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Containers, Algorithms, Iterators,
Ranges, and Beyond

This book takes you from knowing basic C++ syntax to writing professional,
production-quality code with the STL. You will learn every major container
family, all standard algorithms organized conceptually, iterators and their
categories, ranges in modern C++, allocators, parallel execution policies, and
the design philosophy that ties everything together. Each chapter builds on the
last, with complete compilable examples, complexity guarantees, performance
analysis, debugging guidance, and real-world patterns. By the end, you will
understand not only how to use each STL facility but when to use it, why it
works the way it does, and how to compose STL components elegantly to solve
practical problems at scale.



Introduction: What Is the STL?

Consider this scenario. You need to store a collection of integers, sort them,
remove duplicates, then search for values efficiently. In C before the STL
existed, you would write your own dynamic array, implement your own sorting
algorithm, code duplicate removal by hand, and roll your own binary search.
None of that code would be reusable for storing strings instead of integers, or
floating point numbers, or user-defined types. You would repeat this labor on
every project.

The STL exists to make all of that repetition unnecessary. It gives you
containers to store elements of any type, algorithms to sort and search and
transform them, and a clean separation between the two so that any algorithm
works with any container through iterators as the connecting bridge. This is
not merely convenience. It is a design philosophy called generic programming,
and understanding it is what separates casual STL users from professionals who
write C++ code that is correct, efficient, maintainable, and genuinely elegant.

The Original STL and Stepanov’s Vision

The Standard Template Library was created by Alexander Stepanov in the
early 1990s while he worked at HP Laboratories. It was presented publicly
in November 1993, approved as part of the ANSI/ISO C++ standard in July
1994, and released freely by HP later that year [1,2]. The name “STL’ originally
referred to a specific collection of template classes and functions designed by
Stepanov with Meng Lee and Dave Musser. Today most people use “STL’ more
loosely to mean the containers, iterators, algorithms, and related utilities in the
C++ Standard Library. This book follows that common usage while clarifying
distinctions where they matter.

Stepanov’s core insight was radical for its time. He realized that algorithms
like sorting or searching do not care about the concrete type of elements they
operate on, nor about the specific container that stores them. What matters
are certain properties: can you compare two elements? Can you move from
one element to the next? Can you access an element at an arbitrary position? If
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you formalize these requirements precisely, then a single sort algorithm works
for integers, strings, user-defined structs, or anything else that satisfies the
requirements.

This is generic programming: writing code in terms of abstract properties
rather than concrete types. The STL is the landmark achievement of this
paradigm applied to C++. It demonstrates that abstractions need not cost
performance. On the contrary, when designed correctly with templates and
compile-time resolution, generic code can be as fast as or faster than hand-
written specialized code because the compiler can optimize it fully without
runtime dispatch overhead [3].

Separation of Containers, Iterators, and Algorithms

The STLs architecture rests on three pillars that interact cleanly:

* Containers manage storage for collections of elements. They handle
memory allocation, element construction, destruction, and growth. Ex-
amples include std:vector, std:list, std::map, and std:unordered_set.
Each container has its own internal organization optimized for different
access patterns.

* Iterators provide a uniform way to traverse containers without exposing
their internal structure. An iterator behaves like a pointer: you derefer-
ence it to get the element, increment it to move to the next one, compare
two iterators to check equality or ordering. But unlike raw pointers,
iterators are type-safe and hide container implementation details. They
are the bridge that allows algorithms to work with any container [4].

* Algorithms operate on ranges of elements specified by iterators. Func-
tions like std::sort, std::find, std::transform, and std::accumulate do not
know or care whether their elements live in a vector, a list, a map, or even
araw C array. They only require that the iterators they receive support
certain operations. This separation means you can change the underlying
container without changing the algorithmic logic [5].

This design is powerful because it creates combinatorial reuse. If you
have ten containers and fifty algorithms, and each algorithm works with each
container through iterators, you get five hundred combinations of functionality
from components designed independently. Add ranges in C++20 and this
composability becomes even more expressive.
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Generic Programming as a Design Philosophy

Generic programming is not just about templates. It is about reasoning at the
right level of abstraction. Stepanov drew inspiration from mathematics: an
algorithm should be associated with the mathematical theory that describes
its requirements, not with specific data types [6]. When you call std:sort
on a range of elements, what matters is that those elements support a strict
weak ordering relation. The sort algorithm’s correctness depends only on that
property holding. Whether your elements are integers compared with less
than or employee objects compared by ID number is irrelevant to the algorithm
itself.

This philosophy has practical consequences for how you write C++:

* You learn to identify the minimal set of operations your code requires
from its types.

* You design interfaces in terms of those operations rather than specific
types.

* You get compile-time verification that types satisfy requirements, catch-
ing errors before they reach production.

* You avoid runtime polymorphism overhead when static dispatch through
templates suffices.

Modern C++ has evolved to support this philosophy more explicitly. Con-
cepts introduced in C++20 let you express type requirements directly and
readably, replacing the cryptic error messages that were historically one of
STL's biggest pain points [7].

What This Book Covers and How to Read It

This book assumes you know basic C++ syntax: types, functions, classes,
pointers, references, and operator overloading. You should be comfortable
reading a simple class definition and calling a function with arguments. Beyond
that, no prior STL knowledge is required. Every concept is introduced from
first principles before advancing to sophisticated usage.

The book progresses in a deliberate sequence:
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Chapters 1 through 2 establish foundations: templates as the mechanism
enabling genericity, and iterators as the bridge between containers and algo-
rithms. These are essential prerequisites for everything that follows.

Chapters 3 through 7 cover all major container families with depth: se-
quence containers like vector and list, ordered associative containers like
map and set, unordered hash-based containers, container adapters, allocators,
and modern specialized types. Each chapter explains interfaces, complexity
guarantees, iterator invalidation rules, trade-offs, and selection criteria so you
learn not just how to use a container but when it is the right choice.

Chapters 8 through 10 focus on algorithms and callables: non-modifying
operations like search and count, modifying operations like sort and transform,
plus function objects, lambdas, predicates, comparators, and projections. Al-
gorithms are organized conceptually rather than merely listed, with emphasis
on how they interact with iterators, containers, and user-defined types.

Chapter 11 covers utility facilities that support STL patterns: pair and tuple
for grouping values, type traits for compile-time introspection, chrono for time
operations, and other helpers that make generic code practical.

Chapters 12 through 13 address modern C++ features: the ranges library
in C++20 as a major evolution of STL design with views, pipelines, and lazy
evaluation, plus parallel algorithms and execution policies from C++17 onward
for exploiting multi-core hardware safely.

Chapter 14 brings everything together at an expert level: internal imple-
mentation ideas, cache locality considerations, compile-time optimization,
advanced composition patterns, debugging guidance, anti-patterns to avoid,
and professional best practices for production-quality code.

You can read this book sequentially from start to finish as a complete course
on the STL. You can also use it as a reference once you have learned the founda-
tions: each container chapter includes complexity tables and decision guides,
each algorithm section explains requirements clearly, and cross-references
help you navigate related topics. Every code example is a complete, compilable
program with appropriate headers and main functions, so you can run them
immediately to see concepts in action.

The STL rewards understanding. Invest the time to learn its design princi-
ples, contracts, and trade-offs, and it will repay you many times over in code
that is clearer, faster, safer, and more maintainable than anything you could
write by hand.
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Chapter 1: Templates and Genericity

Before you can truly understand the STL, you must understand templates.
Every container, every algorithm, every iterator wrapper in the STL is a
template. Without templates, there would be no generic programming in C++,
and without generic programming, the STL as we know it could not exist. This
chapter explains templates from the ground up: how they work, how types are
deduced, how constraints control which types are accepted, and why all of this
enables zero-cost abstractions rather than runtime overhead.

Function Templates: Syntax, Deduction, and
Instantiation

A function template is a blueprint for generating multiple functions from a
single definition. Instead of writing separate versions of the same algorithm
for int, double, string, and every other type you might need, you write one
template that works for any type supporting the required operations.

Here is the simplest example: a generic max function that returns the larger
of two values.

#include <iostream>

template<typename T>
T max value(T a, T b) {
return (a > b) ? T b;

}

int main() {
std::cout << "Max of 3 and 7: " << max value(3, 7) << '\n';
std::cout << "Max of 3.14 and 2.71: " << max value(3.14, 2.71) << '\n';

const char* sl = "hello";

const char* s2 = "world";

// This compares pointers, not string contents!

std::cout << "Max pointer of 'hello' and 'world': "
<< max_value(sl, s2) << '\n';
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return 0;

Expected output:

Max of 3 and 7: 7
Max of 3.14 and 2.71: 3.14
Max pointer of 'hello' and 'world': world

The template parameter T is a placeholder for an actual type. When you call
max_value(3, 7), the compiler deduces that both arguments are integers,
so it substitutes int for T and generates a function equivalent to writing
int max_value(int a, int b) by hand. This process is called template
instantiation, and it happens at compile time, not runtime [8].

Type deduction follows specific rules. The compiler examines the argument
types you pass and tries to match them against the parameter types in the
template. For this simple case, both parameters have type T, so the compiler
requires that both arguments have the same type:

max_value(3, 7); // OK: both int, T deduced as int
max_value(3.0, 2.5); // OK: both double, T deduced as double
max_value(3, 2.5); // Error: int and double do not match for single T

If you pass arguments of different types, deduction fails because there is
no single type that can be substituted for T to make both parameter types
match the argument types. You can fix this by explicitly specifying the template
argument or by converting one argument to match the other:

max_value<double>(3, 2.5); // OK: T explicitly set to double
max_value(3.0, 2.5); // OK: both are now double literals

Templates can have multiple parameters. Here is a version of max that
accepts different types and returns the wider one:
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Chapter 1: Templates and Genericity 8

#include <iostream>
#include <type traits>

template<typename T, typename U>
auto max value(T a, U b) -> std::common type t<T, U> {
return (a > b) ? static_cast<std::common type t<T, U>>(a)
: static_cast<std::common_type t<T, U>>(b);

}

int main() {
std::cout << max_value(3, 2.5) << '\n'; // Output: 3
return 0;

The std::common_type t utility determines a type that both T and U can
be converted to without loss of information. For int and double, the common
type is double. This pattern appears throughout the STL where operations
involve potentially different types.

Class Templates and Specialization

Class templates work similarly but define families of classes rather than func-
tions. Every STL container is a class template. Consider std::vector: when you
write std: :vector<int>, you are instantiating the vector template with int as
the element type, creating a distinct class that stores integers in contiguous
memory.

Here is a simple custom container to illustrate:

#include <iostream>
#include <cstddef>

template<typename T>
class SimpleContainer {
private:
T* data;
std::size_t size ;

public:
explicit SimpleContainer(std::size_t n) : data(new T[n]l()), size (n) {}

~SimpleContainer() { delete[] data; }

T& operator[](std::size_t index) { return data[index]; }
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Chapter 1: Templates and Genericity 9

const T& operator[](std::size_t index) const { return data[index]; }

std::size_t size() const { return size ; }

}

int main() {
SimpleContainer<int> integers(5);
integers[0] = 42;
integers[3] = 17;
std::cout << "Size: << integers.size()
<< ", First: " << integers[0]
<< ", Fourth: " << integers[3] << '\n';

SimpleContainer<double> doubles(3);
doubles[1] = 3.14;
std::cout << "Second double: " << doubles[1l] << '\n';

return 0;

Expected output:

Size: 5, First: 42, Fourth: 17
Second double: 3.14

Notice that SimpleContainer<int> and SimpleContainer<double> are
completely separate types. The compiler generates distinct code for each
instantiation. This is why template code can be efficient: there is no runtime
type information or virtual dispatch overhead. Each instantiation is specialized
for its exact element type, allowing the optimizer to generate tight machine
code.

Templates can also have non-type parameters, which are values rather than
types. std::array uses this extensively:
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#include <array>
#include <iostream>

int main() {
// The size 5 is a non-type template parameter
std::array<int, 5> numbers{l, 2, 3, 4, 5};

for (const auto& n : numbers) {
std::cout << n << ' ';

}
std::cout << '\n';
return 0;
}
Expected output:
12345

Here the template parameters are int (the element type) and 5 (a compile-
time constant specifying capacity). Non-type template parameters must be
known at compile time, which is why you cannot use a runtime variable for the
array size. This constraint enables optimizations: the compiler knows exactly
how much memory to allocate and can potentially embed the array directly in
stack or register space.

Template specialization allows you to provide custom implementations for
specific types while keeping a general template for all others. The STL uses
this technique extensively. The most famous example is std: : vector<bool>,
which is specialized to store one bit per boolean value rather than one byte,
achieving an eight-fold space saving at the cost of some behavioral differences
from other vector specializations [9].

Here is a simpler illustration:
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#include <iostream>

template<typename T>
struct TypeTag {
static const char* name() { return "unknown type"; }

s

// Specialization for int
template<>
struct TypeTag<int> {
static const char* name() { return "integer"; }

s

// Specialization for double
template<>
struct TypeTag<double> {
static const char* name() { return "floating point"; }

I

int main() {
std::cout << TypeTag<int>::name() << '\n'; // Output: integer
std::cout << TypeTag<double>::name() << '\n'; // Output: floating point
std::cout << TypeTag<char>::name() << '\n'; // Output: unknown type
return 0;

The primary template provides a default implementation returning “un-
known type”. The explicit specializations override this for int and double. This
pattern underlies much of the STLs internal machinery, including type traits
that classify types at compile time.

Partial specialization is similar but applies to subsets of template parame-
ters rather than complete matches. It is commonly used in library design to
handle categories of types differently:
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#include <iostream>

// Primary template: non-pointer types
template<typename T>
struct IsPointer {

static constexpr bool value = false;

};

// Partial specialization: pointer types
template<typename T>
struct IsPointer<T*> {

static constexpr bool value = true;

};

int main() {
std::cout << IsPointer<int>::value << '\n'; // Output: 0 (false)
std::cout << IsPointer<int*>::value << '\n'; // Output: 1 (true)
return 0;

The STL’s type traits library in <type_traits>isbuilt entirely on this mech-
anism, providing compile-time predicates like std: :is_integral,std::is -
pointer, and dozens more that enable sophisticated generic programming.

Template Constraints and SFINAE (Historical Context)

Before C++20 introduced concepts, controlling which types could be used
with a template required indirect techniques. The two most important were
SFINAE (Substitution Failure Is Not An Error) and the use of std: :enable_if.
Understanding them is valuable because you will encounter legacy code using
these patterns, and they illuminate why concepts were such an important
improvement.

SFINAE is a rule in template overload resolution: if substituting deduced
template arguments into a function template produces an invalid type or
expression, that candidate is silently removed from the overload set rather
than causing a hard compilation error [10]. This allows you to write multiple
overloads of a template function, each enabled only for types satisfying certain
requirements.

Here is a classic example using std: :enable_if to constrain a function to
integral types only:
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#include <iostream>
#include <type traits>

template<typename T,
typename std::enable if<std::is integral v<T>, int>::type = 0>
void print type info(T value) {
std::cout << "Integral value: " << value << '\n';

}

template<typename T,
typename std::enable if<std::is floating point v<T>, int>::type = 0>
void print type info(T value) {

std::cout << "Floating point value: " << value << '\n';
}
int main() {
print_type info(42); // Output: Integral value: 42
print type info(3.14); // Output: Floating point value: 3.14
return 0;

The std::enable if<T, int>::type expression produces the type int
when T is true, and produces nothing when T is false. When it produces
nothing, the substitution fails and SFINAE removes that overload from con-
sideration. The third template parameter with default value O is a common
trick to make enable_if work in parameter position without requiring callers
to specify it explicitly.

This pattern works but is notoriously difficult to read. The syntax typename
std::enable if<std::is integral v<T>, int>::type = 0 obscures the
simple intent: “this function only accepts integral types.” Error messages when
constraints are violated were equally cryptic, often spanning dozens of lines of
template instantiation details that gave little guidance about what went wrong.

C++17 introduced if constexpr as a cleaner alternative for selecting be-
havior at compile time within a single template function:
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#include <iostream>
#include <type traits>

template<typename T>
void print type info(T value) {
if constexpr (std::is_integral v<T>) {
std::cout << "Integral value: " << value << '\n';
} else if constexpr (std::is floating point v<T>) {
std::cout << "Floating point value: " << value << '\n';
} else {
std::cout << "Other type with value\n";

}

}

int main() {
print type info(42); // Output: Integral value: 42
print type info(3.14); // Output: Floating point value: 3.14
print type info("text"); // Output: Other type with value
return 0;

The if constexpr statement evaluates its condition at compile time. Only
the branch whose condition is true is compiled; the other branches are
discarded entirely, even if they contain code that would be ill-formed for the
given type. This eliminates the need for SFINAE in many cases where you want
different behavior for different type categories within a single function body.

Concepts as Modern Compile-Time Constraints

C++20 introduced concepts to solve the readability and error message prob-
lems of SFINAE-based constraints [11]. A concept is a named requirement
that types can satisfy or fail to satisfy, checked at compile time with clear
diagnostics.

Here is how the previous example looks with concepts:
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#include <iostream>
#include <concepts>

void print type info(std::integral auto value) {

std::cout << "Integral value: " << value << '\n';
}
void print type info(std::floating point auto value) {
std::cout << "Floating point value: " << value << '\n';
}
int main() {
print type info(42); // Output: Integral value: 42
print type info(3.14); // Output: Floating point value: 3.14
return 0;

The syntax std::integral auto means “any type that satisfies the
std::iintegral concept” If you call print_type info("text"), the compiler
produces a clear error message explaining that const char* does not satisfy
the integral or floating_point concept. Compare this to the wall of template
instantiation errors you would get with enable_if, and the improvement is
dramatic.

You can define your own concepts using the concept keyword:

#include <iostream>
#include <concepts>

// A type is Printable if it has operator<< defined for it with std::ostream
template<typename T>
concept Printable = requires(std::ostream& os, T value) {
{ os << value } -> std::convertible to<std::ostream&>;
}i

template<Printable T>
void print wrapped(T value) {
std::cout << "[ " << value << " ]\n";

}

int main() {
print wrapped(42); // Output: [ 42 ]
print wrapped(3.14); // Output: [ 3.14 ]
print wrapped("hello"); // Output: [ hello ]
return 0;
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The requires clause specifies what operations must be valid on type T for
it to satisfy the concept. Here we check that os << value is a well-formed
expression returning something convertible to std::ostream&. This pattern
of expressing requirements through syntactic validity is exactly how the STL
constrains its algorithms: an algorithm requires certain operations to be valid
on its iterator and element types, and concepts let it state those requirements
explicitly.

Concepts are used extensively in C++20’s ranges library and constrained
algorithm overloads. The standard defines many concepts for iterators (in-
put_iterator, forward_iterator, random_access_iterator, etc.), ranges (range,
sized_range, borrowed_range), and value categories (semiregular, movable,
copyable). These form the compile-time contract between STL components
and user code.

How Templates Enable Zero-Cost Abstractions

The phrase “zero-cost abstraction” means that using a high-level abstraction
should not incur runtime overhead compared to writing equivalent low-level
code by hand. Templates are C++'s primary mechanism for achieving this
property, and they are fundamental to why the STL can be both highly generic
and highly efficient.

When you write std: :vector<int> v; v.push_back(42);, the compiler
generates code specialized for integers. There is no virtual function call,
no type erasure wrapper, no runtime dispatch table lookup. The generated
machine code is comparable to what you would get from managing a raw array
with manual reallocation logic. The abstraction is free because all decisions are
made at compile time through template instantiation and inlining [12].

This contrasts sharply with approaches that use runtime polymorphism.
Consider an interface-based design where different container types implement
a common base class:
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// Runtime polymorphism approach (NOT how STL works)

class Container {

public:
virtual void push(const Elementé& e)
virtual Element get(size_t i) const = 0;
virtual ~Container() = default;

1]
(o]

};

class IntVector : public Container {
// ... implementation with virtual dispatch overhead

i

Every call through the base class pointer involves a virtual function
lookup, which costs a memory indirection and prevents certain compiler
optimizations. The STL avoids this entirely by using templates:
std::vector<int>::push backisa concrete function that the optimizer can
inline, specialize, and eliminate as aggressively as any hand-written function.

The trade-off is compile time and binary size. Each template instantia-
tion generates separate code, so heavy use of templates with many differ-
ent types increases compilation time and executable size through a process
called monomorphization [13]. Modern compilers mitigate this with link-
time optimization and whole-program analysis, but it remains a consideration
in large projects. The STL designers judged that runtime performance was
more important than compile-time overhead for most use cases, and the
overwhelming adoption of template-based libraries suggests they were right.

Understanding zero-cost abstractions helps you appreciate why the STL
is designed the way it is. Algorithms are templates so they can be inlined
into the calling context. Containers are templates so they can specialize their
memory layout and element operations for each type. Iterators are lightweight
wrappers, often just pointers or pointer-like structs, so traversal adds no
overhead beyond what the underlying memory access requires. Every design
decision serves the goal of genericity without sacrifice.



Chapter 2: Iterators — The Bridge
Between Containers and Algorithms

Iterators are the most important abstraction in the STL. They are what make
it possible for algorithms like std::sort or std::find to work with any container
without knowing anything about how that container stores its elements. With-
out iterators, each algorithm would need a separate version for vector, list,
map, array, and every other storage mechanism. With iterators, one generic
sort function handles them all.

This chapter explains what iterators are from first principles, the different
categories of iterators and their capabilities, how modern C++ formalizes
iterator requirements through concepts, and how to write your own iterators
when you need custom traversal behavior.

What Is an Iterator and Why Does It Exist?

An iterator is an object that provides access to elements in a container one
at a time, without exposing the container’s internal structure. Think of it
as a generalized pointer: just as a pointer lets you access array elements
sequentially through dereferencing and incrementing, an iterator lets you do
the same for any container.

The reason iterators exist is separation of concerns. Container implemen-
tations should focus on efficient storage and element management. Algorithms
should focus on correct computation over sequences of elements. Neither
should depend on the other’s internal details. Iterators provide the interface
that decouples them [14].

Consider how you would iterate over a C-style array:
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int arr[] = {5, 2, 8, 1, 9};

int* it = arr; // Pointer to first element

while (it != arr + 5) { // Compare against one-past-end
std::cout << *it << ' '; // Dereference to get value
++it; // Move to next element

}

Now consider iterating over a std::vector:

#include <iostream>
#include <vector>

int main() {
std::vector<int> numbers{5, 2, 8, 1, 9};

auto it = numbers.begin();
auto end = numbers.end();

while (it != end) {

std::cout << *it << ' '; // Dereference to get value
++it; // Move to next element
}
std::cout << '\n';
return 0;
}
Expected output:
52819

// Iterator to first element
// Iterator past last element

19

The code structure is identical. The vector hides its internal array pointer
behind begin() and end() methods that return iterators. The algorithm (in this
case, a simple print loop) does not need to know that the elements are stored
contiguously in dynamically allocated memory. It only needs to know how to
dereference an iterator, increment it, and compare two iterators for equality.

This pattern generalizes to every container:

* std:list uses node-based linked lists internally, but its iterators provide

the same dereference-increment-compare interface.

* std::map stores elements in a balanced binary tree ordered by key, but its
iterators let you traverse elements sequentially without knowing about

tree structure.
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* Even input streams have stream iterators that let you treat file or console
input as a sequence of values.

The iterator abstraction makes all of these different storage mechanisms
look the same to algorithms. That is its power.

Every STL container provides at least two iterator-accessing methods:

* begin() returns an iterator pointing to the first element (or the past-the-
end position if the container is empty).

* end() returns a past-the-end iterator that marks where the sequence
terminates but does not point to a valid element.

The range [begin(), end()) is called a half-open interval: it includes
begin but excludes end. This convention simplifies reasoning about ranges
because the distance between iterators equals the number of elements, empty
ranges are represented naturally (begin equals end), and concatenating adja-
cent ranges works without special cases [15].

Iterator Categories: Input, Output, Forward,
Bidirectional, Random Access, Contiguous

Not all iterators support the same operations. The STL classifies iterators into
categories based on their capabilities, and algorithms specify which category
they require. This allows the library to express precisely what each algorithm
needs from its iterators while maintaining maximum flexibility [16].

The iterator categories form a hierarchy. A higher-category iterator sat-
isfies all requirements of lower categories, so an algorithm requiring only
forward iteration can accept random access iterators as well. The categories
are:

Input iterators support single-pass reading. You can dereference to read a
value and increment to move forward, but you cannot write through them, and
you generally cannot revisit elements by re-dereferencing after incrementing.
Stream iterators from <istream> are the canonical example: once you read a
value from standard input, you cannot go back and read it again.

Output iterators support single-pass writing. You can write values through
them and increment, but you cannot read back what was written, and like input
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iterators they generally support only single-pass traversal. Stream iterators to
<ostream> exemplify this category.

Forward iterators combine input and output capabilities with multi-pass
semantics. You can copy a forward iterator and traverse the same sequence
multiple times using different copies. This is essential for algorithms that need
to look ahead or revisit elements. std:forward_list and std::unordered_set
provide forward iterators [17].

Bidirectional iterators add backward traversal through the decrement
operator (—). You can move both forward and backward through the sequence.
Containers with node-based structures that link in both directions, such as
std:list, std::map, and std::set, provide bidirectional iterators [18].

Random access iterators support all bidirectional operations plus
constant-time arithmetic: you can add or subtract integer offsets, compare
iterators with relational operators (<, >, <=, >=), and index into the sequence
using the bracket operator. Raw pointers are random access iterators, as are
iterators from std::vector, std::deque, and std::array [19].

Contiguous iterators, introduced formally in C++17, are a refinement of
random access iterators that guarantee elements are stored in contiguous
memory with no gaps. This is important for interoperability with C APIs
and SIMD optimizations. Only std::vector (for non-bool types) and std::string
provide contiguous iterators [20].

Here is a practical comparison showing the operations each category
supports:

#include <iostream>
#include <vector>
#include <list>
#include <forward list>
#include <set>

int main() {
std::vector<int> vec{l, 2, 3, 4, 5};
std::list<int> 1st{1l, 2, 3, 4, 5};
std::forward list<int> flst{l, 2, 3, 4, 5};
std::set<int> st{1, 2, 3, 4, 5};

// Random access operations (vector only in this set)

auto vit = vec.begin();

std::cout << "Vector[2]: " << *(vit + 2) << '\n'; // OK: random
— access
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std::cout << "Vector index [3]: " << vec[3] << '\n'; // OK: indexing

// Bidirectional operations (list and set, but not forward list)

auto 1it = lst.end();

--1lit; // OK: decrement
std::cout << "List last element: " << *1lit << '\n'; // Output: 5

auto sit = st.end();
--sit;
std::cout << "Set last element:

<< *sit << '\n'; // Output: 5

// Forward-only operations (forward list)
auto fit = flst.begin();

++fit; // OK: increment only
std::cout << "Forward list second element: " << *fit << '\n'; // Output: 2
return 0;

}
Expected output:

Vector[2]: 3

Vector index [3]: 4
List last element: 5
Set last element: 5
Forward list second element: 2

Why does this categorization matter? Because algorithms declare their
iterator requirements, and using an iterator that does not meet those require-
ments results in a compilation error. For example:

* std::sort requires random access iterators because it needs to jump to
arbitrary positions in the sequence for efficient partitioning. You cannot
call std::sort on a std::list because list iterators are only bidirectional [21].

* std::find requires only forward iterators, so it works with any container
type.

* std::reverse requires bidirectional iterators because it swaps elements
from both ends moving inward.

This constraint system ensures correctness at compile time rather than
runtime crashes or undefined behavior.

Here is a table summarizing which STL containers provide which iterator
category:
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Container Iterator Category

std::vector Contiguous (C++17), Random
Access

std::deque Random Access

std::array Contiguous, Random Access

std::list Bidirectional

std::forward_list Forward

std::set, std::multiset Bidirectional

std::map, std::multimap Bidirectional

std::unordered_ set, Forward

std::unordered_multiset
std::unordered_map, Forward
std::unordered_multimap

Iterator Concepts in Modern C++

C++20 formalized iterator categories as concepts in the <iterator> header,
replacing the older tag-based system that relied on nested type definitions
like std::random access iterator tag [22]. The new concepts are more
precise and produce better error messages.

The core iterator concepts include:

* std::input_or output_iterator: The base concept requiring deref-
erencing and incrementing.

* std::input_iterator: Single-pass read access with value semantics on
dereference.

e std::output iterator: Single-pass write access.

* std::forward iterator: Multi-pass traversal in one direction. Includes
the requirement that increment is cheap (amortized constant time).

* std::bidirectional iterator: Forward and backward traversal.

* std::random_access_iterator: All bidirectional operations plus arith-
metic, indexing, and ordering comparisons.

* std::contiguous iterator: Random access with guaranteed contigu-
ous memory layout [23].

You can use these concepts to constrain your own generic code:



= o
H O O 0 N O U B W N =

NN NNNNNNNNRERRRRRB B B
© 0 N O U s WNROWOONOOUDH WN

30

31
32
33

Chapter 2: Iterators — The Bridge Between Containers and Algorithms 24

#include <iostream>
#include <iterator>
#include <vector>
#include <list>

template<std::forward iterator It>
void print range(It first, It last) {
for (auto it = first; it != last; ++it) {

std::cout << *it << :

}

std::cout << '\n';

template<std::random access iterator It>
void print with indices(It first, It last) {
for (std::size_t i = 0; first !'= last; ++first, ++1i) {

std::cout << "[" << i << "] " << *first << ;

}

std::cout << '\n';

int main() {
std::vector<int> vec{10, 20, 30};
std::list<int> 1st{100, 200, 300};

print_range(vec.begin(), vec.end()); // OK: vector iterators are forward
print range(lst.begin(), lst.end()); // OK: list iterators are forward

print with_indices(vec.begin(), vec.end()); // OK: vector iterators are
< random access

// print_with_indices(lst.begin(), lst.end()); // Error: list iterators not
— random access

return 0;

Expected output:

10 20 30
100 200 300
[6] 10 [1] 20 [2] 30

The compiler rejects the commented-out call because std::list iterators do
not satisfy std:random_access_iterator. The error message clearly states
which concept was violated, making it easy to understand and fix.

Sentinels are closely related concepts that generalize the end marker of
a range. In most STL ranges, begin() and end() return iterators of the same
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type, so you compare them directly with ==. But sometimes the “end” is
not an iterator at all. For example, reading from a stream until EOF uses
a special sentinel value rather than an actual position in the data. C++20’s
std::sentinel_for<S, I> concept formalizes this relationship: S is a sen-
tinel for iterator type I if you can validly compare an I with an S using == and
'=[24].

Dereferencing, Incrementing, Comparing: The Core
Operations

Despite the variety of categories, all iterators share a small set of core opera-
tions. Understanding these operations precisely is essential because violating
their requirements leads to undefined behavior.

Dereferencing (*it) accesses the element the iterator points to. For input
and forward iterators returning non-const references, you can both read and
write through the dereference. For const iterators or algorithms that specify
const access, dereferencing returns a const reference or value. The result
of dereferencing is well-defined only for valid iterators: those pointing to an
actual element in the container or one position past the last element (the end
iterator), except that dereferencing the end iterator itself is undefined behavior
[25].

Incrementing (++it) advances the iterator to the next position. Pre-
increment (++it) and post-increment (it++) both work, but pre-increment
is generally preferred because it avoids creating a temporary copy of the
previous iterator value. For forward iterators and above, increment must be
amortized constant time, meaning that while individual increments might
occasionally cost more, the average over many increments remains bounded
[26].

Comparing (itl == it2) checks whether two iterators refer to the same
position. All iterator categories support equality comparison. Only random
access and contiguous iterators support ordering comparisons (<, >, <=, >=).
Comparing iterators from different containers is undefined behavior: even
if both are vector:iterator instances, they must belong to the same specific
vector object [27].

Decrementing (—it) moves backward one position and is available only
for bidirectional and higher categories. Like increment, pre-decrement is
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preferred over post-decrement for efficiency.

Arithmetic (it + n, it - n, it += n, it -= n) jumps by a specified number of
positions and is available only for random access and contiguous iterators. The
distance operation (it2 - itl) returns the number of steps between two iterators
in O(1) time for random access iterators but requires O(n) traversal for lower
categories [28].

Here is a comprehensive example demonstrating these operations:
#include <iostream>
#include <vector>

#include <algorithm>
#include <iterator>

int main() {
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std::vector<int> numbers{5, 10, 15, 20, 25};

// Basic dereferencing and incrementing
auto it = numbers.begin();
std::cout << "First element:
++it;

std::cout << "Second element:

<< *it << '\n';

// Equality comparison

auto end = numbers.end();

while (it !'= end) {
std::cout << *it << ' ';
++it;

}

std::cout << '\n';

// Random access arithmetic
it = numbers.begin();
auto third = it + 2;

<< *it << '\n';

// Output: 5

// Output: 10

// Output: 10 15 20 25

// Jump to third element

std::cout << "Third via arithmetic: " << *third << '\n'; // Output: 15

// Distance between iterators
std::cout << "Distance from begin to end:

<< std::distance(numbers.begin(), numbers.end()) << '\n'; //

— Output: 5

// Ordering comparison (random access only)

auto mid = numbers.begin() + numbers.size() / 2;

if (mid > numbers.begin()) {
std::cout << "Mid is after begin\n";
— after begin

// Output: Mid is
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// Indexing via operator[]
std::cout << "Element at index 4:
— Output: 25

<< *(numbers.begin() + 4) << '\n'; //

return 0;

Expected output:

First element: 5

Second element: 10

10 15 20 25

Third via arithmetic: 15
Distance from begin to end: 5
Mid is after begin

Element at index 4: 25

Building Custom Iterators for Your Types

You might need custom iterators when implementing your own container or
when you want to provide STL-compatible traversal over a non-standard data
structure. Modern C++20 makes this cleaner than before through concepts and
standard base classes, but the requirements are still detailed.

Here is a minimal random access iterator for a simple fixed-size array
wrapper:

#include <iostream>
#include <iterator>
#include <concepts>

template<typename T>
class ArrayView {
private:
T* data;
std::size_t size ;

public:
// Random access iterator type satisfying C++20 concepts
class iterator : public std::iterator traits<iterator>::type {
private:
T* ptr;
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friend class ArrayView<T>;
explicit iterator(T* p) : ptr(p) {}

public:
using iterator concept = std::random access iterator tag;
using iterator category = std::random access iterator tag;
using value type = T;
using difference type = std::ptrdiff_t;
using pointer = T*;
using reference = T&;

reference operator*() const { return *ptr; }
pointer operator->() const { return ptr; }

iterator& operator++() { ++ptr; return *this; }

28

iterator operator++(int) { iterator tmp = *this; ++ptr; return tmp; }

iterator& operator--() { --ptr; return *this; }

iterator operator--(int) { iterator tmp = *this; --ptr; return tmp; }

iteratoré& operator+=(difference type n) { ptr += n; return *this; }
iterator& operator-=(difference type n) { ptr -= n; return *this; }

iterator operator+(difference type n) const { return iterator(ptr + n);

=}

friend iterator operator+(difference type n, iterator it) { return

— iterator(it.ptr + n); }

iterator operator-(difference type n) const { return iterator(ptr - n);

- 1}
reference operator[](difference type n) const { return ptr[n]; }

difference type operator-(iterator other) const { return ptr -
— other.ptr; }

bool operator==(iterator other) const { return ptr == other.ptr; }

bool operator!=(iterator other) const { return ptr != other.ptr;
bool operator<(iterator other) const { return ptr < other.ptr; }
bool operator>(iterator other) const { return ptr > other.ptr; }
bool operator<=(iterator other) const { return ptr <= other.ptr;
bool operator>=(iterator other) const { return ptr >= other.ptr;

};
explicit ArrayView(T* arr, std::size_t n) : data(arr), size (n) {}

iterator begin() { return iterator(data); }
iterator end() { return iterator(data + size ); }
std::size_t size() const { return size ; }

}
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int main() {
int arr[] = {10, 20, 30, 40, 50};
ArrayView<int> view(arr, sizeof(arr) / sizeof(arr([0]));

// Use STL algorithms with our custom iterator
std::cout << "Sum: " << std::accumulate(view.begin(), view.end(), 0) <<
- '\n';

auto max_it = std::max_element(view.begin(), view.end());
std::cout << "Max element: " << *max it << '\n';

// Range-based for loop works too
std::cout << "Elements: ";
for (int x : view) {

std::cout << x << ' ';

itd::cout << '\n';
return 0;
}
Expected output:
Sum: 150

Max element: 50
Elements: 10 20 30 40 50

The key insight is that once your iterator satisfies the required operations
and concepts, it becomes a first-class citizen in the STL ecosystem. Any
algorithm that accepts the corresponding iterator category will work with your
custom container automatically. This is the power of the iterator abstraction:
you implement the traversal interface correctly, and everything else follows for
free.

When writing custom iterators, keep these guidelines in mind:

* Provide all five typedefs (iterator_concept or iterator_category, value_ -
type, difference_type, pointer, reference) so std:iterator_traits works
correctly with your type.

* Make increment and decrement amortized constant time; algorithms
depend on this for their complexity guarantees.

* Ensure iterators from the same container are comparable but never
compare iterators from different containers.

 Test your iterator with a variety of STL algorithms to verify it behaves
correctly in all required scenarios.
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