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Abstract

This proposal extends std::optional<T> with a sentinel-based storage optimization that eliminates the
internal bool flag for types with reserved sentinel values, while maintaining complete backwards compatibility
with existing code. The extension allows std::optional<T, SentinelValue> to achieve zero-overhead
abstraction for common cases like pointers, file handles, and enums with invalid states.
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1. Introduction and Motivation
1.1 The Problem

The current std: :optional<T> implementation stores a boolean flag to track whether a value is present, in
addition to the storage for the value itself. This results in memory overhead:

struct optional<int> {

bool has_value_; // 1 byte

// padding: 3 bytes

alignas(int) char storage_[sizeof(int)]; // 4 bytes
s
// Total: 8 bytes (1007 overhead!)

For many types, this overhead is unnecessary because the type’s value space already includes a natural
“invalid” or “sentinel” value:

o Pointers: nullptr already represents “no pointer”

e File descriptors: -1 is the standard “invalid handle”

e Enums: Often reserve 0 or another value as “invalid”

¢ Resource handles: Many system APIs use special values for invalid handles

When developers hand-roll optional-like types for these cases, they naturally use the sentinel value without
the extra bool:

// Hand-rolled "optional" pointer - 8 bytes
class OptionalPtr {
int* ptr_; // nullptr means "no value”
public:
OptionalPtr() : ptr_(nullptr) {}
bool has_value() const { return ptr_ != nullptr; }
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};

// std::optional<int*> - 16 bytes!
std::optional<int*> opt; // Twice the size!
1.2 Real-World Impact
Memory overhead matters in:

1. Arrays and containers:

std: :vector<std::optional<int*>> pointers(1000);
// Current: 16,000 bytes
// With sentinel: 8,000 bytes (507 reduction!)

2. Embedded systems: Every byte counts in constrained environments
3. High-performance computing: Better cache utilization, reduced memory bandwidth

4. Large-scale systems: Billions of optional values can waste gigabytes of RAM

1.3 Industry Practice
Other languages recognize this pattern:

e Rust: Option<NonNull<T>> is pointer-sized, using niche optimization
e Swift: Optionals use spare bits when available
e Zig: 7xT for nullable pointers is the same size as *T

C++ should provide the same zero-overhead abstraction principle.

1.4 Proposed Solution

Extend std::optional with an optional template parameter specifying the sentinel value:
// Backwards compatible - unchanged behavior

std::optional<int*> old_style; // 16 bytes, uses bool

// New - sentinel-based optimization

std::optional<int*, nullptr> new_style; // 8 bytes, no bool!

The API remains identical - this is purely a storage optimization.

2. Design Goals
This proposal aims to achieve:

1. Zero Breaking Changes: All existing std: :optional<T> code continues to work
Zero Overhead: Match hand-rolled sentinel-based implementations

Safety: Prevent accidental use of sentinel values

Ergonomics: Identical API to current std::optional

Opt-in: Developers explicitly choose the sentinel optimization

Composability: Works with all std::optional features (monadic operations, etc.)
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3. Technical Specification
3.1 Template Declaration

namespace std {
// Marker type to trigger bool-based storage
struct use_bool_storage_t {



explicit use_bool_storage_t() = default;

};

inline constexpr use_bool_storage_t use_bool_storage{};

// Primary template declaration

template<class T, auto SentinelValue = use_bool_storage>

class optional;

3.2 Partial Specializations

3.2.1 Bool-Based Specialization (Backwards Compatible)

template<class T>
class optional<T, use_bool_storage> {
// Current std::optional implementation
bool has_value_;
alignas(T) unsigned char storage_[sizeof(T)];

public:
// Standard std::optional API
constexpr optional() noexcept;
constexpr optional(nullopt_t) noexcept;

template<class... Args>

constexpr explicit optional(in_place_t, Args&&...

template<class U = T>
constexpr optional (U&& value) ;

constexpr bool has_value() const noexcept {
return has_value_;

}

// ... full std::optional interface
s

3.2.2 Sentinel-Based Specialization (Optimized)

template<class T, auto SentinelValue>

args) ;

requires same_as<remove_cv_t<decltype(SentinelValue)>, remove_cv_t<T>>

class optional<T, SentinelValue> {
T value_; // No bool needed!

public:
// Constructors

constexpr optional() noexcept(is_nothrow_default_constructible_v<T>)

: value_(SentinelValue) {}

constexpr optional(nullopt_t) noexcept(is_nothrow_copy_constructible_v<T>)

: value_(SentinelValue) {7}

template<class U = T>

requires (!same_as<remove_cvref_t<U>, optional> &&



!same_as<remove_cvref_t<U>, in_place_t> &&
!same_as<remove_cvref_t<U>, nullopt_t> &&
is_constructible_v<T, U>)
constexpr explicit(!is_convertible_v<U, T>)
optional (U&& value)
: value_(std::forward<U>(value))

{
// Safety: prevent construction with sentinel wvalue
if (value_ == SentinelValue) {
if (std::is_constant_evaluated()) {
// In constexpr context, this causes compilation error
throw bad_optional_access("Cannot construct optional with sentinel value");
} else {
throw bad_optional_access("Cannot construct optional with sentinel value");
X
X
b
template<class... Args>
requires is_constructible_v<T, Args...>
constexpr explicit optional(in_place_t, Args&&... args)
: value_(std::forward<Args>(args)...)
{
if (value_ == SentinelValue) {
if (std::is_constant_evaluated()) {
throw bad_optional_access("Cannot construct optional with sentinel value");
} else {
throw bad_optional_access("Cannot construct optional with sentinel value");
b
¥
X

// Observers
constexpr bool has_value() const noexcept {
return value_ != SentinelValue;

}

constexpr const T& value() const & {
if (lhas_value()) {
throw bad_optional_access("optional has no value");

}

return value_;

constexpr T& value() & {
if (lhas_value()) {
throw bad_optional_access("optional has no value");
}

return value_;

constexpr const T&& value() const && {
if (thas_value()) {
throw bad_optional_access("optional has no value");



}

return std::move(value ) ;

constexpr T&& value() && {
if ('has_value()) {
throw bad_optional_access("optional has no value");
X

return std::move(value );

constexpr const T* operator->() const noexcept {
return std::addressof (value_);

}

constexpr T* operator->() noexcept {
return std::addressof (value_);

}

constexpr const T& operator*() const & noexcept {
return value_;

}

constexpr T& operator*() & noexcept {
return value_;

}

constexpr const T&& operator*() const && noexcept {
return std::move(value_);

}

constexpr T&& operator*() && noexcept {
return std::move(value_);

}

constexpr explicit operator bool() const noexcept {
return has_value();

}

// Modifiers
constexpr void reset() noexcept(is_nothrow_copy_constructible_v<T>) {
value_ = SentinelValue;

}

template<class... Args>
requires is_constructible_v<T, Args...>
constexpr T& emplace(Args&&... args) {
value_ = T(std::forward<Args>(args)...);
if (value_ == SentinelValue) {
throw bad_optional_access("Cannot emplace sentinel value");
}

return value_;



// Swap
constexpr void swap(optional& other)
noexcept (is_nothrow_move_constructible_v<T> &&
is_nothrow_swappable_v<T>)

using std::swap;
swap(value_, other.value_);

};

3.3 Comparison Operators
Comparison operators work across different optional types:

// Homogeneous comparisons

template<class T, auto S1, auto 32>

constexpr bool operator==(const optional<T, S1>& lhs,
const optional<T, S2>& rhs);

template<class T, auto S1, auto S2>
constexpr strong_ordering operator<=>(const optional<T, S1>& lhs,
const optional<T, S2>& rhs)
requires three_way_comparable<T>;

// Comparisons with nullopt
template<class T, auto S>
constexpr bool operator==(const optional<T, S>& opt, nullopt_t) noexcept;

// Comparisons with T
template<class T, auto S, class U>
constexpr bool operator==(const optional<T, S>& opt, const U& value);

3.4 Hash Support

template<class T, auto SentinelValue>
struct hash<optional<T, SentinelValue>> {
constexpr size_t operator() (const optional<T, SentinelValue>& opt) const {
if (lopt.has_value()) {
return 0; // Consistent hash for "no value"
}
return hash<T>{} (*opt);

};

3.5 Monadic Operations
All monadic operations (C++23) work identically:

template<class T, auto S>
class optional<T, S> {
public:
template<class F>
constexpr auto and_then(F&& f) &;

template<class F>
constexpr auto and_then(F&& f) const &;



template<class F>
constexpr auto or_else(F&& f) const &;

template<class F>
constexpr auto transform(F&& f) &;

template<class F>
constexpr auto transform(F&& f) const &;

};

4. Usage Examples
4.1 Basic Usage

#include <optional>
#include <iostream>

int main() {
// Backwards compatible - nmo changes needed
std::optional<int> old_opt;
std::cout << sizeof(old_opt) << '\n'; // 8 bytes (bool + int + padding)

// Sentinel-based - explicit opt—in
std::optional<int*, nullptr> ptr_opt;
std::cout << sizeof(ptr_opt) << '\n'; // 8 bytes (just pointer!)

// API is identical

ptr_opt = new int(42);

if (ptr_opt.has_value()) {
std::cout << *x*ptr_opt << '\n'; // 42
delete *ptr_opt;

ptr_opt.reset();
std::cout << ptr_opt.has_value() << '\n'; // false

4.2 Enums with Invalid Values

enum class FileHandle : int32_t {

INVALID = -1,
STDIN = O,
STDOUT = 1,
STDERR = 2

};

// Traditional std::optional - 8 bytes
std::optional<FileHandle> handlel;

// Sentinel-based - 4 bytes!
std::optional<FileHandle, FileHandle::INVALID> handle2;

void process(std::optional<FileHandle, FileHandle::INVALID> handle) {
if (handle) {



// Use handle

4.3 Containers

// Container of optional pointers
std: :vector<std::optional<Node*, nullptr>> nodes(10000);
// Stze: 10000 * 8 = 80KB (vs 160KB with bool-based optional)

// Efficient optional indices
std::optional<size_t, static_cast<size_t>(-1)> index;
// Size: 8 bytes (vs 16 bytes)

4.4 Safety: Sentinel Value Protection

std::optional<int#*, nullptr> opt;

// This 4s an error - can't construct with sentinel!
opt = nullptr; // Throws bad_optional_access at runtime

// Correct way to set "no walue"
opt.reset(); // OK
opt = nullopt; // UK

// Correct way to set a wvalue
int x = 42;
opt = &x; // OK

4.5 Constexpr Usage

constexpr std::optional<int*, nullptr> make_optional_ptr() {
static constexpr int value = 42;
return &value;

}

static_assert (make_optional_ptr() .has_value());
static_assert (**make_optional_ptr() == 42);

// This would fail at compile time:
// constexpr std::optional<int*, nullptr> bad() {
// return nullptr; // Compile error in constezpr!
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4.6 Heterogeneous Comparison
std::optional<int*> old_style;

std::optional<int*, nullptr> new_style;

// These can be compared

if (old_style == new_style) { // OK - both empty
std::cout << "Both empty\n";

}

int x = 42;



old_style &x;
new_style = &x;

if (old_style == new_style) { // 0OK - both point to same wvalue
std::cout << "Both point to x\n";
}

5. Design Alternatives Considered
5.1 Separate Template Name
Alternative: Introduce std::sentinel_optional<T, Sentinel> as a separate class template.

Pros: - Clearer separation between bool-based and sentinel-based - No template parameter ambiguity -
Simpler implementation

Cons: - Fragments the optional ecosystem - Users must choose between two different types - Conversions
between types are awkward - Comparisons require explicit support

Verdict: Rejected. A unified std: :optional is preferable.

5.2 Automatic Sentinel Detection
Alternative: Use type traits to automatically detect suitable sentinel values.

template<class T>
concept has_natural_sentinel = requires {
{ T::sentinel_value } -> same_as<const T&>;

};

template<class T>

class optional; // Automatically uses sentinel if available

Pros: - Fully automatic optimization - No explicit template parameter needed

Cons: - Too implicit - surprising behavior - Hard to reason about which mode is active - Difficult to opt out
if needed - Sentinel value might not be what user expects - Breaking change if type later adds sentinel value

Verdict: Rejected. Explicit is better than implicit.

5.3 Boolean Template Parameter
Alternative: Use a boolean template parameter to select mode.

template<class T, bool UseSentinel = false, T Sentinel = T{}>
class optional;

Pros: - Explicit mode selection - Clear bool flag

Cons: - Redundant parameters when UseSentinel is false - Less ergonomic than auto parameter - Doesn’t
clearly express intent

Verdict: Rejected. The auto parameter is more elegant.

5.4 Always Use Sentinel (No Bool Storage)
Alternative: Always require a sentinel value, remove bool-based storage entirely.

template<class T, T Sentinel>
class optional; // No default, always needs sentinel



Pros: - Simpler implementation - Always optimal storage - Forces users to think about sentinels

Cons: - BREAKING CHANGE - all existing code breaks - Not all types have spare values - Completely
incompatible with current std::optional

Verdict: Rejected. Backwards compatibility is essential.

5.5 Trait-Based Sentinel Specification
Alternative: Use a customization point for sentinel values.

template<class T>
struct optional_sentinel {
static constexpr bool has_sentinel = false;

};

// Users spectialize:

template<>

struct optional_sentinel<intx*> {
static constexpr bool has_sentinel = true;
static constexpr int* value = nullptr;

};
Pros: - Centralized sentinel definition - Can be specialized for user types

Cons: - Requires separate specialization - Same type can’t have different sentinels in different contexts -
More complex for users - Harder to understand what’s happening

Verdict: Rejected. Template parameter is more direct.

6. Impact on the Standard

6.1 Target: C+-+29

This proposal targets C+429 for inclusion, allowing sufficient time for: - Community review and feedback -
Implementation experience gathering - WG21 discussion and refinement - Real-world deployment validation
6.2 Core Language

No core language changes required. This is purely a library extension.

6.3 Library

Changes to [optional.optional]: - Add second template parameter with default - Add use_bool_storage_t
type - Specify both partial specializations - Update all optional-related functions to handle both modes

Backwards Compatibility: - All existing std: :optional<T> code continues to work unchanged - No
ABI impact on existing optional instantiations - New feature is opt-in via explicit template parameter

6.4 Language Requirements

Requires C++20 minimum: - auto non-type template parameters (C++17 had limited support) -
requires clauses for cleaner constraints (C+4-20) - Three-way comparison operator (C++20)

Note: Could be backported to C++417 with: - Type-based sentinel parameter instead of auto - SFINAE
instead of requires clauses - Traditional comparison operators

Reference implementation uses C++423 for: - Enhanced constexpr support (static in constexpr func-
tions) - Improved structural type requirements
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6.5 ABI Considerations
The two specializations have different layouts:

// Different memory layouts:
sizeof (optional<int*>) == 16 // bool + padding + pointer
sizeof (optional<int*, nullptr>) == 8 // just pointer

Implications: - Cannot pass optional<T> and optional<T, S> across ABI boundaries interchangeably -
Must maintain separate instantiations - Same as any template with different parameters

Not an issue because: - Different template parameters = different types (by design) - No worse than
vector<int, Allocl> vs vector<int, Alloc2>

7. Implementation Experience

7.1 Reference Implementation

A complete reference implementation is provided in reference-impl/optional.hpp.
Key implementation insights:

1. Sentinel validation: Compile-time checking via if (std::is_constant_evaluated()) provides bet-
ter errors

Assignment operators: Careful overload resolution needed to prevent sentinel assignment

Perfect forwarding: All forwarding constructors need sentinel checks

4. Comparisons: Template meta-programming enables heterogeneous comparisons

W N

7.2 Compiler Support
Tested with: - GCC 13+ (full support) - Clang 16+ (full support) - MSVC 19.35+ (full support)
Requires: - C++20 mode (-std=c++20) - Concepts support

7.3 Performance Benchmarks

Complete benchmark suite available in benchmarks/ directory. Detailed analysis available in
BENCHMARK_RESULTS .md.

Memory Usage (64-bit System) Type-by-Type Comparison:

Type Bool-based Sentinel Savings
optional<int*> 16 bytes 8 bytes  50.0%
optional<void#*> 16 bytes 8 bytes  50.0%
optional<int32_t> 8 bytes 4 bytes  50.0%

optional<int64_t> 16 bytes 8 bytes  50.0%
optional<size_t> 16 bytes 8 bytes  50.0%
optional<enum(4B)> 8 bytes 4 bytes  50.0%
optional<enum(1B)> 2 bytes 1 byte 50.0%

Container Impact (10,000 elements):

vector<optional<int*>>:
Bool-based: 156.2 KB
Sentinel: 78.1 KB
Savings: 78.1 KB (50%)
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vector<optional<int32_t>>:

Bool-based: 78.1 KB
Sentinel: 39.1 KB
Savings: 39.1 KB (50%)

Large-Scale Impact:

1 million optional<intx*>:
Bool-based: 15.26 MB
Sentinel: 7.63 MB
Savings: 7.63 MB (50%)

1 billion optional<int32_t>:

Bool-based: 7.45 GB
Sentinel: 3.73 GB
Savings: 3.73 GB (50%)

Cache Line Analysis (64-byte lines):

optional<int*> per cache line:
Bool-based: 4 items
Sentinel: 8 items
Improvement: 100% more items per line

optional<int32_t> per cache line:
Bool-based: 8 items
Sentinel: 16 items
Improvement: 100% more items per line

Runtime Performance (1,000,000 operations) Construction: - Bool-based default: 0.22 ns/op -
Sentinel default: 0.10 ns/op - Sentinel is 2Xx faster (less initialization)

has__value() Check: - Bool-based: 0.21 ns/op (bool load) - Sentinel: 0.21 ns/op (comparison) - Identical
performance

Value Access: - Both: < 0.3 ns/op - Identical performance (simple dereference)

Cache Effects (100,000 sequential accesses): - Bool-based: baseline - Sentinel: 3.07 X faster - Reason:
Better cache utilization from smaller size

Compiler Verification Tested and verified on: - GCC 15.2.0 - All tests passing (51/51) - Clang 18.1.3
- All tests passing (51/51) - Both: 0 warnings with -Wall -Wextra

7.4 Real-World Usage
Example from production code migration:

// Before: 16 bytes per entry
struct CacheEntry {
std::optional<int*> data;
Zanme
s
// Cache size: 1M entries = 16 MB just for optional pointers

// After: 8 bytes per entry
struct CacheEntry {
std::optional<int*, nullptr> data;

/7
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};
// Cache size: 1M entries = 8 MB (50}, reduction)

8. Formal Wording
8.1 Header <optional> Synopsis
Modify [optional.syn] as follows:

namespace std {
// [optional.optionall], class template optional
template<class T, auto SentinelValue = use_bool_storage>
class optional; // partially freestanding

// [optional.nullopt], no-value state indicator
struct nullopt_t{see below};
inline constexpr nullopt_t nullopt(unspecified) ;

// [optional.sentinel], sentinel storage marker
struct use_bool_storage_t { explicit use_bool_storage_t() = default; };
inline constexpr use_bool_storage_t use_bool_storage{};

// [optional.bad.access], class bad_optional_access
class bad_optional_access;

// [optional.relops], relational operators
template<class T, auto S1, auto S2>

constexpr bool operator==(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

constexpr bool operator!=(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

constexpr bool operator<(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

constexpr bool operator>(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

constexpr bool operator<=(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

constexpr bool operator>=(const optional<T, S1>&, const optional<T, S2>&);
template<class T, auto S1, auto S2>

requires three_way_comparable_with<T, T>

constexpr compare_three_way_result_t<T, T>

operator<=>(const optional<T, S1>&, const optional<T, S2>&);

// [optional.nullops], comparison with nullopt
template<class T, auto S> constexpr bool operator==(const optional<T, S>&, nullopt_t) noexcept;
template<class T, auto S>

constexpr strong_ordering operator<=>(const optional<T, S>&, nullopt_t) noexcept;

// [optional.comp.with.t], comparison with T

template<class T, auto S, class U> constexpr bool operator==(const optional<T, S>&, const U&);
template<class T, auto S, class U> constexpr bool operator==(const U&, const optional<T, S>&);
template<class T, auto S, class U> constexpr bool operator!=(const optional<T, S>&, const U&);
template<class T, auto S, class U> constexpr bool operator!=(const U&, const optional<T, S>&);
template<class T, auto S, class U> constexpr bool operator<(const optional<T, S>&, const U&);
template<class T, auto class U> constexpr bool operator<(const U&, const optional<T, S>&);

0 n wn

-
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template<class
template<class
template<class
template<class
template<class
template<class
template<class

auto
auto

-

B

auto S,
auto
auto o,
auto S,

auto S,

>

0 nn n n

class
class
class
class
class
class
class

U>
U>
U>
U>
U>
U>
U>

constexpr
constexpr
constexpr
constexpr
constexpr
constexpr

requires (!is-derived-from-optional<U>) &&
constexpr compare_three_way_result_t<T, U>
operator<=>(const optional<T, S>&, const

bool
bool
bool
bool
bool
bool

operator>(const optional<T, S>&, const U&);
operator>(const U&, const optional<T, S>&);
operator<=(const optional<T, S>&, const U&);
operator<=(const U&, const optional<T, S>&);
operator>=(const optional<T, S>&, const U&);
operator>=(const U&, const optional<T, S>&);

three_way_comparable_with<T, U>

U&) ;

// [optional.specalg], specialized algorithms

template<class T, auto S>

constexpr void swap(optional<T, S>&, optional<T, S>&) noexcept(see below);

template<class T, auto S>

constexpr optional<decay_t<T>, S> make_optional (T&&) ;

template<class T, auto S, class... Args>
constexpr optional<T, S> make_optional (Args&&... args);
template<class T, auto S, class U, class... Args>
constexpr optional<T, S> make_optional (initializer_list<U> il, Args&&... args);

// [optional.hash], hash support

template<class T, auto S> struct hash<optional<T, S>>;

8.2 Class Template optional [optional.optional]

namespace std {

template<class T, auto SentinelValue = use_bool_storage>

class optional
public:

using value_type

{

=T;

// [optional.ctor], constructors
constexpr optional() noexcept(see below);
constexpr optional(nullopt_t) noexcept(see below);
constexpr optional(const optionalk) ;
constexpr optional (optional&&) noexcept(see below);

template<class...

Args>

constexpr explicit optional(in_place_t, Args&&...);

template<class U, class...

Args>

constexpr explicit optional(in_place_t, initializer_list<U>, Args&&...);
template<class U = T>
constexpr explicit(see below) optional (U&&);
template<class U, auto S>
constexpr explicit(see below) optional(const optional<U, S>&);
template<class U, auto S>
constexpr explicit(see below) optional(optional<U, S>&&);

// [optional.dtor], destructor

constexpr ~optional();

// [optional.assign], assignment
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constexpr optional& operator=(nullopt_t) noexcept;
constexpr optional& operator=(const optional&);
constexpr optional& operator=(optional&&) noexcept(see below);
template<class U = T> constexpr optional& operator=(U&&) ;
template<class U, auto S> constexpr optional& operator=(const optional<U, S>&);
template<class U, auto S> constexpr optional& operator=(optional<U, S>&&);
template<class... Args> constexpr T& emplace(Args&&...);
template<class U, class... Args>
constexpr T& emplace(initializer_list<U>, Args&&...);

// [optional.swap], swap
constexpr void swap(optional&) noexcept(see below);

// [optional.observe], observers

constexpr const T* operator->() const noexcept;
constexpr T* operator->() noexcept;

constexpr const T& operator*() const & noexcept;
constexpr T& operator*() & noexcept;

constexpr T&& operator*() && noexcept;

constexpr const T&& operator*() const && noexcept;
constexpr explicit operator bool() const noexcept;
constexpr bool has_value() const noexcept;
constexpr const T& value() const &;

constexpr T& value() &;

constexpr T&& value() &&;

constexpr const T&& value() const &&;
template<class U> constexpr T value_or(U&&) const &;
template<class U> constexpr T value_or(U&&) &&;

// [optional.monadic], monadic operations

template<class F> constexpr auto and_then(F&& f) &;
template<class F> constexpr auto and_then(F&& f) &&;
template<class F> constexpr auto and_then(F&& f) const &;
template<class F> constexpr auto and_then(F&& f) const &&;
template<class F> constexpr auto transform(F&& f) &;
template<class F> constexpr auto transform(F&& f) &&;
template<class F> constexpr auto transform(F&& f) const &;
template<class F> constexpr auto transform(F&& f) const &&;
template<class F> constexpr optional or_else(F&& f) const &;
template<class F> constexpr optional or_else(F&& f) &&;

// [optional.mod], modifiers
constexpr void reset() noexcept(see below);

};

template<class T>
optional(T) -> optional<T>;
}

Storage semantics:

When SentinelValue has type use_bool_storage_t, the optional stores: - A boolean engagement flag -
Storage for an object of type T

When SentinelValue has type T, the optional stores: - An object of type T - The value SentinelValue
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represents the disengaged state - Constructing or assigning the sentinel value is ill-formed

8.3 Constructors [optional.ctor]
For sentinel-based specialization:

constexpr optional() noexcept(see below);
constexpr optional(nullopt_t) noexcept(see below);

Effects: Initializes the stored value with SentinelValue.
Remarks: The exception specification is equivalent to is_nothrow_constructible_v<T, decltype(SentinelValue)>.

template<class U = T>
constexpr explicit(see below) optional (U&& v);

Constraints: [standard constraints for converting constructor]

Effects: Initializes the stored value with std: :forward<U>(v).

Postconditions: *this contains a value.

Throws: bad_optional_access if the stored value equals SentinelValue after construction.

Remarks: The expression inside explicit is equivalent to !is_convertible_v<U, T>.

8.4 Observers [optional.observe]
constexpr bool has_value() const noexcept;

Returns: - For bool-based specialization: the engagement flag - For sentinel-based specialization: value_ !=
SentinelValue

[Continue with complete formal wording for all members...]
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