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When Abstractions
Fix Too Much
Towards Flexible Library Design



May 2026              patrickroberts.dev

Why this Talk?
● Solved problems where performance is a 

correctness issue
● Used general-purpose libraries where optimal 

performance cannot be achieved without 
reimplementation

● Built both specialized and general-purpose 
libraries

● Learned how to improve reusability of 
general-purpose libraries where optimal 
performance is required
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Introduction

Patrick Roberts, P.E.

● Embedded systems firmware in C
● Modern C++ for low-latency trading software
● RISC-V device kernels for AI accelerators
● Onboard Infrastructure for Stack AV
● Co-author of std::ranges::any_view (P3411)
● Love fractals and template metaprogramming
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A Core Tension of Abstraction
“Abstraction is the elimination of the irrelevant and the 
amplification of the essential.”
― Robert C. Martin
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std::vector<T>::push_back
Capabilities?

Irrelevant to whom?
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std::polymorphic<T, Allocator>
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std::vector<T>::push_back
Capabilities?

std::vector<T, Allocator>
std::basic_string<CharT, Traits, Allocator>
std::polymorphic<T, Allocator>
Storage?

std::ranges::any_view
Representation? Dispatch? Semantics?

Irrelevant to whom?
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Policies for Mechanisms
Capability, Dispatch, Storage, Interface, and more
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Capability

struct increment : unary_capability_base {

    template <class T>

    static void fn(T& incrementable) {

        ++incrementable;

    }

};
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Capability

struct increment : unary_capability_base {

    template <class T>

    static void fn(T& incrementable) {

        ++incrementable;

    }

};

existential& operator++() {

    return dispatch<increment>(*this);

}
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Capability

struct equality_compare : binary_capability_base {

    static bool default_value() { return false; }

    template <class Self>

    static bool fn(const Self& self, const Self& other) {

        return self == other;

    }

};
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Capability

struct equality_compare : binary_capability_base {

    static bool default_value() { return false; }

    template <class Self>

    static bool fn(const Self& self, const Self& other) {

        return self == other;

    }

};

bool operator==(const existential& other) const {

    return dispatch<equality_compare>(*this, other);

}
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Capability

struct identity : nullary_capability_base {

    template <class T>

    static const std::type_info& fn() noexcept {

        return typeid(T);

    }

};
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Capability

struct identity : nullary_capability_base {

    template <class T>

    static const std::type_info& fn() noexcept {

        return typeid(T);

    }

};

const std::type_info& type() const noexcept {

    return dispatch<identity>(*this);

}
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Dispatch

template <class Protocol, class T>

using signature = decltype(Protocol::template fn<T>);

template <class Protocol, class T, class Signature = signature<Protocol, T>>

struct bridge {

    static constexpr Signature* fn = Protocol::template fn<T>;

};

template <class Protocol, class T = deduce_t>

inline constexpr auto dispatch = bridge<Protocol, T>::fn;
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Dispatch

template <class Protocol, class T>

struct thunk : Protocol {};

template <unary Unary, class T, storage Storage,

          class Ret, class Self, class... Args>

struct bridge<thunk<Unary, T>, Storage, Ret(Self, Args...)> {

    static Ret fn(Self self, Args... args) {

        return dispatch<Unary>(self.template unchecked_get<T>(), args...);

    }

};
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Dispatch
template <binary Binary, class T, storage Storage,

          class Ret, class Self, class Other, class... Args>

struct bridge<thunk<Binary, T>, Storage, Ret(Self, Other, Args...)> {

    static Ret fn(Self self, Other other, Args... args) {

        if (typeid(T) != dispatch<identity>(other)) {

            return Binary::default_value();

        }

        return dispatch<Binary>(self.template unchecked_get<T>(),

                                other.template unchecked_get<T>(),

                                args...);

    }

};
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Storage
class custom_storage {

  public:

    template <class T>

    explicit custom_storage(T&& object);

    template <class T>

    custom_storage(const custom_storage& other, std::in_place_type_t<T>);

    template <class T>

    custom_storage(custom_storage&& other, std::in_place_type_t<T>) noexcept;

    template <class T> void destroy_as() noexcept;

    template <class T> T& unchecked_get() & noexcept;

    template <class T> T&& unchecked_get() && noexcept;

    template <class T> const T& unchecked_get() const & noexcept;

    template <class T> const T&& unchecked_get() const && noexcept;

};
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Storage

template <class Allocator>

class allocator_storage {

    using traits       = std::allocator_traits<Allocator>;

    using void_pointer = typename traits::void_pointer;

    [[no_unique_address]] Allocator alloc;

    void_pointer ptr;

  public:

    // ...

};
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Storage

template <std::size_t Size, std::size_t Align>

class inplace_storage {

    alignas(Align) std::byte bytes[Size];

  public:

    // ...

};
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Storage

template <std::size_t Size, std::size_t Align, class Allocator>

class small_storage {

    union {

        inplace_storage<Size, Align> inplace;

        allocator_storage<Allocator> fallback;

    };

  public:

    // ...

};
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Storage

template <storage Storage>

struct destroy : nullary_capability_base {

    template <class T>

    static void fn(Storage& other) noexcept {

        other.template destroy_as<T>();

    }

};
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Storage

template <storage Storage>

struct destroy : nullary_capability_base {

    template <class T>

    static void fn(Storage& other) noexcept {

        other.template destroy_as<T>();

    }

};

~existential() { dispatch<destroy<Storage>>(*this); }
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Storage

template <storage Storage>

struct copy : nullary_capability_base {

    template <class T>

    static Storage fn(const Storage& other) {

        return {other, std::in_place_type<T>};

    }

};
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Storage

template <storage Storage>

struct copy : nullary_capability_base {

    template <class T>

    static Storage fn(const Storage& other) {

        return {other, std::in_place_type<T>};

    }

};

existential(const existential& other)

    : storage(dispatch<copy<Storage>>(other)) {}
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Interface

template <class... Ts>

struct compose : Ts... {};

template <class Protocol, class Self>

struct iface {};

template <derived_from_compose Protocol, class Self>

struct iface<Capability, Self> : iface<base_compose_t<Protocol>, Self> {};

template <class... Protocols, class Self>

struct iface<compose<Protocols...>, Self> : iface<Protocols, Self>... {};
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Interface

template <class Self>

struct iface<increment, Self> {

    Self& operator++(this Self& self) {

        dispatch<increment>(self);

        return self;

    }

};
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Witness Table

template <protocol Protocol, storage Storage>

struct witness {

    signature<Protocol, Storage>* entry;

};

template <derived_from_compose Protocol, storage Storage>

struct witness<Protocol, Storage>

    : witness<base_compose_t<Protocol>, Storage> {};

template <protocol... Protocols, storage Storage>

struct witness<compose<Protocols...>, Storage>

    : witness<Protocols, Storage>... {};
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Witness Table
template <protocol Protocol, storage Storage, class T>

inline constexpr witness<Protocol, Storage> witness_for{

    .entry = dispatch<thunk<Protocol, T>, Storage>,

};

template <derived_from_compose Protocol, storage Storage, class T>

inline constexpr witness<Protocol, Storage> witness_for<Protocol, Storage, T>{

    witness_for<base_compose_t<Protocol>, Storage, T>,

};

template <protocol... Protocols, storage Storage, class T>

inline constexpr witness<compose<Protocols...>, Storage> witness_for<

        compose<Protocols...>, Storage, T>{

    witness_for<Protocols, Storage, T>...,

};
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Existential

template <storage Storage, protocol Protocol>

class existential : public iface<Protocol, existential<Storage, Protocol>> {

    Storage storage;

    const witness<Protocol, Storage>* witness_ptr;

  public:

    using storage_type = Storage;

    // ...

};
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Existential
template <nullary Nullary, class Existential, class Ret, class... Args>

struct bridge<Nullary, Existential, Ret(Args...)> {

    static Ret fn(const Existential& existential, Args... args) {

        using storage_t = typename Existential::storage_type;

        const auto entry = self.witness_ptr->*&witness<Nullary, storage_t>::entry;

        return entry(args...);

    }

};
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Existential
template <nullary Nullary, class Existential, class Ret, class... Args>

struct bridge<Nullary, Existential, Ret(Args...)> {

    static Ret fn(const Existential& existential, Args... args) {

        using storage_t = typename Existential::storage_type;

        const auto entry = self.witness_ptr->*&witness<Nullary, storage_t>::entry;

        return entry(args...);

    }

};

template <nullary Nullary, class T, storage Storage, class Ret, class... Args>

struct bridge<thunk<Nullary, T>, Storage, Ret(Args...)> {

    static Ret fn(Args... args) {

        return dispatch<Nullary>(args...);

    }

};
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Putting it all Together
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Optimizations Enabled by this Approach
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“Upcast” Conversion Optimization
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void consume(any_view<int, forward>);

any_view<int, contiguous> produce();

void connect() {

    consume(produce());

}

“Upcast” Conversion Optimization
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template <std::derived_from<Protocol> OtherProtocol>

existential(const existential<Storage, OtherProtocol>& other)

    : storage(dispatch<copy<Storage>>(other))

    , witness_ptr(other.witness_ptr) {}

“Upcast” Conversion Optimization
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iterator begin() {

    using protocol_t = iterator_witness<Ref, RValueRef, Diff>;

    using witness_ptr_t = const witness_for<protocol_t, iterator_storage>*;

    const auto witness_ptr = witness_ptr_t{dispatch<protocol_t>(view)};

    return iterator{dispatch<begin>(view), witness_ptr};

}

“Upcast” Conversion Optimization
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struct begin : unary_capability_base {

    template <class ViewAdaptor>

    static iterator_storage fn(ViewAdaptor& adaptor) {

        using iterator_adaptor = typename ViewAdaptor::adaptor_type;

        return iterator_storage{iterator_adaptor{

            .iterator = std::ranges::begin(adaptor.view),

            .sentinel = std::ranges::end(adaptor.view),

        }};

    }

};

“Upcast” Conversion Optimization
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template <class Ref, class RValueRef, class Diff>

struct iterator_witness : nullary_capability_base {

    template <any_view_options Opts>

    using protocol_for = iterator_protocol<Ref, RValueRef, Diff, Opts>;

    using witness_type = witness<

        protocol_for<any_view_options::input>, iterator_storage>;

    template <class ViewAdaptor>

    static const witness_type* fn() {

        using protocol_type = protocol_for<ViewAdaptor::options>;

        using iterator_adaptor = typename ViewAdaptor::adaptor_type;

        return &witness_for<protocol_type, iterator_storage, iterator_adaptor>;

    }

};

“Upcast” Conversion Optimization
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template <class Ref, class RValueRef, class Diff, any_view_options Opts>

consteval auto get_iterator_protocol() {

    if constexpr (flag_is_set<Opts, any_view_options::contiguous>) {

        return contiguous_protocol<Ref, RValueRef, Diff>{};

    } else if constexpr (flag_is_set<Opts, any_view_options::random_access>) {

        return random_access_protocol<Ref, RValueRef, Diff>{};

    } else if constexpr (flag_is_set<Opts, any_view_options::bidirectional>) {

        return bidirectional_protocol<Ref, RValueRef>{};

    } else if constexpr (flag_is_set<Opts, any_view_options::forward>) {

        return forward_protocol<Ref, RValueRef>{};

    } else if constexpr (flag_is_set<Opts, any_view_options::input>) {

        return input_protocol<Ref, RValueRef>{};

    }

}

template <class Ref, class RValueRef, class Diff, any_view_options Opts>

using iterator_protocol = decltype(get_iterator_protocol<Ref, RValueRef, Diff, Opts>());

“Upcast” Conversion Optimization
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But Wait, There’s More!
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Existential?

template <storage Storage, protocol Protocol>

class existential : public iface<Protocol, existential<Storage, Protocol>> {

    Storage storage;

    const witness<Protocol, Storage>* witness_ptr;

  public:

    using storage_type = Storage;

    // ...

};
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Existential...

template <storage Storage, protocol... Protocols>

class existential : public iface<compose<Protocols...>, existential<Storage, Protocols...>> {

    Storage storage;

    compressed_ptr<const witness<Protocols, Storage>...> witness_ptrs;

  public:

    using storage_type = Storage;

    // ...

};
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Capability Lattice

enum class any_view_options {

    input               = 0b000000001,

    forward             = 0b000000011,

    bidirectional       = 0b000000111,

    random_access       = 0b000001111,

    contiguous          = 0b000011111,

    approximately_sized = 0b000100000,

    sized               = 0b001100000,

    borrowed            = 0b010000000,

    copyable            = 0b100000000,

};
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Capability Lattice

enum class any_view_options {

    input               = 0b000000001,

    forward             = 0b000000011,

    bidirectional       = 0b000000111,

    random_access       = 0b000001111,

    contiguous          = 0b000011111,

    approximately_sized = 0b000100000,

    sized               = 0b001100000,

    borrowed            = 0b010000000,

    copyable            = 0b100000000,

};
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Capability Lattice
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Const Conversion Optimization

template <class Value, class Ref, class RValueRef, class Diff, any_view_options Opts>

using existential_view = existential<

    view_storage,

    decltype(get_copyable_protocol<Value, Ref, RValueRef, Diff, Opts>()),

    decltype(get_sized_protocol<Diff, Opts>())>;
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template <class Other>

Other copy_const() const {

    using reference              = common_reference_t<const Value&&, Ref>;

    using rvalue_reference       = common_reference_t<const Value&&, RValueRef>;

    using copyable_t             = copyable_witness<reference, rvalue_reference, Diff>;

    using sized_t                = sized_witness<reference, rvalue_reference, Diff>;

    using copyable_witness_ptr_t = const witness_for<copyable_t, view_storage>*;

    using sized_witness_ptr_t    = const witness_for<sized_t, view_storage>*;

    const auto copyable_witness_ptr = copyable_witness_ptr_t{dispatch<copyable_t>(view)};

    const auto sized_witness_ptr    = sized_witness_ptr_t{dispatch<sized_t>(view)};

    return Other{dispatch<copy<view_storage>>(view), copyable_witness_ptr, sized_witness_ptr};

}

Const Conversion Optimization
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Closing Thoughts

Policy-based design

Abstract transparently

Non-uniform representation

Unified capability dispatch
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Open Questions

Customizing constraints?

Injecting storage via interface?

Capability resolution?

Witness table representation?



patrickroberts.dev

Patrick Roberts

Thank you!

Discussion


