR = Ty TioRo

= Ro| T10| T1
= Ro|(T1o|T21)
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to” = Ry = {0,1,2,3...}

N = 10000. = Ry =TioRo=T(n— 5)Ro
= Map the integer range to real numbers s Ry= TR = T(x —
in the range [0, 27) (sin®(x) + cos?(x) — 1)) Ry

= Evaluate sin?(x) + cos?(x) — 1 over the
resulting range Ry = TouR = Ty TioRo
= If absolute value of any of the values in = Ro|T1o| T2
the result exceeds ¢, we have found a = Ro|(T10| T21)
counter example
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to

er of the Helmholtz Association

N = 10000.

Map the integer range to real numbers
in the range [0, 27)

Evaluate sin®(x) + cos?(x) — 1 over the
resulting range

If absolute value of any of the values in
the result exceeds ¢, we have found a
counter example

Intuitive left-to-right readability

19 - 23 May 2025

= Ro=1{0,1,2,3...}

u R]_ = T]_()RO = T(n — L,(IT)RO

L] R2 = T21R1 = T(X —>
(sin*(x) + cos?(x) — 1)) Ry

Ry = TakRi= TaTioRo
= Ro|Two| Tz
= Rol(T1o| T21)
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VIEW ADAPTORS

Pretend that you want to verify that sin®(x) + cos?(x) = 1
= Start with a range of integers from 0 to” = Ry = {0,1,2,3...}

N = 10000. = R, = T1oRy = T(nr—>"—,\7;)R0
= Map the integer range to real numbers s Ry= TR = T(x —

in the range [0, 27) (sin?(x) + cos?(x) — 1)) Ry
= Evaluate sin?(x) + cos?(x) — 1 over the

resulting range Ry = TouR = Ty TioRo
= If absolute value of any of the values in = Ro|T1o| T21

the result exceeds ¢, we have found a = Ro|(T10| T21)

counter example
= Intuitive left-to-right readability

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less
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VIEW ADAPTORS

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less

= Command line of Linux, Mac OS ...
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VIEW ADAPTORS

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less

= Command line of Linux, Mac OS ...

= Small utilities. Each program does one thing, and does it well.
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VIEW ADAPTORS

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less

= Command line of Linux, Mac OS ...

= Small utilities. Each program does one thing, and does it well.
= There is a way to chain them together with the pipe

IJ JULICH
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VIEW ADAPTORS

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less

= Command line of Linux, Mac OS ...
= Small utilities. Each program does one thing, and does it well.
= There is a way to chain them together with the pipe

= Overall usefulness of the tool set is amplified exponentially!

IJ JULICH

Member of the Helmholtz Association 19 - 23 May 2025 Slide 336 Forschungszentrum



VIEW ADAPTORS

find . —-name "x.cc" | xargs grep "if" | grep -v "constexpr" | less

= Command line of Linux, Mac OS ...

= Small utilities. Each program does one thing, and does it well.
= There is a way to chain them together with the pipe

= Overall usefulness of the tool set is amplified exponentially!

» What about writing something similar in C++ 7

IJ JULICH
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VIEW ADAPTORS

Pretend that you want to verify that sin?(x) + cos?(x) = 1
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VIEW ADAPTORS

Pretend that you want to verify that sin?(x) + cos?(x) = 1

= Start with a range of integers from 0 to N = 10000. RO = iota (0, N)
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VIEW ADAPTORS

Pretend that you want to verify that sin?(x) + cos?(x) = 1

= Start with a range of integers from 0 to N = 10000. RO = iota (0, N)

= Map the integer range to real
numbers in the range [0, 27), i.e., perform the transformation n — 2LN" over the range:
Rl = RO | transform([] (int n) -> double { return 2+pi*n/N;
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VIEW ADAPTORS

Pretend that you want to verify that sin?(x) + cos?(x) = 1

= Start with a range of integers from 0 to N = 10000. RO = iota (0, N)

= Map the integer range to real
numbers in the range [0, 27), i.e., perform the transformation n — 2LN" over the range:

Rl = RO | transform([] (int n) -> double { return 2+pi*n/N;

= Perform the transformation x + sin®(x) + cos?(x) — 1 over the resulting range
R2 = R1 transform([] (double x) —-> double { return sin(x)xsin(x)+cos(x)=*cos(x); } );

Forschungszentrum
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VIEW ADAPTORS

Pretend that you want to verify that sin?(x) + cos?(x) = 1

Member of the Helmholtz Association 19 - 23 May 2025 Slide 337

Start with a range of integers from 0 to N = 10000. RO = iota (0, N)

Map the integer range to real
numbers in the range [0, 27), i.e., perform the transformation n — 2LN" over the range:
Rl = RO | transform([] (int n) -> double { return 2+pi*n/N;

Perform the transformation x > sin?(x) + cos?(x) — 1 over the resulting range
R2 = R1 transform([] (double x) —-> double { return sin(x)xsin(x)+cos(x)=*cos(x); } );

If absolute value of any of the values in the result exceeds ¢, we have found a
counter example
if (any_of (R2, [] (auto x) {return fabs(x) > eps;}))
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VIEW ADAPTORS

auto main() —-> int {
namespace sr = std::ranges;
namespace sv = std::views;
const auto pi = std::acos(-1);
constexpr auto npoints = 10'000'00UL;

constexpr auto eps = 100 » std::numeric_limits<double>::epsilon();

auto to_0_2pi = [=] (size_t idx) -> double ({
return std::lerp (0., 2+pi, idx = 1.0 / npoints);
bi

auto x_to_fx = [ ] (double x) —-> double {
return sin(x) * sin(x) + cos(x) % cos(x) - 1.0;
bi
auto is_bad = [=] (double x){ return std::fabs(x) > eps;
auto res = sv::iota(0UL, npoints) | sv::transform(to_0_2pi)
| sv::transform(x_to_fx);
if (sr::any_of(res, is_bad) ) {
std::cerr << "The relation does not hold.\n";
} else {

std::cout << "The relation holds for all inputs\n";
}
}
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.

= The view adaptors allow us to chain them to produce a resulting range
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.

= The view adaptors allow us to chain them to produce a resulting range

» Algorithms like std: : range: :any_of work on ranges, so they can work on the
views resulting from chained view adaptors.
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.

= The view adaptors allow us to chain them to produce a resulting range

» Algorithms like std: : range: :any_of work on ranges, so they can work on the
views resulting from chained view adaptors.

= No operation is done on any range when we create the variable res above.
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.

= The view adaptors allow us to chain them to produce a resulting range

» Algorithms like std: : range: :any_of work on ranges, so they can work on the
views resulting from chained view adaptors.

= No operation is done on any range when we create the variable res above.
= When we try to access an element of the range in the any_of algorithm, one

element is taken on the fly out of the starting range, fed through the pipeline and
catered to any_of
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VIEW ADAPTORS

= The job of each small transform in the previous example was small, simple, easily
verified for correctness.

= The view adaptors allow us to chain them to produce a resulting range

» Algorithms like std: : range: :any_of work on ranges, so they can work on the
views resulting from chained view adaptors.

= No operation is done on any range when we create the variable res above.
= When we try to access an element of the range in the any_of algorithm, one

element is taken on the fly out of the starting range, fed through the pipeline and
catered to any_of

= any_of does not process the range beyond what is necessary to establish its truth
value. The remaining elements in the result array are never calculated.
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Exercise 6.9:

The code used for the demonstration of view adaptors is examples/trig views.cc.
Build this code with GCC and Clang. If the version of your compiler does not have a
usable <ranges> header, we can use a redirecting header <cxx20ranges> examples.
When the compiler implements the ranges library, it includes <ranges>. Otherwise, it
tries to include equivalent headers from the rangev3 library. It also defines alias
namespaces sr and sv for std: :ranges and std: :std: :views. To compile,
you would need to have the location of this redirecting header in your include path:

g++ —-std=c++20 -I course_home/local/include trig_views.cc

./a.out

clang++ -std=c++20 -stdlib=1libc++ -I course_home/local/include \
trig_views.cc

./a.out
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Exercise 6.10:

The trigonometric relation we used is true, so not all possibilities are explored. In
examples/trig_views2.cc there is another program trying to verify the bogus
claim sin?(x) < 0.99. It's mostly true, but sometimes it isn't, so that our if and else
branches both have work to do. The lambdas in this program have been rigged to print
messages before returning. Convince yourself of the following:

= The output from the lambdas come out staggered, which means that the program
does not process the entire range for the first transform and then again for the
second ...

= Processing stops at the first instance where any_of gets a true answer.

IJ JULICH
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VIEW ADAPTORS

// examples/gerund.cc

using itertype std::istream_iterator<std::string>;

std::ifstream fin { argvI[1l] };

auto gerund = [] (std::string_view w) { return w.ends_with("ing"); 1};
auto in = sr::istream_view<std::string>(fin);

std::cout << (in | sv::filter(gerund)) << "\n";

" sr::istream_view<T> creates an (input) iterable range from an input stream.
Each element of this range is of the type T.

» sv::filter is a view adaptor, which when applied to a range, produces another
containing only the elements satisfying a given condition

= |n the above, std: : cout is shown writing out a range. This works via a separate
header file included in gerund. cc called range_output .hh, which is provided
to you with the course material. Ranges in C++20 are not automatically streamable
to the standard output.

Forschungszentrum
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VIEW ADAPTORS

A program to print the alphabetically first and last word entered on the command line,
excluding the program name.

// examples/views_and_span.cc
auto main (int argc, charx argv[]) -> int

{

Member of the Helmholtz Association 19 - 23 May 2025

if (argc < 2) return 1;
namespace sr = std::ranges;
namespace sv std: :views;

std::span args(argv, argc);

auto str [] (auto cstr) -> std::string_view { return cstr; };
auto [mn, mx] = sr::minmax(args | sv::drop(l) | sv::transform(str));
std::cout << "Alphabetically first = " << mn << " last = " << mx << "\n";

@ » JULICH
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Exercise 6.11:

Rewrite the first day exercise about printing the command line arguments using ranges,
views and span.
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CHRONO: THE TIME LIBRARY

= namespace std::chrono defines many time related functions and classes
(include file: chrono)

= system_clock: System clock

= steady_clock: Steady monotonic clock

= high_resolution_clock: To the precision of your computer’s clock
= steady_clock: :now () : nanoseconds since 1.1.1970

» duration<double>: Abstraction for a time duration. Uses
std: :ratio<>internally

Exercise 6.12: chrono__demo.cc

l) JULICH
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THE TIME LIBRARY

// examples/chrono_demo.cc
#include <iostream>
#include <chrono>

#include <vector>

#include <algorithm>
#include <ranges>

bool is_prime (unsigned n);
auto main() -> int

{
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using namespace std::chrono;
namespace sr = std::ranges;
namespace sv = std::views;
std::vector<unsigned> primes;

back_inserter (primes));

auto t = steady_clock::now();
r::copy(sv::iota(0UL, 10000UL) | sv::filter(is_prime),
std::cout << "Primes till 10000 are ... " << '\n';
for (unsigned i : primes) std::cout << i << '\n';
auto d = steady_clock::now() - t;
std::cout<<"Prime search took " << duration<double> (d).count () <<
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seconds\n";
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CALENDAR AND DATES WITH STD::CHRONO

auto current_year () —-> std::chrono::year
{
using namespace std::chrono;
year_month_day date { floor<days> (system_clock::now()) };
return date.year();
}
auto main(int argc, charx argv[]) —-> int
{
using namespace std::chrono;
using namespace std::chrono_literals;
auto Y0 { current_year() };
auto Y1 = YO0 + years{100};
if (argc > 1) Y1 = year{std::stoi(argv[l])};
if (argc > 2) Y0 = year{std::stoi(argv[2])};
if (Y1l < Y0) std::swap(Yl, YO);

for (auto y = Y0; y < Y1; ++y) {
auto d = y / February / Sunday[5];
if (d.ok())
std::cout << static_cast<int>(y) << "\n";
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CALENDAR...

Exercise 6.13:

The programs examples/feb.cc and examples/advent.cc demonstrate the use of the
calendar facilities of the C++ standard library. Familiarise yourself with them.
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RANDOM NUMBER GENERATION

= Convenient, flexible, powerful random

number library providing high quality {"ﬂ" 9et RandomNumber ()
(pseudo-)random numbers in standard return 4; j;choﬁenttiaf:irgm roll

. . . varan (o] random.
C++ without any external libraries. } ?

= Include random. Namespace

std: :random
Figure: Source XKCD: http://xkcd.com

l) JULICH
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RANDOM NUMBER GENERATION

= Share a common structure

= Uniform random generator engine with
(hopefully) well tested properties

= Distribution generator which adapts its
input to a required distribution

auto gen = [
engine = std::mtl19937_64{},
dist=std::poisson_distribution<>{8.5}
1 () mutable {
return dist (engine);
bi

r = gen();

Member of the Helmholtz Association 19 - 23 May 2025

Random
distribution

glue with lambda W_J

std: :mt19937_64 engine;
std: :poisson_distribution<> dist{8.5};
auto gen = [&dist, &engine] {

return dist (engine);

Randomness engine

bi
r = gen();
// 1f engine or dist are required elsewhere
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RANDOM NUMBER GENERATORS

#include <random>
#include <iostream>
#include <map>
auto main() -> int
{
auto gen = [ dist=std::poisson_distribution<> {8.5}, engine=std::mt19937_64{} ]
() mutable { return dist (engine); };
std: :map<int, unsigned> H;
for (auto i = 0UL; i < 5000000UL; ++i) H[gen()]++;
for (auto [i, fi] : H) std::cout << i << " " << fi << '"\n';

= std::mt19937_64 is a 64 bit implementation of Mersenne Twister 19937

= The template std: :poisson_distribution is a functional implementing the
Poission distribution

IJ JULICH
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RANDOM NUMBER GENERATORS

std::normal_distribution<> G{3.5, 1.2}; // Gaussian mu = 3.5, sig = 1.2
std::uniform_real_distribution<> U{3.141, 6.282};

std: :binomial_distribution<> B{13};

std: :discrete_distribution<> dist{0.3, 0.2, 0.2, 0.1, 0.1, 0.1};

// The following is an engine like std::mt19937, but is non-deterministic
std: :random_device seed; // int 1 = seed() will be a random integer

» Lots of useful distributions available in the standard

= With one or two lines of code, it is possible to create a high quality generator with
good properties and the desired distribution

= std::random_device is a non-deterministic random number generator.

= It is good for setting seeds for the used random number engine
= |t is slower than the pseudo-random number generators
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RANDOM NUMBER GENERATOR: EXERCISES

Exercise 6.14:

Make a program to generate normally distributed random numbers with user specified
mean and variance, and make a histogram to demonstrate that the correct distribution is
produced. Start from examples/normal_distribution.cc.

Exercise 6.15:

Make a program to implement a "biased die", i.e., with user specified non-uniform
probability for different faces. You will need std: :discrete_distribution<>
Start from examples/weighted_die.cc.

9 JULICH
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EXERCISES

Exercise 6.16:

For a real valued random variable X with normal distribution of a given mean y and
standard deviation o, calculate the following quantity:

(X —p)*)
(X = 1)?))?
Fill in the random number generation parts of the program examples/K.cc. Run the

program a few times varying the mean and standard deviation. What do you observe
about the quantity in the equation above 7

K[X] =

@) JULICH
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Exercise 6.17: Probabilities with playing cards

The program examples/cards_problem.cc demonstrates many topics discussed
during this course. It has a constexpr function to create a fixed length array to store
results, several standard library containers and algorithms as well as the use of the
random number machinery for a Monte Carlo simulation. It has extensive comments
explaining the use of various features. Read the code and identify the different
techniques used, and run it to solve a probability question regarding playing cards.
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FORMATTED OUTPUT

for (auto i1 = 0UL; i < 100UL; ++i) {

std::cout << "i = " << i

<< ", E_1 =" << cos(i * wn)
<< ", E_2 =" << sin(i % wn)
<< "\n";

}

i =5, E_.1 = 0.55557, E_2 = 0.83147

i =6, E_1 = 0.382683, E_2 = 0.92388

i=7, EL1 = 0.19509, E_2 = 0.980785

i =8, EL1 = 6.12323e-17, E_2 = 1

i =9, E_1 = -0.19509, E_2 = 0.980785

i =10, E_1 = -0.382683, E_2 = 0.92388

i =11, E_1 = -0.55557, E_2 = 0.83147

Member of the Helmholtz Association 19 - 23 May 2025

= While convenient and type safe and
extensible, the interface of
ostream objects like
std: :cout isn't by itself
conducive to regular well-formatted
output
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FORMATTED OUTPUT

for (auto i1 = 0UL; i < 100UL; ++i) {
std::cout << "i = " << 1
<< ", E_1 =" << cos(i * wn)
<< ", E_2 =" << sin(i % wn)
<< "\n";
}
i =5, E_1 = 0.55557, E_2 = 0.83147
i =6, E_1 = 0.382683, E_2 = 0.92388
i=7, E_1 = 0.19509, E_2 = 0.980785
i =28, E_1 = 6.12323e-17, E_2 =1
i=9, E_.1 = -0.19509, E_2 = 0.980785
i =10, E_1 = -0.382683, E_2 = 0.92388
i =11, E_1 = -0.55557, E_2 = 0.83147
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= While convenient and type safe and

extensible, the interface of
ostream objects like

std: :cout isn't by itself
conducive to regular well-formatted
output

C printf often has a simpler
path towards visually uniform

columnar output, although it is
neither type safe nor extensible

C++ <iomanip> header allows
formatting with a great deal of
control, but has a verbose and

inconsistent syntax@ A JULICH
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FORMATTED OUTPUT

for (auto i = 0UL;

std::cout << fmt::format (

i < 100UL;

"i = {:>4d}, E_1 =
"E_2 = {:< 12.8f}\n",

i, cos(i = wn),

++1) |

{:< 12.8f}, "

sin(i = wn));

e e

= 5, EE1 = O
= 6, EL1 = 0
= 7, E_1 = 0
= 8, EL1 = O
= 9, E_L1 = -0
= 10, E_1 = -0

11, E_1 = -0

> 55857023
.38268343
.19509032
.00000000
.19509032
.38268343
- 59857023

.83146961
.92387953
.98078528
.00000000
.98078528
.92387953
.83146961

NDDDDNN N
|
[eNeNeNNoNoNe)
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= While convenient and type safe and

extensible, the interface of
ostream objects like

std: :cout isn't by itself
conducive to regular well-formatted
output

C printf often has a simpler
path towards visually uniform

columnar output, although it is
neither type safe nor extensible

C++ <iomanip> header allows
formatting with a great deal of
control, but has a verbose and

inconsistent syntax@ A JULICH
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FORMATTED OUTPUT

for (auto i = 0UL;

std::cout << fmt::format (

i < 100UL;

"i = {:>4d}, E_1 =
"E_2 = {:< 12.8f}\n",

i, cos(i = wn),

++1) |

{:< 12.8f}, "

sin(i = wn));

i 5, E_1 = 0
i = 6, E_1 = 0
i = 7, E£L1 = 0
i= 8, E_L1 = O
i = 9, E_1 = -0
i= 10, E_1 = -0
i = 11, E_1 = -0

> 55857023
.38268343
.19509032
.00000000
.19509032
.38268343
- 59857023

|53 e I e i e R e v I

NDDDDNN N
|
[eNeNeoNNoNoNa)

.83146961
.92387953
.98078528
.00000000
.98078528
.92387953
.83146961

Perfectly aligned, as all numeric output should

be.

Member of the Helmholtz Association
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= C4++20 introduced the <format>
header, which introduces Python
like string formatting

= Based on the open source fmt
library.

» Elegant. Safe. Fast. Extensible.
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FORMATTED OUTPUT

// Example of a redirecting header
#include <version>
#ifdef __cpp_lib_format
#include <format>
using std::format;
#elif __ _has_include (<fmt/format.h>)
#define FMT HEADER ONLY
#include <fmt/core.h>
using fmt::format;

#else
#error No suitable header for C++20 format!
#endif
Member of the Helmholtz Association 19 - 23 May 2025

= GCC 13+ and Clang 17+ both have

implementations. But, if you have to

work with an non-compliant toolchain,
a redirecting header like this can help

you use the new library.

The redirecting header lets you use the
fmt library when the compiler does not
have the library feature

Code simplification and compilation
(and runtime) speed = useful to
learn it. Eventually all compilers will
have it.
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FORMATTED OUTPUT

» std::format ("format string {}, {} etc.", args...) takesa
compile time constant format string and a parameter pack to produce a formatted
output string

= std::vformat can be used if the format string is not known at compilation time

= |f instead of receiving output as a newly created string, output into a container or
string is desired, std: : format_to or std: : format_to_n are available

= The string contains python style placeholder braces to be filled with formatted
values from the argument list

= The braces can optionally contain id : spec descriptors. id is a 0 based index
to choose an argument from args. .. for that slot. spec controls how the value
is to be written: width, precision, alignment, padding, base of numerals etc. Details
of the format specifiers can be found here!
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https://en.cppreference.com/w/cpp/utility/format/formatter#Standard_format_specification

Exercise 6.18:

A simple example demonstrating the text formatting library of C++20 is in
examples/formatl.cc. When this C++20 header is not available in the standard
library implementation, we use headers from the fmt library giving us approximately the
same functionality. Although fmt is usually compiled to a static or shared library to link,
we define the macro FMT_HEADER_ONLY to pretend that we got everything from the
standard library.

Exercise 6.19:

The program examples/word_count.cc is an improved version of the word counter
program from day 4. Here we clear any trailing non-alphabetic characters from strings
read as words, e.g., treat "instance," as "instance". We use the ranges algorithms to
clean up the string. We then use the formatting library to write the histogram.

lJ JULICH
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OPTIONAL VALUES

#include <optional>

auto f (double x) -> std::optional<double>
std: :optional<double> ans;
const auto eps2 = 1.0e-24;
if (x >= 0) {

auto r0 = 0.5 » (1. + x);

auto rl = x / r0;

while ((r0 - rl) = (xr0 - rl) > eps2)
r0O = 0.5  (r0 + rl);
rl = x / r0;

}

ans = rl;

}
return ans;
}
// Elsewhere. ..
std::cout << "Enter number : ";
std::cin >> x;
if (auto r = f(x); r.has_value()) {
std::cout << "The result is "
<< r.value () << '"\n';

}

Member of the Helmholtz Association 19 - 23 May 2025

std: :optional<T> is analogous to
a box containing exactly one object of
type T or nothing at all

If created without any initialisers, the
box is empty

You store something in the box by
assigning to the optional
Evaluating the optional as a boolean
gives a true outcome if there is an
object inside, irrespective of the value
of that object

Empty box evaluates to false
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OPTIONAL VALUES

#include <optional>

auto f (double x) -> std::optional<double>
std: :optional<double> ans;
const auto eps2 = 1.0e-24;
if (x >= 0) {

auto r0 = 0.5 » (1. + x);

auto rl = x / r0;

while ((r0 - rl) = (xr0 - rl) > eps2)
r0O = 0.5  (r0 + rl);
rl = x / r0;

}

ans = rl;

}
return ans;
}
// Elsewhere. ..
std::cout << "Enter number : ";
std::cin >> x;
if (auto r = f(x); r) {
std::cout << "The result is "
<< *r << '\n';

}
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std: :optional<T> is analogous to
a box containing exactly one object of
type T or nothing at all

If created without any initialisers, the
box is empty

You store something in the box by
assigning to the optional
Evaluating the optional as a boolean
gives a true outcome if there is an
object inside, irrespective of the value
of that object

Empty box evaluates to false
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C++423 STD::EXPECTED

#include <expected>
auto mysqgrt (double x) -> std::expected<double, std::string> ({
const auto eps = 1.0e-12;

const auto eps2 = eps * eps;

if (x >= 0.) {

auto r0 =

auto rl =

while ((rO

r0 = 0.

rl = x

* (r0 — rl) > eps2) {

}

return { rl };
} else {

return std::unexpected { "Unexpected input!" };
}

}

// Elsewhere. ..

if (auto rm = mysqgrt(x); rm)
else std::cout << "Error: " << rm.error () << "\n";

= Similar to std: :optional, but has more capacity to describe the error
= The unexpected value can be of a type of our choosing, making it vep/ flexible

) JULICH
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<< ll\nll;

std::cout << "Square root = " << rm.value ()
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STD::VARIANT : A TYPE SAFE UNION

= A union is a special type where all the = Since both members occupy the
members occupy the same bytes in memory same bytes, changes to one can
union sameplace { size_t ulong; double real; };
static_assert (sizeof (sameplace) == aﬂ:eCt the Other

sizeof (double)) ; = If the union contains, e.g.,

sameplace s; o
s.ulong = OUL; std: :string, such overriding
s.real = 1.0;
cout << s.ulong << "\n"; of bytes would be dangerous.

m We can access the elements of a union
the same way as a struct

IJ JULICH
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STD::VARIANT : A TYPE SAFE UNION

= std::variant is a type safe variant<double, int, long, string> V;
union. X - ;lfi's assign a string";

// call string destructor and store a double

= Unlike the union, we don't get to

name the different members. The = A variant knows what type is
different "members" can be accessed currently stored, and calls the
through functions like destructors etc. when we assign
std: :get<int>(V), i.e., we can something that would change the
use the types to select the stored type. stored type

We also don't need to say what we are
assigning to, since that can be deduced
from the type of the object on the right

vV = "0118 999 881 99 9119 725 3"s;

Of the = auto num = get<int> (V);
//throws exception!

= Unlike the union, we can't store one
type and read another

IJ JULICH
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STD::VARIANT : A TYPE SAFE UNION

= A variant type stores one value of any = Since the type of the contained object
one of a few pre-specified alternatives. can be changed by an assignment at
std::variant<int, long, string, bool> V; run time, the Variant can not S|mp|y
= A variant can be assigned a value of have a function get () to return the
any one of its contained types. contained value. We have to specify
vV = "0118 999 881 99 9119 725 3"s;
assert (std::holds_alternative<string> (V)); the type of value we want to read as a
= The member function index () tells template argument:

cout << get<string> (V);

us the zero based index of the currently
held type in the list of alternatives for

the variant
assert (V.index () == 2);

= There is also a non throwing version of

the accessor:

if (auto iptr = get_if<int>(&V); iptr) {
// use iptr as pointer to int value

// Does not get here because get_if<int>
// returns a nullptr in this case.

}
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STD::VARIANT : A TYPE SAFE UNION

using member_t = variant<int, long, string,bool>;

vector<member_t> pop{true, 91,
for (auto & el : pop) {
if (auto iptr = get_if<int> (sel)) {

"Monday"s};

// #*iptr is the int value in the variant el
} else if (auto lptr = get_if<long> (&el))

// #1lptr is the long value in el

{

} else if (auto sptr = get_if<string> (&el))

// #*sptr is the string value in el

}

= Variants can be made to model

members of heterogeneous collections.

The difference compared to a class

hierarchy with virtual functions is the

ability to use built in type like int,
double etc.!

Member of the Helmholtz Association 19 - 23 May 2025

{

Exercise 6.20:

= Polymorphic behaviour using a chain of

if ... else if ... else
statements using the

get_1£f<T> (&v) function for the
different types T in the variant.
get_if<T> (&v) returns avalid T =
if the variant v currently holds type T.

Otherwise it returns nullptr.

The two example programs
examples/variant_0.cc and
examples/variant_1.cc.
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STD::VARIANT : USING STD::VISIT TO SELECT
ACTIONS

= Another way to perform different actions based on the currently held type is to use
std::visit.

= |[f we have variant<int, double> V, std::visit (F, V) calls F (int)
if V currently holds an int and F (double) if V currently holds a double. The
callable object F must have an overload capable of handling the alternatives in the

variant

l) JULICH
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STD::VARIANT : USING STD::VISIT TO SELECT
ACTIONS

= The overloaded function to be used with std: :visit can be created in many
ways. Three examples in the following boxes:

struct my_action {
auto operator() (int i) { // ... }
auto operator () (double x) { // }
bi
/)

std::visit (my_action{}, V);

IJ JULICH
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STD::VARIANT : USING STD::VISIT TO SELECT
ACTIONS

= The overloaded function to be used with std: :visit can be created in many
ways. Three examples in the following boxes:

std::visit ([] (auto upkd) {
if constexpr (is_same_v<int, decltype (upkd)>) {
// handle int input
} else if constexpr (is_same_v<double, decltype (upkd)>) {
// handle double input

IJ JULICH
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STD::VARIANT : USING STD::VISIT TO SELECT
ACTIONS

= The overloaded function to be used with std: :visit can be created in many
ways. Three examples in the following boxes:

template <class ... Ts> struct stapler : Ts ... { using Ts::operator()... ; };
template <class ... Ts> stapler(Ts ...) —-> stapler<Ts...>;
std::visit (stapler{

[1(int i) { /% handle int input =/ },

[] (double d) { /* handle double */ }

ooV

)

IJ JULICH
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USING VARIANTS WITH STD::VISITOR

Exercise 6.21:

Example programs examples/variant_2.cc, examples/variant_3.cc and
examples/variant_4.cc demonstrate the use of std: :visit to dispatch
different actions depending on the type of the currently held value in a variant. They
parallel the approaches in the 3 boxes in the previous slide.
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STD::ANY: A TYPESAFE CONTAINER FOR A SINGLE

VALUE

= A variable of type std: :any
can store 1 value of any type

= Simply by assigning a new value,
the contained object is replaced
with another of the new type.
The variable of type std: :any
is like a box, whose type remains
unchanged as the content is
swapped.

Exercise 6.22:

any var = 1;
cout << "Reading int after storing int ... "
<< any_cast<int>(var) << "\n"; // That works
try {
cout << "Reading float after storing an int ... "
<<any_cast<float> (var)<< "\n";// This doesn't
} catch (const exception & err) {
cout << "Float cast after storing int failed. "
<< "Error : " << err.what() << "\n";

}

var = "Europa"s;

map<string, any> config;
config["max_frequency_ghz"] = 3.3;
config["memory_MB"] = 16384;
config["fingerprint_reader"] = true;

examples/any_demo.cc demonstrates basic usage of std: :any.
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Chapter 7
Type erasure
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TYPE ERASURE TECHNIQUE

auto f(int i) = Polyval; = Polymorphic behaviour attained using a

void elsewhere() { class hierarchy and virtual functions...
std: :vector<PolyVal> v; . . i . .
v.push_back (1) ; = is extensible by simply inheriting

v.push_back (2.0) ;

v.push back ("Green"s) ; from the Base type and overriding

for (autoss elem: v) funcl(elem); the virtual functions
Polyval X = f(i); . “ s n
) = But, it has “reference semantics”, so
_ q that we can not those
" varlant. an Std" =il are polymorphic objects by value from

standard library provided solutions to functions

the problem with their strengths and . can not be

weaknesses accommodated into the same

hierarchy

l) JULICH
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TYPE ERASURE TECHNIQUE

void
void
void
auto

funcl (int x);

funcl (double x);
funcl (std::string x);
f(int i) -> PolyVal;

= We want a type PolyVal, so that we can

store different types of entities in it

void elsewhere () {
std::vector<PolyVal> v;
v.push_back (1) ;
v.push_back (2.0);
v.push_back ("Green"s) ;
for (auto&s elem: v) funcl (elem);
PolyVal X{3.141};
// funcl (X) should go to funcl (double)
X = PolyVal{"some string"s};
// funcl (X) should go to funcl (string)
X = £(i);

// funcl (X) should redirect based on the
// polymorphic value f happens to return

Member of the Helmholtz Association 19 - 23 May 2025

A uniform container of PolyVal should be
able to hold values of different types

= When a certain instance is used, it should
still be able to behave according to the
value it is currently holding.

= We should be able to copy a PolyVal

object using normal copy construction or
copy assignment in such a way that the
copy of a PolyVal storing a Triangle
would still behave as a Triangle

l) JULICH
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TYPE ERASURE TECHNIQUE

class PolyVal {
struct Internal {

virtual ~Internal() noexcept default;
virtual auto clone() const -> std::unique_ptr<Internal> = 0;
virtual void funcl_ () const = 0;

}i
template <class T>
struct Wrapped : public Internal // continued...

public:
template <class T>
PolyVal (const T& var) : ptr{ std::make_unique<Wrapped<T>>(var) } {}
PolyVal (const PolyVal& other) : ptr { other.ptr->clone() } {}
private:

std: :unique_ptr<Internal> ptr;
i

= Make a normal class with an internal class with virtual functions defining the desired
interface, and another internal wrapper class template deriving from the internal base

= Give the outer class one template constructor (unrestrained here to isolate the TE
technique)

@) JULICH
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TYPE ERASURE TECHNIQUE

class PolyVal {

struct Internal {
virtual ~Internal() noexcept = default;
virtual auto clone() const -> std::unique_ptr<Internal> = 0;
virtual void funcl_() const = 0;

}i

template <class T>

struct Wrapped : public Internal // continued...

public:
template <class T>
PolyVal (const T& var) : ptr{ std::make_unique<Wrapped<T>>(var) } {}
PolyVal (const PolyVal& other) : ptr { other.ptr->clone() } {}
private:

std: :unique_ptr<Internal> ptr;
i

= Let the class contain a smart pointer to this base, but initialise that member using a
class template which inherits from the internal base.

= Implement a copy constructor for PolyVal by using a virtual clone () function

= Use the template constructor to create a wrapped object containing a copy of the

input parameter ‘J JULICH
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TYPE ERASURE TECHNIQUE

class PolyVal {
template <class T>
struct Wrapped : public Internal {
Wrapped (T ex) : obj{ex} {}
~Wrapped () noexcept override {}
auto clone () const —-> std::unique_ptr<Internal> override
{
return std::make_unique<Wrapped> (obj) ;
}
void funcl_ () const override { funcl (obj); }
T obj;
}i
bi

= The internal wrapper should store an object of the template parameter type
= |t should provide copy, clone etc.

= |t should redirect function calls in our original requirement to free functions

IJ JULICH
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TYPE ERASURE TECHNIQUE

class PolyVal {
template <class T>
struct Wrapped : public Internal {
Wrapped (T ex) : obj{ex} {}
~Wrapped () noexcept override {}
auto clone () const —-> std::unique_ptr<Internal> override
{
return std::make_unique<Wrapped> (obj) ;
}
void funcl_ () const override { funcl (obj); }
T obj;
}i
bi

= As long as those free functions exist for a type F, it will be possible to create objects
of PolyVal type from type F

IJ JULICH
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Exercise 7.1:

examples/PolyVal.cc contains the code corresponding to the slides shown here. Verify
that we achieve our purpose of having a copyable object preserving polymorphic
behaviour. Add a function funcl () (processing a new type) into the mix, and extend
the existing setup.

Exercise 7.2:

Sequences of objects with polymorphic behaviour is a frequently occurring programming
problem. We have seen one example before, with a vector of unique_ptr<Shape>,
filled with newly created instances of types inherited from Shape, such as Circle,
Triangle etc. The problem can be solved in many alternative ways.
examples/polymorphic contains 4 sub-directories with different approaches to the
geometric object example. (i) Inheritance with virtual functions (ii) std: :variant
with visitors (iii) Using std: :any (iv) Custom type erasure.

UJ JULICH
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Chapter 8
Modules
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A PREVIEW OF C+420 MODULES

Traditionally, C++ projects are organised into header and source files. As an example,

consider a simple saxpy program ...

#1ifndef SAXPY HH
#define SAXPY_ HH
#include <algorithm>
#include <span>

template <class T> concept Number = std::floating_point<T> or std::integral<T>;

template <class T> requires Number<T>

auto saxpy (T a, std::span<const T> x, std::span<const T> vy,

std::transform(x.begin(), x.end(), y.begin(),

[al(T X, T Y) { return a » X + Y;
}
#endif

z.begin (),

std: :span<T> z) {

#include "saxpy.hh"
auto main() —> int {
//declarations
saxpy (10., {inpl}, {inp2}, {outp});
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PROBLEMS WITH HEADER FILES

= Headers contain declarations of functions, classes etc., and definitions of inline
functions.

= Source files contain implementations of other functions, such as main.

= Since function templates and class templates have to be visible to the compiler at
the point of instantiation, these have traditionally lived in headers.

= Standard library, TBB, Thrust, Eigen ... a lot of important C++ libraries consist of
a lot of template code, and therefore in header files.

= The #include <abc> mechanism is essentially a copy-and-paste solution. The
preprocessor inserts the entire source of the headers in each source file that includes
it, creating large translation units.

= The same template code gets re-parsed over and over for every new translation unit.

= |f the headers contain expression templates, CRTP, metaprogramming repeated
processing of the templates is a waste of resources. ..

@) JULICH
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THE COMPILATION PROCESS

‘ Header File 1 H Source File 1 }—*

Object File 1
Object File 2

‘ Header File 2 ‘ ar rs libmylibrary.a A.o B.o Co ... ‘

1S

Header File 3

Program source

Preprocessor Translation unit 3

‘g++ -std=c++23 -c main.cc -0 main.o‘

Object File for program

Executable

@) JULICH
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MODULES

= The C++420 modules offer an alternative (better) organisation, in which all code,
including template code, can now reside in source files

= Module sources are processed once to generate the so called compiled module
interface (binary module interface, BMI) in addition to an object file

= The BMI caches syntactic information from all entities in the module
= Any source importing the module immediately has access to the precompiled
syntax tree in the BMI, leading to faster compilation

= Enforces ordered compilation: since a source file may export a module to be
imported by another source file

= C++423 added the standard library as a module

l) JULICH
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COMPILATION FLOW USING MODULES

‘ g+-+ -std=c++23 -fmodules -c abc.ixx -o abc.ixx.o ‘

BMIL ‘ + ‘Object File MIUL

o>
]
(_Compiler >~ BMI | -+ [Obiect File MiU2

Module Impl. unitl
L S
(uses Module 2 + Library)

‘ g++ -std=c++23 -fmodules -c main.cc -o main.o ‘

‘ar rs libmylibrary.a A.o B.o C.o ...

Library

Compiler Object File (Impl. 1)

Object File (Impl. 2)

Object File (Program)

)
JULICH
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USING MODULES

// examples/hello_m23.cc » In C++23, the standard library is also available as a
import std;
auto main() -> int module.
{ . .

std::print ("Hello, world!\n"); = Note: We have set up an alias

} Gm='g++ —-std=c++23 —fmodules' in the course

$ Gm -c —-fsearch-include-path bits/std.cc
Gm hello_m23.cc

$
$ ./a.out
$

= The first step generates the BMI for the standard library and the second compiles
the actual program

= At present there is no equivalent way to use clang++ to easily build the standard
library module and use it in simple test projects.

= But, the combination Clang+CMake has been able to provide standard library
module support since Clang 18.1 and CMake 3.30.

IJ JULICH
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USING MODULES

Exercise 8.1:

Convert a few of the example programs you have seen during the course to use modules
syntax instead. At the moment it means no more than replacing the #include lines
with the corresponding import lines for the standard library headers. The point is to
get used to the extra compilation options you need with modules at the moment. Use,
for instance, the date time library functions like feb.cc and advent.cc from the day 4
examples. In the next step, replace all the import lines using individual header units for
standard library features by a single import std; line. Refer to the slides and compile
using g++.

IJ JULICH
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CREATING A MODULE (EXAMPLE)

class NullSimulator { auto main() -> int {
bool config_ok{false}, run_ok{false}; using namespace cxXxX_course;
public: try {
void configure (std::string_view pars) NullSimulator sim;
{ sim.configure ("Modules demo");
if (pars.empty()) sim.run();
throw std::runtime_error{"..."}; std::print ("{}\n", sim.summary());
std::println("config {}", pars); return 0;
config_ok = true; } catch (std::exception& err) {
} std::print ("{}\n", err.what());
void run() return 1;
{ bi
if (not config_ok) }
throw std::runtime_error{"..."};
std::println("running NullSimulator!");
run_ok = true;
} . “ . "o
auto summary () const -> std::string = A SImple do nOthIng SImU|ator Class’
U ie (ot run ok mimicking the top level control flow in
throw std::runtime_error{"..."}; - -
return { "And here are the results:" }; many app|lcat|0nS

= We want to put our NullSimulator
in a module and import it in main

and use it as shown 9 JULICH
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CREATING A MODULE (EXAMPLE)

= When using our module, like when
using the standard library module, there
are no changes in syntax

= We just have to import our module

= Notice that the module name,
namespace name and the class name
are all independent in C++

» #include "myheader.hh"
searches for the header file and inserts
it in place

= |n contrast, the file name containing
module code is not tied to the module
name (next slide)

Member of the Helmholtz Association 19 - 23 May 2025

// main.cc
import NullSim;
import std;
auto main() -> int {
using namespace cxx_course;
try {
NullSimulator sim;
sim.configure ("Modules demo") ;
sim.run();
std::print ("{}\n",
return 0;
} catch (std::exceptions& err) {
std::print ("{}\n", err.what());
return 1;

sim.summary());

bi

= In the module world, there are no
transitive imports. Module std has
to be imported independently wherever

it is used ‘J JULICH
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CREATING A MODULE (EXAMPLE)

// NullSimulator.cc = The class/function declarations and

export module NullSim; definitions can all be put in module
import std; .
namespace cxx_course { source files
export class NullSimulator { i i
bool config_ok{false}, run_ok{false}; = The first non-comment line has to

public:

void configure (std::string_view pars) { dedare the mOdUIe'

} // code... » export module XYZ; : Module

void run() f{ interface unit

} // code... = module XYZ; : Module

auto summary() const —> std::string { implementation unit

de. ..

) [/ code » module; : Start of the "global
bi module fragment"
void i_am_invisible() {
V2

}
}

IJ JULICH
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CREATING A MODULE (EXAMPLE)

// NullSimulator.cc = Unlike declarations in a header file,
export module NullSim; those in a module file are not
import std; . .. . .
namespace cxx_course | automatically visible if you import the
export class NullSimulator { d I
bool config_ok{false}, run_ok{false}; module

public: . .

void configure (std::string_view pars) { = Only exported SymbOIS are V|S|b|e to

} // code... code which imports a module

"°id/§ur;é)de{ = Unexported declarations remain private

}
auto summary () const -> std::string {
// code...
}
bi
void i_am_invisible () {
V2
}
}

IJ JULICH
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// NullSimulator.cc

CREATING A MODULE (EXAMPLE)

export module NullSim;
import std;
namespace cxx_course {
export class NullSimulator ({

bool config_ok{false},

void configure(std::string_view pars)

public:
// code...
}
void run () {
// code...
}
auto summary () const
// code. ..
}
bi
void i_am_invisible () {
Y

}
}

Member of the Helmholtz Association

-> std::

string {
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run_ok{false};

{

// main.cc
import NullSim;
import std;

auto main() -> int {
using namespace CXx_course;
try {

NullSimulator sim;
sim.configure ("Modules demo");

sim.run();

std::print ("{}\n", sim.summary());
} catch (std::exceptioné& err) {

std::print ("{}\n", err.what());

return 1;
Vi
}

Gm -c -fsearch-include-path bits/std.cc

Gm —-c NullSimulator.cc

Gm -c main.cc

g++ main.o NullSimulator.o std.o —-o nullsim

IJ JULICH
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CREATING A MODULE (EXAMPLE)

cmake_minimum_required (VERSION 3.30 FATAL_ERROR)

set (CMAKE_CXX_EXTENSIONS OFF)

set (CMAKE_CXX_STANDARD 23)

set (CMAKE_CXX_STANDARD_REQUIRED ON)
set (CMAKE_EXPORT_COMPILE_COMMANDS ON)

if (CMAKE_VERSION VERSION_GREATER_EQUAL "4.0.0"
set (CMAKE_EXPERIMENTAL_CXX_ IMPORT_STD
"a%9elcf81-9932-4810-974b—-6eccaflded57")
elseif (CMAKE_VERSION VERSION_GREATER_EQUAL "3.30.0")
set (CMAKE_EXPERIMENTAL_CXX_IMPORT_STD
"0e5b6991-d74f-4b3d-ad4lc-cf096e0b2508")

endif ()

project (nullsim LANGUAGES CXX)
set (CMAKE_CXX_MODULE_STD 1)
add_executable (nullsim main.cc)

target_sources (nullsim PUBLIC FILE_SET CXX_MODULES

FILES NullSimulator.cc)
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Let CMake handle the necessary

compiler options

mkdir build && cd build
CXX=g++ cmake -GNinja
ninja

For clang, you would configure like
this:

CXX=clang++ CXXFLAGS="-stdlib=libc++"
cmake -GNinja

The odd experimental import std
guids are temporary as long as the
feature is considered
“experimental”
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Exercise 8.2:

The simple example with NullSimulator in the previous slides is in the folder
examples/modules/create0. Build it using CMake with both Clang and GCC as
compilers. Try building it directly using GCC as shown. The idea is to familiarise yourself
with the modules based workflow. Insert a simple I_am_invisible function as
shown in the slides. Try to use it in main (). What error do you get, even if we are
importing the module containing it? Now, add the keyword export before that
function, and test again!

lJ JULICH
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CREATING A MODULE: IMPLEMENTATION UNITS

J/ NullSimulator.ixx = Separating implementation is not
export module NullSim; H

export class NullSimulator { syntachaHy necessary'bUt may
public: sometimes be desirable to offer a

void configure (std::string_view pars); . .
void run()? g P clearer overview of the interface

auto summary() const —> std::string; without the implementation code

}:
/7 NullSimulator.cc
module NullSim;

= Only the interface unit shall export the

import std; , , symbols and the module itself, not the
void NullSimulator::configure(std::string_...) { i i i
// actual implementation Implementatlon unit
} . . .
void NullSimulator::run() { = The implementation units are bound to
// le. .. .
) oo the module by the module lines at the
auto NullSimulator::summary () const start
-> std::string {
// code. ..

IJ JULICH
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CREATING A MODULE: IMPLEMENTATION UNITS

// NullSimulator.ixx Gm
export module NullSim; Gm
export class NullSimulator { Gm
public: Gm

void configure (std::string_view pars);
void run{();

—-fsearch-include-path bits/std.cc
NullSimulator.ixx
NullSimulator.cc

main.cc

g++ main.o NullSimulator.o std.o -o nullsim

auto summary () const -> std::string;

>7 NullSimulator.cc

module NullSim;

import std;

void NullSimulator::configure(std::string_...) {
// actual implementation

}

void NullSimulator::run() {
// code. ..

}

auto NullSimulator::summary () const
-> std::string {
// code...
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CREATING A MODULE: IMPLEMENTATION UNITS

// NullSimulator.ixg Gm -c -fsearch-include-path bits/std.cc
export module NullSim; Gm -c NullSimulator.ixx
export class NullSimulator { Gm -c NullSimulator.cc
publlcs . . ) Gm -c main.cc
void configure (std::string_view pars); g++ main.o NullSimulator.o std.o —o nullsim

void run{();

auto summary () const -> std::string;

}.
/7 NullSimulator.cc

Works, but masks a big problem! Can you

module NullSim; see it?

import std;
void NullSimulator::configure(std::string_...) {
// actual implementation
}
void NullSimulator::run() {
// code. ..
}
auto NullSimulator::summary () const
-> std::string {
// code...
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CREATING A MODULE: IMPLEMENTATION UNITS

Gm -c -fsearch-include-path bits/std.cc

Gm -c NullSimulator.ixx

Gm -c NullSimulator.cc

Gm -c main.cc

gt++ main.o NullSimulator.o std.o -o nullsim

= The third line overwrites one of the outputs Nullsimulator.o from the second line
= When we compile the interface unit, the by-products are the BMI and an object file.
= The BMI contains information about the interface and the pre-compiled inline
functions, class and function templates.
= Since implementation units are not mandatory, the interface units can contain
ordinary function definitions, which will result in binary code stored in the object file
= Compiling the implementation unit is like compiling any other C++ file, and results
in an object file for the functions defined there.
= Our example works because we separated all implementation code into the
implementation unit Nullsimulator.cc. What if we left one function body in

NullSimulator.ixx? ‘J JULlCH

Forschungszentrum
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Exercise 8.3:

The example directory modules/createl contains the code where we have split the
NullSimulator code between the module interface and implementation units.
Compile it with GCC as shown in the previous slides. What happens if you delete the
NullSimulator.o output after the second step and go through with the rest? Then
in modules/createlb, we have the same code, but, we have inserted a new free
function check_results. It will lead to a compiler error in step 2, which you should
be able to solve. Does the rest of the build process go through without issues?

lJ JULICH
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NON-INLINE FUNCTIONS IN INTERFACE UNITS

= ... end up in the object file when the interface unit is compiled. If we are using
those functions, we need that object file when linking

s —> Possible conflict in output filename when compiling the implementation unit
= Common solutions:

= When compiling with option —c, use an explicit output filename, e.g.,
Gm -c NullSimulator.ixx -o NullSimulator.ixx.o
Gm -c NullSimulator.cc -o NullSimulator.cc.o
Gm -c main.cc -o main.cc.o
g++ main.cc.o NullSimulator.cc.o NullSimulator.ixx.o std.o

= Abandon suffix based differentiation, and name interface and implementation units
differently, e.g., NullSimulator.cc and NullSimulator_impl.cc.

Gm -c NullSimulator.cc

Gm -c NullSimulator_impl.cc

Gm -c main.cc

g++ main.o NullSimulator.o NullSimulator_impl.o std.o

IJ JULICH
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NON-INLINE FUNCTIONS IN INTERFACE UNITS

= How do the functions defined inside the class declarations behave?
= Answer: as of C++23, like regular non-inline functions!

// NullSimulator.ixx

export module NullSim;

import std;

namespace cxx_course {

export class NullSimulator {

bool config_ok{false},

public:
void configure (std::string_view pars);
void run();
auto summary ()

{

run_ok{false};

const —> std::string

return {"Summary of results:"};
}
bi
= The function summary is compiled and
placed in the object code when

compiling Nullsimulator.ixx
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// NullSimulator.cc
module NullSim;
void NullSimulator::configure(...)

{
}

void NullSimulator::run/()

{
}

= The functions configure () and run ()
end up in the object file when
NullSimulator.cc is compiled.

= Both generated object files are required

for linking! .
IJ JULICH

Slide 393 Forschungszentrum



BUILDING PROCESS INCLUDING MODULES

= Object files from the interface and implementation units can be combined into
static/shared libraries.

= The interface units also produce the BMI
= To compile a module user, we need the BMI of all modules it uses

= To link the application, we need the object files or libraries made of them.
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SPLITTING THE MODULE INTERFACE

= Large module interface units may be
split into multiple files
= Example: different large classes in
their own files
= Reason: maintenance, collaborative
development
= How: module partitions
= Each of the 3 module interface units
shown here belong to the same module
Measurements. Observe how they
are named and exported

= Implementation units belong to the
module as a whole, not to any
partitions
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Measurements.ixx
export module
export import
export import
e/port import

RMSD. ixx
export module
export class RMSD {/x..
//PRg ixx
export module Measurements:Rg;

e/port class Rg {/*...%/};
ContactOrder. ixx

export module Measurements:ContactOrder;
export class ContactOrder {/«...x/};

Measurements;
:RMSD;
:Rg;
:ContactOrder;

Measurements:RMSD;
.+/};

= Partitions can be imported by other
partitions

= Partitions can not be directly imported
outside the module

JULICH

J Forschungszentrum

Slide 395



SPLITTING THE MODULE INTERFACE

= Large module interface units may be
split into multiple files
= Example: different large classes in
their own files
= Reason: maintenance, collaborative
development
= How: module partitions
= Each of the 3 module interface units
shown here belong to the same module
Measurements. Observe how they
are named and exported

= Implementation units belong to the
module as a whole, not to any
partitions
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Measurements.ixx
export module
export import
export import

e/port import
RMSD.1ixx

export module

export class RMSD {/x..
//PRg ixx

export module Measurements:Rg;

e/port class Rg {/*...%/};
ContactOrder. ixx

export module Measurements:ContactOrder;
export class ContactOrder {/«...x/};

Measurements;
:RMSD;
:Rg;
:ContactOrder;

Measurements:RMSD;
.+/};

= The interface exported by the module
partitions can be exported by the
primary module interface

JULICH
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LETTING THE BUILD SYSTEM GENERATORS HANDLE
MODULES

= CMake and other build system generators simplify the management of modules
based compilation

= A set of module interface units can be attached to an executable or library target in
CMake with the target_sources function

= CMake determines the order in which they must be compiled, and sets where the
BMI and object files are stored

= The library or executable is then linked using the relevant set of object files

= CMake places the BMI files at the right places so that it can find them while
compiling the rest of the project

= The BMI must be generated from the module interface units fresh using the build
flags.
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USING HEADER FILES INSIDE MODULE UNITS

= Even if you want to use modules for module;
H H #include <Eigen/Dense>
your prOJeCt' you mlght need external #include <boost/type_ index.hpp>

dependencies which don’t yet support a module Measurements;
modules based build import .

-

= Including headers is possible, but
restricted to a specific segment in a
module unit, called the global module
fragment

= The global module fragment, if present,
has to be the first section in a module
unit.

IJ JULICH
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USING HEADER FILES INSIDE MODULE UNITS

= Even if you want to use modules for
your project, you might need external
dependencies which don't yet support a
modules based build

= Including headers is possible, but
restricted to a specific segment in a
module unit, called the global module
fragment

= The global module fragment, if present,
has to be the first section in a module
unit.

Member of the Helmholtz Association 19 - 23 May 2025

module;

#include <Eigen/Dense>

include <boost/type_index.hpp>
module Measurements;

import ...;

= |t starts like an empty or nameless
module declaration (module;). It
ends at the actual module declaration
(with export for interface and
without for implementation)
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CONVERTING OLDER HEADER BASED PROJECTS

// saxpy.hh

#ifndef SAXPY_ HH
#define SAXPY HH
#include <algorithm>
#include <span>

template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;
template <Number T>
auto saxpy (T a, std::span<const T> x,
std: :span<const T> vy,
std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al(T X, T Y) {
return a » X + Y;
1)
}
#endif

Member of the Helmholtz Association 19 - 23 May 2025

= A header file contains a function
template saxpy, and a concept
necessary to define that function

= A source file, main. cc which includes
the header and uses the function
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CONVERTING OLDER HEADER BASED PROJECTS

/) usesaxpy.cc = A header file contains a function
#include <iostream>

Lo e template saxpy, and a conc':ept
#include <vector> necessary to define that function
#include <span> . i .
#include "saxpy.hh" = A source file, main.cc which includes
auto main() > int the header and uses the function

{
using namespace std;
const array inpl { 1., 2.
const array inp2 { 9., 8.

, 4. 5. };
4
vector outp (inpl.size(), O

3., ’
7., 6., 5. };
)

’

saxpy (10., {inpl}, {inp2}, {outp});
for (auto x : outp) cout << x << "\n";
cout << M:r:r:i:ririiiiiiiii:ii:i::i:\n";

@ » JULICH
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CONVERTING OLDER HEADER BASED PROJECTS

// saxpy.hh -> saxpy.ixx
#ifndef SAXPY_ HH

#define SAXPY HH
#include <algorithm>
#include <span>

template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;
template <Number T>
auto saxpy (T a, std::span<const T> x,
std: :span<const T> vy,
std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al(T X, T Y) {
return a » X + Y;
1)
}
#endif

Member of the Helmholtz Association 19 - 23 May 2025

Make a module interface unit
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CONVERTING OLDER HEADER BASED PROJECTS

// saxpy.hh -> saxpy.ixx
#ifndef SAXPY_HH

#define SAXPY_ HH
#include <algorithm>
#include <span>

template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;
template <Number T>
auto saxpy (T a, std::span<const T> x,
std: :span<const T> vy,
std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al(T X, T Y) {
return a » X + Y;
1)
}
#endif
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Make a module interface unit

= Include guards are no longer required,
since importing a module does not
transitively import things used inside
the module
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CONVERTING OLDER HEADER BASED PROJECTS

Make a module interface unit

// saxpy.hh -> saxpy.ixx

#include <algorithm>
#include <span>

template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;
template <Number T>
auto saxpy (T a, std::span<const T> x,
std: :span<const T> vy,
std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al(T X, T Y) {
return a » X + Y;
1)
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CONVERTING OLDER HEADER BASED PROJECTS

, Make a module interface unit
// saxpy.hh -> saxpy.ixx

module; n
e o Start a global module fragment to
#include <span> enclose the headers you have to use.

export module saxpy;
= Export the module.
template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;

template <Number T>
auto saxpy (T a, std::span<const T> x,

std: :span<const T> vy,

std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al(T X, T Y) {
return a » X + Y;
1)

@) JULICH
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CONVERTING OLDER HEADER BASED PROJECTS

, Make a module interface unit
// saxpy.hh -> saxpy.ixx

= Start a global module fragment to

export module saxpy;

import std; enclose the headers you have to use.
template <class T> ] Export the module_
concept Number = std::floating_point<T> . .
or std::integral<T>; = |f you can get by with only imports,

template <Number T> . . .
auto saxpy (T a, std::span<const T> x, replace #lnc-ZUde I|nes Wlth

std: :span<const T> vy, H F H H

Srq e corresponding import |_|nes..Om|t the
{ global module fragment in this case

std::transform(x.begin(), x.end(),
y.begin(), z.begin(),

[al (T X, T Y) {
return a » X + Y;
}) i

IJ JULICH
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CONVERTING OLDER HEADER BASED PROJECTS

// saxpy.hh -> saxpy.ixx

export module saxpy;
import std;

template <class T>
concept Number = std::floating_point<T>
or std::integral<T>;
export template <Number T>
auto saxpy (T a, std::span<const T> x,
std::span<const T> vy,
std: :span<T> z)

std: :transform(x.begin(), x.end(),
y.begin(), z.begin(),
[al (T X, T Y) {
return a » X + Y;
}) i

Member of the Helmholtz Association 19 - 23 May 2025

Make a module interface unit

= Start a global module fragment to
enclose the headers you have to use.

= Export the module.

= |f you can get by with only imports,
replace #include lines with
corresponding import lines. Omit the
global module fragment in this case

= Explicitly export any definitions
(classes, functions...) you want for
users of the module. Anything not
exported by a module is automatically

private to the module @ JULICH
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USING THE MODULE

// usesaxpy.cc
#include <iostream>
#include <array>
#include <vector>
#include <span>
#include "saxpy.hh"

auto main() -> int
{
using namespace std;

const array inpl { 1., 2., 3., 4., 5. };
const array inp2 { 9., 8., 7., 6., 5. };
vector outp (inpl.size(), 0.);

saxpy (10., {inpl}, {inp2}, {outp});
for (auto x : outp) cout << x << "\n";

e o o o 06 e 0 e 0606060606060 000000 ALY

cout << M:iiiiiiiiiiiitioiiiococ \n";
@ » JULICH
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USING THE MODULE

/) usesaxpy.cc = Optionally replace #include lines

import std; H H : H

P with corresponding import line(s).
. . = |f the source is not a module unit,

auto main() -> int . ) .

{ include directives may be used

using namespace std; . .

3., 4., 5. }; alongside imports
7., 6., 5. };
)

’

const array inpl { 1., 2.,
const array inp2 { 9., 8.,
vector outp (inpl.size(), O

saxpy (10., {inpl}, {inp2}, {outp});
for (auto x : outp) cout << x << "\n";

Mo o o o o o o o o a o 0000000000 ".
cout << M:i:iiiiiiiiiiiiiiiioioi \n";
@) JULICH
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USING THE MODULE

// usesaxpy.cc
import std;
import saxpy;

auto main() -> int
{

using namespace std;

const array inpl { 1., 2., 3., 4., 5.
const array inp2 { 9., 8., 7., 6., 5.
vector outp (inpl.size(), 0.);

saxpy (10., {inpl}, {inp2}, {outp});
for (auto x : outp) cout << x << "\n";
cout << Mo o o o o o o o o a o 0000000000 \n“;

Member of the Helmholtz Association 19 - 23 May 2025

= Optionally replace #include lines
with corresponding import line(s).

= |f the source is not a module unit,
include directives may be used
alongside imports

= Import your module by name

IJ JULICH
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USING THE MODULE

// usesaxpy.cc Optionally replace #include lines

import std; H H : H
import saxpy; with corresponding import line(s).

= |f the source is not a module unit,

auto main() -> int

{ include directives may be used
using namespace std; . .
const array inpl { 1., 2., 3., 4., 5. }; alongS|de Imports
const array inp2 { 9., 8., 7., 6., 5. };
vector outp(inpl.size(), 0.); u |mp0rt your module by name
saxpy (10., {inpl}, {inp2}, {outp}); = |Importing saxpy here, only grants us
for (auto x : outp) cout << x << "\n"j access to the explicitly exported
cout << ":i:i:i:iiiiiiiziiiiziii:i:i\n"; . .
} function saxpy. Not other functions,

classes, concepts etc. defined in the
module saxpy, not any other module
imported in the module interface unit.

IJ JULICH
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C++ MODULES AND CMAKE

cmake_minimum_required (VERSION 3.30)
set (CMAKE_CXX_ EXTENSIONS OFF)
set (CMAKE_CXX_STANDARD 23)
set (CMAKE_CXX_STANDARD_REQUIRED ON)
set (CMAKE_EXPORT_COMPILE_COMMANDS ON)
if (CMAKE_VERSION VERSION_GREATER_EQUAL "4.0.0"
set (CMAKE_EXPERIMENTAL_CXX_IMPORT_STD
"a9elcf81-9932-4810-974b-6eccafld4ed57"
elseif (CMAKE_VERSION VERSION_GREATER_EQUAL "3.30"
set (CMAKE_EXPERIMENTAL_CXX_ IMPORT_STD
"0e5b6991-d74f-4b3d-ad4lc-cf096e0b2508")
endif ()
project (use_saxpy-example LANGUAGES CXX)
set (CMAKE_CXX_MODULE_STD 1)
add_executable (use_saxpy usesaxpy.cc)
target_sources (use_saxpy
PUBLIC
FILE_SET CXX_MODULES
FILES saxpy.ixx

Member of the Helmholtz Association 19 - 23 May 2025

= CMake supports C++ modules
since the version 3.28

= Since version 3.30 it supports
creation and use of standard
library as a module if the
compiler + standard library
combination supports it

= This means Clang >= 18.1 or
GCC >=15.1.
= The Ninja generator is required

mkdir -p build && cd build
cmake -DCMAKE_GENERATOR=Ninja
ninja

l) JULICH
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Exercise 8.4:

Versions of the saxpy program written using header files and then modules can be found
in the examples/saxpy/. Familiarise yourself with the process of building applications
with modules. Experiment by writing a new inline function in the module interface file
without exporting it. Try to call that function from main. Check again after exporting it
in the module.

Exercise 8.5:

As a more complicated example, we have in examples/2_any the second version of our
container with polymorphic geometrical objects. The header and source files for each
class Point, Circle etc have been rewritten for modules. Compare the two versions,
build them, run them.

lJ JULICH
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MODULES: SUMMARY

= Status, May 2025: Usable!
= There is support from CMake and b2build
= A different organisation of multi-file projects than the one with header and source
files
= Promise:
= easier control over symbol visibility
= no “copy and paste” solution of headers
= smaller translation units and hence faster compilation
= no transitive imports, no import of MACROs defined in imported modules
= Does not change anything about functions, classes, templates or concepts, just how
we place them in files

= Module interface units play a similar role to headers, but without their problems

IJ JULICH
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SOME USEFUL NON-STANDARD LIBRARIES

= Command line processing

= CTRE Compile time regular expressions

@) JULICH
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COMMAND LINE PROCESSING: CXXOPTS

et main(int arge, ohar. argvil) - int 1 = Lightweight option parsing library
cxxopts::Options options ("myprog", "Toy prog."); .
opt.ions. add_options () = Supports GNU style options syntax
("d,decrypt", "Decrypt a file",
AN LT = Long, short arguments, combined short

("filename", "The input file",
cxxopts::value<std::string>()) argu mentS ..

("o,output", "The resulting output file",

,, Cxxopts:ivaluecstd: i string>()) = Header only, but with the necessary
("h,help", "Print usage");
options.parse_positional ({"filename"}); N
auto args = options.parse(argc, argv); CMake flles
if (args.count ("help") or
args.count ("filename") == 0) {
std::print ("{}\n", options.help());
exit (0);
}
bool decrpt = args["decrypt"].as<bool>();

std::string ifile, pass;
if (args.count ("filename"))
ifile = args["filename"].as<std::string>();

IJ JULICH
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https://github.com/jarro2783/cxxopts

Exercise 8.6:

The file examples/eratosthenes_sieve.cc contains a small program to find out all
the prime numbers up to a given maximum using the Eratosthene Sieve method. It
works, but asks the user for the limit, and whether or not to print the results. Modify the
program using a command line parser, so that the limit, and other options can be
provided using program options.

UJ JULICH
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CTRE: COMPILE TIME REGULAR EXPRESSIONS

constexpr ctll::fixed_string re{ R"xpr (" (https:|http: |www\.)\S*)xpr" };

auto urls_in_input = args | :drop (1)
| sv::transform([=] (auto inp) { return std::string(inp); })
| ..fllter ([re] (auto inp) { return ctre::search<re>(inp); });

Regular expressions parsed at compile time.

Smaller binaries than std: : regex

Syntax makes excellent use of C++20 features for intuitive handling of regular
expressions

Compile time regex processing is possible, with great performance

IJ JULICH
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Chapter 9
Closing remarks
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CLOSING REMARKS

—

= |Information summarised for you, so
that you hear it once, and then
hopefully when you need it, you will
remember having heard about a feature,
and then look it up

= Most examples were simply demo code
to show you how it works

= To internalise the ideas, you have to
solve those or similar problems yourself

lJ JULICH
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en.cppreference.com
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CLOSING REMARKS

—

= |Information summarised for you, so
that you hear it once, and then
hopefully when you need it, you will
remember having heard about a feature,
and then look it up

= Rapidly evolving language

= Most examples were simply demo code
to show you how it works

= To internalise the ideas, you have to
solve those or similar problems yourself
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CLOSING REMARKS

= Most examples were simply demo code
to show you how it works

= To internalise the ideas, you have to
solve those or similar problems yourself
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= |Information summarised for you, so
that you hear it once, and then
hopefully when you need it, you will
remember having heard about a feature,
and then look it up

= Rapidly evolving language

= en.cppreference.com

IJ JULICH

Slide 411 Forschungszentrum


en.cppreference.com
isocpp.org

CLOSING REMARKS

= |Information summarised for you, so

i that you hear it once, and then
~* ﬁ hopefully when you need it, you will
e remember having heard about a feature,
R< and then look it up
‘*"m = Rapidly evolving language

S = en.cppreference.com
= Most examples were simply demo code = isocpp.org
to show you how it works

= To internalise the ideas, you have to
solve those or similar problems yourself
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CLOSING REMARKS

= |Information summarised for you, so

aEi that you hear it once, and then
~* ) 2 hopefully when you need it, you will
s remember having heard about a feature,
N< and then look it up
“"m = Rapidly evolving language

e = en.cppreference.com
= Most examples were simply demo code = isocpp.org
to show you how it works = YouTube channel: Jason Turner's C4++

= To internalise the ideas, you have to weekly
solve those or similar problems yourself
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CLOSING REMARKS

= Most examples were simply demo code
to show you how it works

= To internalise the ideas, you have to
solve those or similar problems yourself
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Information summarised for you, so
that you hear it once, and then
hopefully when you need it, you will
remember having heard about a feature,
and then look it up

Rapidly evolving language
en.cppreference.com
isocpp.org

YouTube channel: Jason Turner's C++
weekly

YouTube channel: CppCon conference
talks
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