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Introduction: The Illustration of Linear Memory









Why do we need a cache coherency protocol













std::atomic<int> x{0};

std::atomic<int> y{0};

std::barrier sync_point(3);

int r0 = 0;

int r1 = 0;

int main()

{

std::thread t0([] {

for (std::uint64_t i = 0; i < rounds; ++i) {

sync_point.arrive_and_wait();

x.store(1, std::memory_order_relaxed);

r0 = y.load(std::memory_order_relaxed);

sync_point.arrive_and_wait();

}

});



std::thread t1([] {

for (std::uint64_t i = 0; i < rounds; ++i) {

sync_point.arrive_and_wait();

y.store(1, std::memory_order_relaxed);

r1 = x.load(std::memory_order_relaxed);

sync_point.arrive_and_wait();

}

});



for (std::uint64_t i = 0; i < rounds; ++i) {

x.store(0, std::memory_order_relaxed);

y.store(0, std::memory_order_relaxed);

sync_point.arrive_and_wait(); // release both workers

sync_point.arrive_and_wait(); // wait for both workers to finish

out << r0 << " | " << r1 << '\n';

}

t0.join();

t1.join();

}



DEMO























// writer(): unchanged

while (acknowledged.load(std::memory_order_acquire)!= version - 1) {

std::this_thread::yield();

}

data = (version == 1) ? 42 : 99;

published.store(version, std::memory_order_release);

example: Weaken Only the Publication Load

// reader(): change this load only

while (published.load(std::memory_order_relaxed) != version) {

std::this_thread::yield();

}

std::cout << "Version " << version

<< ": data = " << data << '\n';

acknowledged.store(version, std::memory_order_release);







struct Data { int value; int count; };

int main() {

std::atomic<Data*> published{nullptr};

published.store(new Data{1, 2}, std::memory_order_release);

Data* p = published.load(std::memory_order_consume);

std::cout << p->value << std::endl;

delete published.load(std::memory_order_relaxed);

}

Compiler Explorer · GitHub

https://godbolt.org/z/37s69T3zT






#include <atomic>

#include <cstdint>

#include <new>

struct Counters {

alignas(std::hardware_destructive_interference_size)

std::atomic<std::uint64_t> first{0};

alignas(std::hardware_destructive_interference_size)

std::atomic<std::uint64_t> second{0};

};







std::mutex m;

std::condition_variable cv;

bool ready = false;

//----------- Consumer

{

std::unique_lock lk(m);

cv.wait(lk, [] { return ready; });

}

//----------- Producer

{

std::lock_guard lk(m);

ready = true;

}

cv.notify_one();

Before 
C++20



// Writer

data = 42;

ready.store(true, std::memory_order_release);

ready.notify_one();

// Reader

ready.wait(false, std::memory_order_acquire);

use(data);

Since 
C++20





struct Edge { int from, to; };

std::vector<int> build_offsets(const std::vector<Edge>& edges, int num_vertices){

static_assert(std::atomic_ref<int>::required_alignment == alignof(int));

// Phase 1: plain ints - copyable, resizable, contiguous

std::vector<int> degree(num_vertices, 0);

// Phase 2: parallel - the only place that needs atomicity

std::for_each(std::execution::par, edges.begin(), edges.end(),

[&degree](const Edge& e) {

std::atomic_ref<int>(degree[e.to])

.fetch_add(1, std::memory_order_relaxed);

});

// Phase 3: plain ints again - vectorizable, zero atomic overhead

std::vector<int> offsets(num_vertices + 1, 0);

std::inclusive_scan(degree.begin(), degree.end(), offsets.begin() + 1);

return offsets;

}

















namespace ex = stdexec;

const std::thread::id main_id = std::this_thread::get_id();

int main() {

// Obtain a scheduler for a parallel execution resource.

ex::scheduler auto sch = ex::get_parallel_scheduler();

// Describe the work — nothing starts yet.

ex::sender auto work =

ex::schedule(sch)

| ex::then([] { return 21; })

| ex::then([](int x) { return x * 2; });

// Start the work and wait for completion.

auto [result] = ex::sync_wait(std::move(work)).value();

std::println("result = {}", result); // 42

}



namespace ex = stdexec;

exec::static_thread_pool cpu_context{4};

auto cpu = cpu_context.get_scheduler();

nvexec::stream_context gpu_context;

auto gpu = gpu_context.get_scheduler();

// Conceptual sketch — not a complete runnable GPU example.

auto work =

ex::schedule(cpu)

| ex::then(prepare_input)

| ex::continues_on(gpu)

| ex::then(gpu_computation)

| ex::continues_on(cpu)

| ex::then(process_result);

ex::sync_wait(std::move(work));



std::future<double> compute_total(int id) {

return std::async(std::launch::async, [id] {

User u = load_user(id);

auto orders_f = std::async(std::launch::async, load_orders, u);

auto discount_f = std::async(std::launch::async, load_discount, u);

auto orders = orders_f.get();

double discount = discount_f.get();

return sum(orders) * (1.0 - discount);

});

}

Phase 1: With std::async and std::future

Compiler Explorer · GitHub

https://godbolt.org/z/PMGxj6edc


Phase 2: With callbacks
using ErrorCb = std::function<void(std::exception_ptr)>;

template <class F, class OnOk>

void run_async(F work, OnOk ok, ErrorCb err) {

std::thread([=] {

try { ok(work()); }

catch (...) { err(std::current_exception()); }

}).detach();

}

void compute_total_async(int id, std::function<void(double)> ok, ErrorCb err) {

run_async([id] { return load_user(id); },

[ok, err](User u) { // <- nesting level 1

struct State { 

std::mutex m;

std::optional<std::vector<Order>> orders;

std::optional<double> discount;

std::exception_ptr error;

bool done = false;

};

auto st = std::make_shared<State>();

auto finish = [st, ok, err](auto update) {

std::unique_lock lock(st->m);

if (st->done) return; // already finished / failed

update(*st);

if (st->error) {

st->done = true;

auto e = st->error;

lock.unlock();

err(e);

} else if (st->orders && st->discount) {

st->done = true;

double total = sum(*st->orders) * (1.0 - *st->discount);

lock.unlock();

ok(total);

}

};

run_async([u] { return load_orders(u); }, // <- nesting level 2

[finish](std::vector<Order> o) { finish([&](State& s) {

   s.orders = std::move(o); }); },

[finish](std::exception_ptr e) { finish([&](State& s) { 

   s.error = e; }); });

run_async([u] { return load_discount(u); }, // <- nesting level 2

[finish](double d) { finish([&](State& s) { 

   s.discount = d; }); },

[finish](std::exception_ptr e) { finish([&](State& s) { 

   s.error = e; }); });

},

err);

}

void run(int id) {

std::println("\n=== compute_total_async({}) ===", id);

std::promise<void> done; // only so main doesn't exit early

compute_total_async(id,

[&](double total) { log("total = {}", total); done.set_value(); },

[&](std::exception_ptr e) {

try { std::rethrow_exception(e); }

catch (const std::exception& ex) { log("error: {}", ex.what()); }

done.set_value();

});

log("main thread is free to do other work...");

done.get_future().wait();

}

int main() {

std::println("Stage 2: callbacks");

run(7);

run(-1); // error path

}

Compiler Explorer · GitHub

https://godbolt.org/z/xqh5nzM73


#include <execution>

namespace ex = std::execution;

ex::sender auto compute_total(ex::scheduler auto sch, int id) {

return ex::starts_on(sch, ex::just(id))

| ex::then(load_user)

| ex::let_value([sch](User& u) {

return ex::when_all(

ex::starts_on(sch, ex::just(u) | ex::then(load_orders)),

ex::starts_on(sch, ex::just(u) | ex::then(load_discount)));

})

| ex::then([](std::vector<Order> orders, double discount) {

return sum(orders) * (1.0 - discount);

});

}

Phase 3: With std::execution



int main() {

auto sch = ex::get_parallel_scheduler();

try {

auto [total] = std::this_thread::sync_wait(compute_total(sch, 7)).value();

std::println("total = {}", total);

} catch (const std::exception& e) {

std::println("error: {}", e.what());

}

}

Compiler Explorer · GitHub

https://godbolt.org/z/3cz4aWxoM


ex::task<double> compute_total_co(ex::parallel_scheduler sch, int id) {

User u = co_await ex::starts_on(sch, ex::just(id) | ex::then(load_user));

auto [orders, discount] = co_await ex::when_all(

ex::starts_on(sch, ex::just(u) | ex::then(load_orders)),

ex::starts_on(sch, ex::just(u) | ex::then(load_discount)));

co_return sum(orders) * (1.0 - discount);

}

// main:

// auto [total] = std::this_thread::sync_wait(compute_total_co(sch, 7)).value();

Bonus: With coroutines

Compiler Explorer · GitHub

https://godbolt.org/z/TTnEve3vx
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