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a tale of two problems

complexity

concurrency
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what to expect

general picture

the why
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what NOT to expect

introduction to senders/receivers

deep dive into details
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1Structured Programming
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what is Structured Programming?

1. abstractions as building blocks

2. recursive decomposition

3. local reasoning

4. single entry, single exit point

5. soundness and completeness
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1. abstractions as building blocks





abstraction keep essential   
drop accidental
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example: variable

keep: type, single value

drop: the current value

int i = 0;

while ( a[i] <= 10 )

    i++;

print(i);
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example: function

keep: signature, entry/exit semantics, main idea

drop: implementation details
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example: function

keep: signature, entry/exit semantics, main idea

drop: implementation details


name: summarisation of semantics



Plato’s man: featherless biped



Plato’s man: featherless biped
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abstraction helps our mind

focus on essential
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in Structured Programming

functions

data structures
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2. recursive decomposition

divide et impera
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building programs

recursively decompose programs into parts

make one decision at a time (local context)


later decisions don’t influence prev. decisions


successive refinement
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example

print the first 1000 prime numbers
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step 0

auto main() -> int {

    print_first_1000_prime_numbers();

    return 0;

}
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step 1

auto print_first_1000_prime_numbers() -> void {

    // TODO: define array p of 1000 elements

    // TODO: fill array p with first 1000 prime numbers

    // TODO: print array p

}
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step 2 (refinement)

auto print_first_1000_prime_numbers() -> void {

    int p[1000];

    fill_with_first_1000_prime_numbers(p);

    print_array(p);

}
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step 3

auto fill_with_first_1000_prime_numbers(int* p) -> void {

    int num_primes = 0;

    int val = 1;

    while (num_primes < 1000) {

        // TODO: increase val until next prime number

        p[num_primes++] = val;

    }

}
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step 4

auto fill_with_first_1000_prime_numbers(int* p) -> void {

    int num_primes = 0;

    int val = 1;

    while (num_primes < 1000) {

        do {

            val++; // WARNING: inefficient

        } while (!is_prime(val, p, num_primes));

        p[num_primes++] = val;

    }

}
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step 5 (revision)

auto fill_with_first_1000_prime_numbers(int* p) -> void {

    p[0] = 2;

    int num_primes = 1;

    int val = 1;

    while (num_primes < 1000) {

        do {

            val += 2;

        } while (!is_prime(val, p, num_primes));

        p[num_primes++] = val;

    }

}
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step 6

auto is_prime(int val, int* p, int num_primes) -> bool {

    // TODO: for all previously found primes, starting with 3, up until sqrt(val)

    //     ... check if there is a divisor of val

}
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step 7 (refinement)

auto is_prime(int val, int* p, int num_primes) -> bool {

    bool val_is_prime = true;

    for (int i = 1; i < num_primes && p[i] * p[i] <= val && val_is_prime; i++) {

        val_is_prime = !is_divisor(p[i], val);

    }

    return val_is_prime;

}
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step 8

auto is_divisor(int div, int val) -> bool {

    return (val % div) == 0;

}
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step 9

auto print_array(int* p) -> void {

    for (int i = 0; i < 1000; i++)

        printf("%d\n", p[i]);

}
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print_first_1000_prime_numbers

fill_with_first_1000_prime_numbers print_array

is_prime

is_divisor
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3. local reasoning

nested scopes

encapsulation of local concerns
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small example

for (int i=0; i<10; i++) {

    int x = i;

    {

        for (int i=0; i<10; i++) {

            int y = i;

            printf("%d/%d\n", x, y);

        }

    }

}
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focus 

one thing at a time
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preconditions

instructions

postconditions
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4. single entry, single exit point

block of code
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GOTO excluded

block w/ GOTO
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reasons?

easy

linear reasoning


code & execution have the same flow
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same shape

instruction

function call


block of code

alternatives


loops
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exit in C++

return a value

throw an exception


abort (internal or external)

auto sum(Matrix a, Matrix b) -> Matrix;


Matrix a = ...;

Matrix b = ...;

Matrix c = sum(a, b);
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5. soundness and completeness

can Structured Programming be applied?



@ Lu cT 3 o

soundness

applying SP should lead to correct programs
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completeness

applying SP for all programs
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Böhm-Jacopini theorem
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Structured Programming

1. abstractions as building blocks

2. recursive decomposition

3. local reasoning

4. single entry, single exit point

5. soundness and completeness
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2Concurrency with Threads
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primitives

threads

locks (mutexes, semaphores, etc.)



@ Lu cT 3 o

1. abstractions as building blocks

threads and locks are not good abstractions
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2. recursive decomposition

into what?
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3. local reasoning

threads and locks have non-local effects

(by design)
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4. single entry, single exit point

N/A
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5. soundness and completeness

complete but not sound
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unsound

no general strategy
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structured?

abstractions as building blocks no
recursive decomposition no

local reasoning no
single entry, single exit point -

soundness and completeness ½

no
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3Concurrency with Tasks
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primitives

tasks

(independent units of work)
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two models

raw tasks with continuations
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two models

raw tasks with continuations
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two models

raw tasks with continuations

just like functions
can represent


larger concurrent parts
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raw tasks — structured?

abstractions as building blocks yes
recursive decomposition no

local reasoning yes
single entry, single exit point no

soundness and completeness yes

partial
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tasks w/ cont. — structured?

abstractions as building blocks yes
recursive decomposition yes

local reasoning no
single entry, single exit point ½

soundness and completeness yes

partial
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4Senders/Receivers
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P2300 — std::execution

C++ proposal

did not make it to C++23
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P2300 — std::execution

concepts

initial set of algorithms


utilities
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scheduler

sender

receiver

operation_state
connect

schedule

user facing

library internal

algorithms

handle to a compute resource

ex:

- thread pool

- GPU threads

describes a computation

sends notification when done

implementation details

for a computation

async notification handler
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senders describe computations

any chunk of work,

with one entry and one exit point
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computations

a task
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computations

a task

tasks over multiple threads
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computations

a task

tasks over multiple threads


group of computations

// //

// //
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computations

a task

tasks over multiple threads


group of computations

the entire application

main()
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computations

a task

tasks over multiple threads


group of computations

the entire application
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example
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example
auto work1() -> int;

auto work2() -> double;

auto work3() -> std::string;

auto combine_res(int i, double d, const std::string& s) -> int;


auto compute_in_parallel() -> int {

    static_thread_pool pool{8};

    ex::scheduler auto sched = pool.get_scheduler();


    ex::sender auto work =

        ex::when_all(

            ex::schedule(sched) | ex::then(work1),

            ex::schedule(sched) | ex::then(work2),

            ex::schedule(sched) | ex::then(work3)

        );

    auto [i, d, s] = std::this_thread::sync_wait(std::move(work)).value();

    return combine_res(i, d, s);

}
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when_all

then

schedule

then

schedule

then

schedule
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senders’s completion

promises to call on completion, one of:

- set_value(dest, values…)

- set_error(dest, error)

- set_stopped(dest)
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receiver

something that is called with one of:

- set_value(recv, values…)

- set_error(recv, error)

- set_stopped(recv)
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operation_state

work described by the sender receiverset_value

set_error

set_stopped

start
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operation state object

alive during the whole duration
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

operation state creation
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

operation state creation
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

operation state creation
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start



@ Lu cT 3 o

sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

starting operation
start
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sync_wait receiver
when_all logic

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

when_all receiver
then logic

then receiver

schedule l.

done
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focus of the talk

senders describe computations
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functions

same thread

computations

entry thread ≠ exit thread
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computations

generalisation of functions
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computations are for concurrency

what functions are for Structured Programming
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5Structured Concurrency
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functions

Structured Programming

computations

Structured Concurrency
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functions

Structured Programming

senders

Structured Concurrency
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some theoretical results

http://wg21.link/P2504
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some theoretical results (1)

all programs can be described in terms of senders

(w/o the need of synchronisation primitives)

S

S

S

S

S
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some theoretical results (2)

any part of a program,

that has one entry point and one exit point,


can be described as a sender

S
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some theoretical results (3)

the entire program can be described as one sender

S
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some theoretical results (4)

any sufficiently large concurrent chunk of work can be 
decomposed into smaller chunks of work, which can be 

described with senders

S

S

S

S

S
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some theoretical results (5)

programs can be implemented using senders using maximum 
efficiency (under certain assumptions)
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computations

fully encapsulate concurrency concerns
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computations are for concurrency

what functions are for Structured Programming
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Structured Concurrency

1. abstractions as building blocks

2. recursive decomposition

3. local reasoning

4. single entry, single exit point

5. soundness and completeness
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1. abstractions as building blocks
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use computations (senders)

similar to using functions
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2. recursive decomposition

divide et impera
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computations can be broken down

into smaller computations

senders, from top to bottom
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3. local reasoning

nested scopes

encapsulation of local concerns
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no spooky action at a distance

all the concerns are handled locally

inputs and outputs are clearly defined


senders nests



@ Lu cT 3 o

4. single entry, single exit point

computation
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by definition

input:

- start(op_state)


output is one of:

- set_value(recv, values…)

- set_error(recv, error)

- set_stopped(recv)
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discouraged: fire-and-forget

ex::start_detached
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computations — same shape

composability of concurrent work
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5. soundness and completeness

can Structured Concurrency be applied?
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soundness

all programs can safely be built with senders

(without the need of sync. primitives)
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completeness

all programs can be described by senders
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Structured Concurrency

1. abstractions as building blocks

2. recursive decomposition

3. local reasoning

4. single entry, single exit point

5. soundness and completeness

CHECK
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6An Example
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application

HTTP server

image processing
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goals

senders as building blocks

recursive decomposition with senders


local reasoning

single entry and single exit point (*)
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secondary goals

interaction with coroutines

type erasure for senders
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the entire app is a sender

auto main() -> int {

    auto [r] = std::this_thread::sync_wait(get_main_sender()).value();

    return r;

}
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the entire app is a sender

auto get_main_sender() {

    return ex::just() | ex::then([] {

       //...

       return 0;

    });

}
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top-level logic

auto get_main_sender() {

    return ex::just() | ex::then([] {

        int port = 8080;


        static_thread_pool pool{8};


        io::io_context ctx;

        set_sig_handler(ctx, SIGTERM);


        ex::sender auto snd = ex::on(ctx.get_scheduler(), listener(port, ctx, pool));

        ex::start_detached(std::move(snd));


        ctx.run();

        return 0;

    });

}
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listener

auto listener(int port, io::io_context& ctx, static_thread_pool& pool)-> task<bool> {

   // ...

   co_return true;

}
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listener
auto listener(int port, io::io_context& ctx, static_thread_pool& pool)-> task<bool> {

    io::listening_socket listen_sock;

    listen_sock.bind(port);

    listen_sock.listen();


    while (!ctx.is_stopped()) {

        io::connection conn = co_await io::async_accept(ctx, listen_sock);


        conn_data data{std::move(conn), ctx, pool};


        ex::sender auto snd =                                //

                ex::just()                                   //

                | ex::let_value([data = std::move(data)]() { //

                      return handle_connection(data);

                  });

        ex::start_detached(std::move(snd));

    }


    co_return true;

}
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async_accept -> a sender

inline auto async_accept(io_context& ctx, const listening_socket& sock)

        -> detail::async_accept_sender {

    return {&ctx, sock.fd()};

}
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handle_connection

auto handle_connection(const conn_data& cdata) {

    return read_http_request(cdata.io_ctx_, cdata.conn_)

           | ex::transfer(cdata.pool_.get_scheduler())

           | ex::let_value([&cdata](http_server::http_request req) {

                 return handle_request(cdata, std::move(req));

             })

           | ex::let_error([](std::exception_ptr) { return just_500_response(); })

           | ex::let_stopped([]() { return just_500_response(); })

           | ex::let_value([&cdata](http_server::http_response r) {

                return write_http_response(cdata.io_ctx_, cdata.conn_, std::move(r));

             });

}
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just_500_response

auto just_500_response() {

    auto resp = http_server::create_response(

                    http_server::status_code::s_500_internal_server_error);

    return ex::just(std::move(resp));

}
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read_http_request

auto read_http_request(io::io_context& ctx, const io::connection& conn)

        -> task<http_server::http_request> {

    http_server::request_parser parser;

    std::string buf;

    buf.reserve(1024 * 1024);

    io::out_buffer out_buf{buf};

    while (true) {

        std::size_t n = co_await io::async_read(ctx, conn, out_buf);

        auto data = std::string_view{buf.data(), n};

        auto r = parser.parse_next_packet(data);

        if (r)

            co_return {std::move(r.value())};

    }

}
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async_read -> a sender

inline auto async_read(io_context& ctx, const connection& c, out_buffer buf)

        -> detail::async_read_sender {

    return {&ctx, c.fd(), buf};

}



@ Lu cT 3 o

write_http_request

auto write_http_response(io::io_context& ctx, const io::connection& conn,

        http_server::http_response resp) -> task<std::size_t> {

    std::vector<std::string_view> out_buffers;

    http_server::to_buffers(resp, out_buffers);

    std::size_t bytes_written{0};

    for (auto buf : out_buffers) {

        while (!buf.empty()) {

            auto n = co_await io::async_write(ctx, conn, buf);

            bytes_written += n;

            buf = buf.substr(n);

        }

    }

    co_return bytes_written;

}
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async_write -> a sender

inline auto async_write(io_context& ctx, const connection& c, std::string_view data)

        -> detail::async_write_sender {

    return {&ctx, c.fd(), data};

}
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handle_request

auto handle_request(const conn_data& cdata, http_server::http_request req)

        -> task<http_server::http_response> {

    auto puri = parse_uri(req.uri_);

    if (puri.path_ == "/transform/blur")

        co_return handle_blur(cdata, std::move(req), puri);

    else if (puri.path_ == "/transform/adaptthresh")

        co_return handle_adaptthresh(cdata, std::move(req), puri);

    else if (puri.path_ == "/transform/reducecolors")

        co_return handle_reducecolors(cdata, std::move(req), puri);

    else if (puri.path_ == "/transform/cartoonify")

        co_return co_await handle_cartoonify(cdata, std::move(req), puri);

    else if (puri.path_ == "/transform/oilpainting")

        co_return handle_oilpainting(cdata, std::move(req), puri);

    else if (puri.path_ == "/transform/contourpaint")

        co_return co_await handle_contourpaint(cdata, std::move(req), puri);

   co_return http_server::create_response(http_server::status_code::s_404_not_found);

}
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auto handle_cartoonify(const conn_data& cdata, http_server::http_request&& req, parsed_uri puri)

        -> task<http_server::http_response> {

     int blur_size = get_param_int(puri, "blur_size", 3);

     int num_colors = get_param_int(puri, "num_colors", 5);

     int block_size = get_param_int(puri, "block_size", 5);

     int diff = get_param_int(puri, "diff", 5);

     auto src = to_cv(req.body_);

    ex::sender auto snd = ex::when_all(                                              

        ex::transfer_just(cdata.pool_.get_scheduler(), src) 

            | ex::then([=](const cv::Mat& src) {

                 auto gray = tr_to_grayscale(tr_blur(src, blur_size));

                 return tr_adaptthresh(gray, block_size, diff);

              }),

        ex::transfer_just(cdata.pool_.get_scheduler(), src) 

                | ex::then([=](const cv::Mat& src) {        

                      return tr_reducecolors(src, num_colors);

                  })                                                 

        )                                                            

      | ex::then([](const cv::Mat& edges, const cv::Mat& reduced_colors) { 

           return tr_apply_mask(reduced_colors, edges);

        }) 

      | ex::then(img_to_response);

    co_return co_await std::move(snd);

}
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recursive decomposition

• get_main_sender

• listener


• async_accept

• handle_connection


• read_http_request

• async_read


• handle_request

• handle_cartoonify

• ...


• just_500_response

• write_http_response


• async_write
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7Conclusions
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what we did

Structured 
Programming

concurrency

+

lessons

problem

Structured 
Concurrency
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key insight

functions


computations

Structured Programming


Structured Concurrency

→


→
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Structured Concurrency

1. abstractions as building blocks

2. recursive decomposition

3. local reasoning

4. single entry, single exit point

5. soundness and completeness
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lucteo.ro

Thank You


