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An in-depth walk-through of the example in P3090R0

Introduction

The paper P3090R0 contains an example of some sender/receiver code and gives a brief walk through of how
the example works.

This paper takes a deeper dive into the workings of the example for those people wanting more of the details
of how the various senders, receivers, operation-states, schedulers, queues, etc. all fit together.

Example

The code here is a slightly modified version of the code from P3090R0, with the following changes:
- The ‘loop’ and ‘worker’ object is moved as a local variable of ‘main’ instead of a global variable
- Uses std::jthread to automatically finish the loop and join the thread on exit, even in the presence
of exceptions.
- Added std: :move () when composing/using senders declared in previous statements to avoid copies.

Compiler Explorer: https://godbolt.org/z/4M94zGdoc

#include <thread>

#include <iostream>

#include <execution>

using namespace std::literals;
namespace stdex = std::execution;

int main ()
{

stdex::run loop loop;

std::jthread worker ([&] (std::stop token st) {
std::stop_callback cb{st, [&] { loop.finish(); }};
loop.run() ;

}) i

stdex::sender auto hello stdex::just ("hello world"s);
stdex::sender auto print = std::move (hello)
| stdex::then([] (auto msg) {
std::puts(msg.c_str());
return 0; // This will be returned as the
// result of the async op

}) i

stdex: :scheduler auto io_thread = loop.get scheduler();
stdex::sender auto work = stdex::on(io thread, std::move(print));

auto [result] = std::this thread::sync wait (std::move (work)) .value();

return result; // return 0



https://wg21.link/P3090R0
https://wg21.link/P3090R0
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Step 1: Create the run_loop and launch background thread
to execute items

This initializes the ‘1oop’ and ‘worker’ variables.

run_loop
- thread
QUEUE_hEEd void run loecp::run(} |
— ] while (auto* item = dequeue()) |
— item-rexecute (item) ;
synchronization }
primitives )

Step 2: Create just-sender

This is the local variable ‘hell0o’

just_sender

std::string
“hello world”

Step 3: Create then-sender

This is the local variable ‘print’.

then_sender )
just_sender
just_sender
pie move- ] std::string
std::string RS e <moved-from>
“hello world” |

L] {aute msg) |
std::puts (msg.c_stri)};
return 0;

}




Step 4: Get run_loop scheduler

This initializes the local variable ‘io thread’.

run_loo
—oop thread
CIUEUE_hEEd void run leoop:iruni) {
— while {autc* item = degqueue(}) |
— item->exacute();
synchronization ;
primitives I
l
run_loop::scheduler then sender just_sender
run_loop* ctx just_sender std::string
<moved-from>
std::string
“hello world”

[1{auto msg) {
std::puts(msg.c stri()):
return 0;




Step 5: Create on-sender

This initializes the local variable ‘work’.

run_loo
ioop thread
CIL-IEUE_MB'G void run_locpr:zun{d |
b while (auto* item = dequeuweil] {
— T item=>execute () ;
synchronization b
primitives '
2 main() stack-frame Just_sender
run_loop::scheduler / on_sendear std::string
" .. cOpY =moved-from=
run_loop® ctx run_loop::scheduler
run_loop® ctx
then_sender
just_sender
then_sender
std::string
just_sender maowve <moved-from=>
std::string
“hello warld"
<maoved-from=
[] (aute msg) |
std: ipukts (msg B 1);
return OF




Step 6: Call sync_wait

Internally, sync_wait () initializes some synchronization primitives and storage for the eventual result.

It then constructs a receiver of type sync_wait receiver that has a reference to these.

run_loop

queusa_head

synchronization
primitives

main() stack-frame

thread

1
b

yiodd rtrl_lnup: rrun ) |
while {auto* item = degueusi}l) |

item-»axecute ()

sync_wait{) stack-frame

run_loop::scheduler on_sender

just_sender

then_sender

run_loop:scheduler

run_loop® cix

then_sender

just_sender

std::string
“hello world®

[]{auto magh |
std::putaimag.c_atri}};
return 0;

binary_semaphore

result storage

E

sync_wait_receiver \

binary_semaphane®

slorage™




Step 7: sync_wait connects the sender

Part 7a

Then connects this receiver with the on_sender, creating an operation-state, which is stored as a local variable
within sync_wait()

|
run_eop thread

ﬂUEUE_hEad woild run_loop::run{) |

while {auto® item = deguausil) |

I icem->axacuta ()

synchronization 1
primitives b
main() stack-frame sync_wait() stack-frame
run_loop:scheduler on_sender
! i binary_semaphore result storage
run_loop::scheduler 1 '
just_sender e 5 } E
run_loop* cix s wait iver \
then_sender ¥ync_wall_rece
; : binary_semaphore®
then_sender i
] i *
just_sender ; - storage
std::string T
P { ..m
“hello world” A LBy
4 on_op_state |
e 4

4

sync_wail_receiver

[] [auta msg) |
std: :putsimeg.c_strihh;
return 0;

b




Part 7b

The initialization of on_op state then needs to construct a child op-state for the scheduler’s schedule
operation in order to transfer execution to the run_1oop scheduler.

First the on_op state constructor obtains a schedule-sender by calling schedule () onthe run loop’s

scheduler.
Then it creates an on_schedule receiver that holds a pointer to the on op state that will handle the

completion of the schedule operation. These objects are just temporaries on the on_op state constructor
stack frame.

run_loop thread
" on_op_state constructor stack frame
queue_head 1 loop.run{)
" run_loop:schedule_sender on_schedule_receiver
synchronization i . R
primitives 5 run_loop” ctx on_op_slale
*
1
§ o
llll scheduler.achedule [} o
main() stack-frame \ sync_wait{) stack-frame
run_loop::scheduler on_sender \ | ;
: i binary_semaphore result storage
run_lo ::scheduler\ 1 i
just_sender —ooP | ] H /

run_loop* cix | 5
then_sender 1 : on_op_state

sync_wait_receiver

then_sender

just_sender

std::string
“hello world”

[] [auta msg) |
gtd: :rputs{meg.c_stri)h;
return 0;

}




Part 7c

The on_op_ state constructor then calls . connect () onthe run loop::schedule sender and uses
copy-elision to initialize the result of the call to connect () in-place in a data-member of the on_op state
object.

run_loop thread 4
. on_op_state constructor stack frame
queue_head 1 loop.run() !
T run_loop: schedule_sender on_schedule_receiver
synchronization o .
primitives run_loop® ctx on_op_state
4 N ’
I'.I : e ¥ i
. a‘l.*hdq::..f.‘ﬁ;:lfnb:.:- [rave) ! copy

main{) stack-frama : © sync_wait() stack-frame '
run_loop: schedular on_sender \ ]
! binary_semaphore result storage :
run_loo ::scheduler\ 5 = L '
just_sender il : i TI /" ;
run_loop® ctx E ; !
— 1 : on_op_state j :
then_sender 1 : d :
' ; sync_wait_receiver l 4 :
then_sender - 3 i
I i ;
just_sender run_lmp_sdmdula_np%al:ata .
std::string uaue e
"hells world” 9 - :
L !
N run_loop® ctx \
[] tauka m=g) | | I !
std: iputa(msg.c_stri)); on_schedule_recelver O A

return 0; : |

Note that the run_loop schedule op state includes storage of a queue item sub-object - this will be
used by the run_loop queue to implement an intrusive list of queue items. This will be covered later.



Part 7d

Next, the on_op_ state constructor creates another receiver, an on_result receiver, this time to
receive the result of the on _sender’s child operation - in this case a then _sender.

It then calls connect () on the then_sender, passing the on_result_receiver, creating a then_op_state
sub-object of on_op_state.

The then_op_state holds a copy of the on_result_receiver, which contains a pointer back to the on_op_state
object.

return 0;

run_loop
queua_head
synchronization
primitives
LY
{
/
/
" main() stack-frame
on_sender / N
run_loop::scheduler /
run_loop* che
then_sender
just_sender
std: string
“hello world"
[] (auto msg) |
atd: puts (meg.c_ste{));

thread

loop.run()

T
Rk sender.connect (revre) l

SFI"[;_WBit[} stack-frame

on_op_state constructor stack frame

on_resull_receiver

on_op_state®

1

N

" | binary_semaphare

result storage \

ﬁ

AN

on_op_state ]‘

sync_wail_receiver

'
/ LN L]
.
!
“

run_loop_schedule_op_staje

| queue_item

then_op_state ‘

N

/ | on_resull_receiver
)

A run_loop™ cix

|

{

on_schedule_receiver




Part 7e

Next the then op state constructor then moves the function object (in this case the printing lambda) into
the then op state

ran_loop — e
i on_op_state constructor stack frame
h |~ loop.run
queue_head L p.run() on_result_recalver
synchronization i on_op_stats
primitives i "\‘
a | '
{ [
/
- main() stack-frame - sync_wait() stack-frame
on_sender i binary_semaphore result storage \

run_loop::scheduler /

E S|
on_op_state ]' /

sync_wail_receiver

run_loop* ctx

then_sender
Just_sender run_lnnp_schedule_cp_slafe then_op_state
std::string | queue_item /l' | on_resull_receiver
“hello world" 1 E \ = ]
K run |D0p' chx / [1{avte msgl |
— 1L std:zputs (msg.c_strilh;
- o move | | g f--= | raturn 0}
B R on_schedule_receiver




Part 7f

The then op state then creates a new then receiver object, which contains a pointer to the
-inthis case a just sender.

then op state, and then passes this receiver to a call to connect () onthe then sender’s inner sender

This results in creating a new just op state sub-object of the then op state object.

run_loop

thread

queue_head

loop.run()

synchronization
primitives

L

f
[
[

main(} stack-frame

on_sender

/

run_loop:scheduler /

run_loop* chx

binary_semaphore '

-

. gync_wait() stack-frame "

.i---'-' I|
-* sender.connect (Ecvr)

i then_op_sftate constructor stack frame

then_receiver

then_op state*

\ 1

result storage

then_sender

Just_sender

std:string
“hello world"

ﬁ

on_op_state l

&

U
L

d

copy

syno_wail_receiver

|

then_op_state 1

run_loop_schedule_op_stale :

\ | quele_item

K

i

run_loop® cix /

/

on_schedule_receiver

on_result_receiver’

[] (muto msg) |

g raturn O; i
. H

(W

\

\

std::pursimGQ-E_$tF|?
1

just_op_state |

on_result_receiver




Part 7g

Finally, the just_op_state constructor moves the value from the just_sender into the just_op_state.

run_loop

queue_head

synchronization
primitives

LS

i main() stack-framea

7
/

on_sender

|

run_loap:scheduler /

mun_loop* ctx

then_sender

just_sender

sid: string

<moved-from= |

LLLLL

<moved-from=>

thread

L~ loop.run()

sync_wait() stack-frame

¢ then_op_state constructor stack frame

then_receiver

then_op_state™

\

\
\

binary_semaphore

result storage \

ﬁ

on_op_state ]‘

d
e

SYNC_wait_recener

run_lnﬂp_sd'nedule_up_staie

queus_iten

[

{

\

=

run_loop™ cix

|

/

%

“tq-an_schedule_receiver

LT

st string

|
\

then_op_state

on_result_receiver

[] (aute msg) |

return Uy

atd: iputa {mag.c_atr il ;

just_op_state

on_resuli_receiver

®

“hello warld”

And this concludes the call to connect() from sync_wait().
There is now a fully-initialized operation-state object sitting as a local variable of the sync_wait() stack frame.




Stepping back now connect() is done

Stepping back, let's now look at what we’ve just done.

We have taken a sender expression tree on the left, where child objects don’t know anything about the parent
object within which they are contained, and now constructed a hierarchy of operation-state objects that mirrors
the structure of the sender expression tree, but now where child operation-states have a link to the parent
operation states via the receiver passed by the parent operation-state when initializing the child operation
states.

This becomes clearer if we color-code some of the boxes.

run_loop thread
veue_head loop.run
queue | fﬁ,,f p.run()
synchronization
primitives
LY

{

main() stack-frame sync_wait() stack-frame

/ )
run_loop::scheduler /

on_sender

binary_semaphore result storage

\

run_loop* cix

e
e

on_op_state l

sync_wait_receiver

then_op_state

then_sender

on_result_receiver

run_lnop_scl‘mdula_up_ﬂaﬂe

<moved-from=

\ queus_item

P

run_loop™ cix

/ [] (auto msg) |

SEG:IPHES{mﬁq.C_SErlﬁli
return OF

on_schedule_receiver

then_receiver

Of course, now that everything has been connected, the original sender is left with just an empty-shell and is

no longer needed.




Step 8: starting the operation

The next thing that sync_wait() does, now that the operation-state has been initialized, is to start the operation.
It does this by calling start() on the on_op_state object.

The implementation of on_op_state::start() then calls run_loop_schedule_op_state::start() and this is where
things “start” to get interesting.

The run_loop_schedule_op::start() function needs to enqueue the operation-state to the run_loop object’s
queue.

To do this without any allocations it makes use of the fact that it was able to reserve some storage in the
run_loop_schedule_op_state structure for a queue_item object and stashes some pointers in there to

implement an intrusive list of queue-items.

The queue_item structure will look something like this:

struct queue item {
queue item* next;
void (*execute) (queue item* item) noexcept;

}s

After enqueueing the item, the run_loop::queue_head pointer will contain a pointer to the queue_item from the
run_loop_schedule_op_state object.



run_loop thread

queue_head | leop.run()
synchronization \
primitives
 main() stack-frame © sync_wait() stack-frame
on_sender /'r \ binary_semaphore result storage

run_loop;;scheduler f

I /

run_loop® ctx

on_op_state l / /

SYNC_wait_receiver

then_op_state
\ on_result_receiver

run_loop_schedule_op_state

then_sender

gueua_itam [1 (autn msgl [
atdi sputs (meg.c_ste () ¢
queus_jtem™ next return 0:
i i I
§ ! exacute fn-pir
=moved-fram= :
] : d .
run_loop® ctx
- then_receiver

on_schedule_receiver

The enqueue operation then notifies the thread executing loop.run() to wake up if necessary so that it can
dequeue an item from the now empty queue.

If there were existing items in the queue then the ‘next’ pointer would be updated to point to other items.

Step 9: Waiting for the result

The sync_wait() function now just needs to wait for the result to be available and so blocks on the
binary_semaphore with a call to semaphore.acquire ().

Note that the actual sync_wait implementation drives an event-loop while waiting so that it can use the current
thread to make forward progress on the operation completing, however for simplicity we just assume that
sync_wait() blocks in this example, as the event loop is not required for things to work.



Step 10: run_loop executes the queue_item

Now the thread we launched to execute loop.run() will wake up, see there is an item in the queue, dequeue it
and then call the execute() function pointer, passing the queue_item pointer itself as the parameter.

The call to execute() dispatches to a function that casts the queue_item pointer back to a
run_loop_schedule_op_state pointer (doing this safely without UB by making sure the op_state type inherits
privately from queue_item) and then calls set_value() on the run_loop_schedule_op_state’s receiver - in this
case the on_schedule_receiver.

template<typename Rcvr>

void run loop schedule op state<Rcvr>::execute impl (run loop::queue item* item) noexcept {
auto& self = *static cast<run loop schedule op state*>(item);
std: ::move (self.receiver) .set value();

}

Calling set _value () here indicates that the schedule operation is complete - a schedule operation
completes when the item is dequeued by some thread associated with the scheduler’s execution context. i.e. a
thread has scheduled the work successfully.

Step 11: on_schedule_receiver starts the wrapped operation

The on_schedule_receiver::set_value() method is implemented to start the wrapped operation - now that the
schedule operation has completed and we know we are executing on the right execution context.

In this case, the wrapped operation is the then_op_state object and so it will call start() on this object.

template<typename Rcvr, typename Scheduler, typename Sndr>

void on op state<Rcvr, Scheduler, Sndr>::on schedule receiver::set value() noexcept ({
this->result op->start(); // calls then op state::start()

}

The then_op_state::start() function then in turn calls start() on its wrapped operation - in this case, the
just_op_state object.

template<typename Rcvr, typename Func, typename Sndr>
void then op state<Rcvr, Func, Sndr>::start() noexcept ({
inner op state.start(); // calls just op state::start()

}




Step 12: just_op_state start()

The implementation of the just_op_state::start() function completes synchronously with the value - in this case
the std::string containing the value “hello world” - by passing the value to the call to set_value() on the
op-state’s receiver.

template<typename Rcvr, typename Value>
vold just op state<Rcvr, Value>::start() noexcept {
std: :move (this->receiver) .set value (std::move (this->value));

}

The receiver in this case is the then_receiver provided to it by the then_op_state.

Step 13: then_receiver::set_value()

The implementation of then_receiver::set_value() then invokes the stored function object (in this case our
printing lambda) with the value passed to set_value().

This lambda then invokes std::puts() with the string “hello world” and the string is output to stdout.
The lambda then returns the ‘int’ value 0 and control returns to then_receiver::set_value() which then invokes
set_value() on its receiver (in this case the on_result_receiver), passing the return value of the lambda as the

value argument.

If the call to the lambda were to throw an exception then we would call set_error() on the receiver instead.

template<typename Rcvr, typename Func, typename Sndr>

template<typename... Values>
void then op state<Rcvr, Func, Sndr>::then receiver::set value (
Valuesé&&... values) noexcept {
try |

std: :move (this->op state->receiver) .set value(
this->op-state->func(std::forward<vValues>(values)...);
} catch (...) |
std: :move (this->op state->receiver) .set error (std::current exception());

}




Step 14: on_result_receiver::set_value()

Now the on_result_receiver::set_value() is invoked and so the on_op_state operation itself has now completed
and so just forwards the result to its receiver - in this case the sync_wait_receiver - by calling its set_value()
method.

template<typename Rcvr, typename Scheduler, typename Sndr>
template<typename... Values>
void on op state<Rcvr, Func, Sndr>::on result receiver::set value(
Valuesé&&... values) noexcept {
std: :move (this->op state->receiver) .set value(
std: :forward<Values> (values)...);

Step 15: sync_wait_receiver::set_value()

Now we finally get to the end of the chain and the sync_wait operation has its result.

However, the result is provided to it on another thread (the background thread executing run_loop::run()) and
so we need to stash the result in the storage reserved on the stack-frame of sync_wait (which the receiver
conveniently contains a pointer to) and then signals that the result is available by calling semaphore.release()
on the binary_semaphore also stored on the sync_wait stack-frame (which the receiver also, conveniently, has
a pointer to).

Once this is done, the sync_wait_receiver’s job is done, and it returns from set_value(), unwinding the stack all
the way back to return to the loop inside the background thread’s run_loop::run() call.

Step 16: sync_wait wakes up

The call to semaphore.release () above has now unblocked the sync_wait thread which now returns from
its call to semaphore.acquire (). It knows that there is now a result stored in the storage that it reserved on
the stack and so inspects the storage (typically a variant of the possible results) to obtain the result and then
simply returns this value as the result of the sync_wait () call.

The return-type of sync_wait () is an optional (the empty optional corresponds to the set_stopped()
completion result), so the result is wrapped up in an optional<int>.

As part of the return from the sync_wait() function, the operation-state object that was stored in a local variable
now goes out of scope and is destroyed, releasing all of the resources used by the operation-state.



Step 17: Execution now returns to main()

The sync_wait () function now returns to main, which unwraps the result, obtaining the value 0 that was
returned by the lambda.

This then calls run loop::finish (), signaling that the background thread calling run loop: :run ()
should now return from run() and let the thread run to completion.

It then waits for the thread to finish before returning the integer result from main ().



