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Can you implement a function,
which takes an integer 1,
and returns the result of 42 divided by 17?



div4d2 :: Int -> Int
div42 i = 42 / i



div42 :: Int -> Int

div42 1 =
if 1 ==
then error “divided by Zero”
else 42 / i



divn :: Int -> Int
divn 1 =
n <- getUserInput ()
if 1 ==
then error “divided by Zero”
elsen / i



divn :
divn 1
n <-
if i
then
else

Int -> Int
getUserInput ()
== 0
error “divided by Zero”
writelLog “success”
n / i



divn :
divn 1
n <-
if i
then
else

Int -> Int
getUserInput ()
== 0
error “divided by Zero”
writelLog “success”
count += 1
n / i
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1. How to compose computational effects?
2. How to handle effects according to applications?
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Multicore OCaml: September 2021, effect handlers will be in OCaml 5.0!

B Community multicore, multicore-monthly

@ avsm O Maintainer 19d

Welcome to the September 2021 Multicore OCaml 27 monthly report! This month’s update along with
the previous updates 2 have been compiled by me, @ctk21, @kayceesrk and @shakthimaan . The
team has been working over the past few months to finish the last few features 18 necessary to reach
feature parity with stock OCaml. We also worked closely with the core OCaml team to develop the
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OCaml 5.0 will support shared-memory parallelism through domains and direct-style
concurrency through effect handlers (without syntactic support).
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PYRO: Deep Universal
Probabilistic Programming
Language

Article JavaScript

Algebraic Effects for React
Developers

ﬁ Reese Williams

01 Nov 2020 * 11 min read

Poutine (Effect handlers)

Beneath the built-in inference algorithms, Pyro has a library of composable effect handlers for
creating new inference algorithms and working with probabilistic programs. Pyro’s inference
algorithms are all built by applying these handlers to stochastic functions. In order to get a general
understanding what effect handlers are and what problem they solve, read An Introduction to
Algebraic Effects and Handlers by Matija Pretnar.
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effect signature

effect handler

Algebraic effects 101

effect read {
ask : () -> int —4 operation
}
handler {
ask x k -=> k1 —4| implementation
}
(\

perform ask () + perform ask ()

)

11



effect signature

effect handler

Algebraic effects 101

effect read {
ask : () -> int —4 operation
}
Drgument
handl {
ask x k -=> k1 —4| implementation
}
(\

perform ask () + perform ask ()

)

11



effect signature

effect handler

Algebraic effects 101

effect read {
ask : () -> int ————# operation
}
Drgument __resumption
handl {
ask x k -=> k1 —4| implementation
}
(\

perform ask () + perform ask ()

)

11



effect signature

effect handler

computation

Algebraic effects 101

effect read {
ask : () -> int ————# operation
}
Drgument __resumption
handl {
ask x k -=> k1 —4| implementation
}
(\

perform ask () + perform ask ()

)

11



effect signature

effect handler
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Algebraic effects 101

effect read {
ask : () -> int ————# operation
}
Drgument __resumption
handl {
ask x k -=> k1 —4| implementation
}
(\

Eerform ask () + perform ask ()4|
)

perform an effect
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effect signature

effect handler

computation

Algebraic effects 101

effect read {
ask : () -> int ————# operation
}
Drgument __resumption
handl {
ask x k -=> k1 —4| implementation
}
(\

Eerform ask () + perform ask ()4|
)y // 2

perform an effect
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effect exn {
throw : ()

}

-> a

Exception
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effect exn {
throw : () -> a

}

div m n
= 1if n == 0
then perform throw ()
elsem / n

Exception

12



Exception

effect exn {

throw : () -> a handler ({
} throw x k -> Nothing
}o(\_.
div m n Just (div 42 2)
= if n == 0 ) // Just 21

then perform throw ()
elsem / n

handler {
throw x k -> Nothing
FoO\_-
Just (div 42 0)
) // Nothing

12



effect exn {

throw :

}

div m n
= 1if n
then
else

() -> a

==O
perform throw ()
m / n

Exception

handler {
throw x k ->
return v ->

}o(\_.
div 42 2

) // Just 21

Nothing
Just v

handler {
throw x k ->
return v -=->

}o(\_.

div 42 0

) // Nothing

Nothing
Just v

12



Exception

effect exn {

throw : () -> a handler ({
} throw x k => []
return v -=-> [V]
div m n }oo\_.
= if n == 0 div 42 2
then perform throw () ) // Just 21

elsem / n

handler {
throw x k => []
return v -=-> [V]
o\
div 42 0
) // Nothing
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2 * 21
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return x -> el

handle

14



return x -> el

op X k -> e2

handle




return x -> el

op X k

handle

-> e2
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return X

-> el
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return x -> el

handle
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handle
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return x -> el

handle

handle

handle

el [x:=v]
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handle handle el [x:=v]

return x -> el

op X k -> e2

VvV
handle A
,/
,l
'/
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
R handle
R

performop v
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handle handle el [x:=v]

return x -> el

handle A

SRt every computation either calls an operation or returns a value GEEEEES

\\

performop v
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handle handle el [x:=v]

return x -> el

handle A

SRt every computation either calls an operation or returns a value GEEEEES

AN handle

performop v
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handle handle el [x:=v]

return x -> el

op X k -> e2

VvV
handle A
,/
,l
'l
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
R handle e2 [x:=v, k:=‘]
\4 \

handle

performop v

14




return X

-> el

handle
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handler {
throw x k -> Nothing
return v -=-> Just v

oo\ .
div 42 2)

handle
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handler {
throw x k -> Nothing
return v -> Just v handle handle el [x:=v]
}oO\_.
div 42 2)
v
handle A
l’l
’
’/
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handler {

throw x k -> Nothing

return v -> Just v handle handle el [x:=v]
oo\ _.
div 42 2) _

div 42 V
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handler {

throw x k -> Nothing

return v -> Just v handle handle el [x:=v]
oo\ _.
div 42 2) _

div 42 21
handle A
,/
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handler {
throw x k -> Nothing
return v. -> Just v handle handle Just 21
oo\ .
div 42 2) _
div 42 21
handle A
/’l
R 2
4
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handler {
throw x k -> Nothing
return v -=-> Just v
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handler {
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handler {
throw x k -> Nothing
return v -=-> Just v

oo\ .
div 42 0)

handle

SRt every computation either calls an operation or returns a value GEEEEES

handle

e2 [x:=v, k:=‘]

performop v

\

handle
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handler {
throw x k -> Nothing
return v -=-> Just v

oo\ .
div 42 0)

handle

SRt every computation either calls an operation or returns a value GEEEEES

handle

e2 [x:=v, k:=‘]

perform throw ()

\

handle
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handler {
throw x k -> Nothing
return v -=-> Just v

oo\ .
div 42 0)

handle

SRt every computation either calls an operation or returns a value GEEEEES

handle

Nothing[k:=‘]

perform throw ()

\

handle

16



handler {
throw x k -=> k O
return v -> Just v

oo\ .
div 42 0)
handle A
l’l
l,,
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
2N handle Nothing[k:=1]
\\4 \

handle

perform throw ()
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handler {
throw x k -=> k O
return v -> Just v

oo\ .
div 42 0)
handle A
l’l
l,,
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
2N handle Nothing[k:=1]
\\4 \

handle

perform throw ()
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handler {
throw x k -=> k O
return v -> Just v

oo\ .
div 42 0)
handle A
/’l
l,,
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
N handle (k O)[k:=‘]
\\
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handle
perform throw ()
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handler {
throw x k -=> k O
return v -> Just v

oo\ .
div 42 0)
handle A
/,,
l,,
SRt every computation either calls an operation or returns a value GEEEEES
>
\\\
N handle (k O)[k:=‘] handle
\\
B \
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perform throw () 0
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effect divByZero {
divByZero : Int -> Int

}

div m n
= if n == 0
then perform divByZero m
elsem / n
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effect divByZero {
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}

div m n
= if n ==
then perform divByZero m
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ios div m n =
handle {

} (div_m n)

=) - » ~ —~

N 3} ® -

google div m n
handle {

} (div m n)

coqg div m n =
handle {

} (div_m n)

effect divByZero {
divByZero : Int -> Int

}

div m n
= if n ==
then perform divByZero m
elsem / n

18
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ios_div m n = effect divByZero {
handle { divByZero : Int -> Int
divByZero x k -> Error }
} (div m n)
div m n
= if n ==

google div m n =

then perform divByZero m

0 handle { elsem / n
: - } (div m n)
) coqg div m n =
} handle {

_ } (div_m n)
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ios_div m n = effect divByZero {
handle { divByZero : Int -> Int
divByZero x k -> Error }
} (div m n)
div m n
= if n ==

google div m n =

then perform divByZero m

handle { elsem / n

divByZero x k ->

s s [ if x == 0 then Error
I else Infinity

Kl } (div m n)

) coqg div m n =
} handle {

} (div_m n)

18



calculator

ios div m n =
handle {
divByZero x k -> Error
} (div m n)
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google div m n =
handle {
divByZero x k ->
if x == 0 then Error

else Infinity
} (div m n)

coqg div m n =
handle {

} (div_m n)

effect divByZero {
divByZero : Int -> Int

}
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calculator

ios div m n = effect divByZero ({
handle { divByZero : Int -> Int
divByZero x k -> Error }
} (div m n)
mgument:: e mon
. = 1f n ==
google div m n = then perform divByZero m
0 handle { elsem / n
= O divByZero x k ->
oo [ if x == 0 then Error
—1—1— else Infinity
- } (div m n)
) coqg div m n =
k handle {
;// divByZero x k -=> k 0
_ } (div m n)
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calculator

ios div m n =
handle {
divByZero x k -> Error
} (div m n)

=) - » ~ —~

N 3} ® -

argument |
google div m n =
handle {
divByZero x k ->
if x == 0 then Error

else Infinity
} (div m n)

resume with

cog_div m n = default value

handle {
divByZero x k -=> k 0
} (div m n)

effect divByZero {
divByZero : Int -> Int

}

div m n
= if n ==
then perform divByZero m
elsem / n

18
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effect st<a> {
get : () -> a
set : a -> ()

}

State
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State

effect st<a> {

get : () -> a
set : a -> ()
}
(handler {
get x k => (\y. k y vy)
set x k -> (\y. k () x)
return x -> (\_. X)
oo\ _.
perform set 21; w <- perform get (); w + w))
0
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State

effect st<a> {

get : () -> a
set : a -> ()
}
(handler {
get x k -> (E kyy)
set x k -> ( vl K () X)
return x -> (\ . X)
oo\ _.
perform set 21; w <- perform get (); w + w))
0
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State

effect st<a> {

get : () -> a
set : a -> ()
}
(handler {
get x k -> (E kyy)
set x k -> ( vl K () X)
return x -> (\ . X)
oo\ _.
perform set 21; w <- perform get (); w + w))
0

// 42
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effect choice {
flip : () -> bool

}
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effect choice {
flip : () -> bool

}

X <- perform flip ()
y <- perform flip ()
X && Y
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Choice

effect choice {
flip : () -> bool

}

handler {
flip X k -> k True ++ k False
return X -> [x]

Poo\_.

X <- perform flip ()

y <- perform flip ()
X && Y

)
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Choice

effect choice {
flip : () -> bool

}

handler {
flip X k -> k True ++ k False
return X -> [x]

Poo\_.

X <- perform flip ()

y <- perform flip ()
X && Y

)

X True
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Choice

effect choice {

flip : () -> bool
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effect choice {
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throw : () -> a
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throw : () -> a
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Choice and Exception

handler {

oo\,
handler {

FoO\_.
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effect choice {
flip : () -> bool
}

effect exn {
throw : () -> a

}

Choice and Exception

handler {
flip Xx k -> k True ++ k False
return X -> [X]
oo\ _.
handler {
throw x k -> Nothing
return X -> Just X
b\
X <- perform flip ()
if x then
perform flip ()
else

perform throw ()

))
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effect choice {
flip : () -> bool
}

effect exn {
throw : () -> a

}

Choice and Exception

handler {
flip Xx k -> k True ++ k False
return X -> [X]
oo\ _.
handler {
throw x k -> Nothing
return X -> Just X
b\
X <- perform flip ()
if x then
perform flip ()
else

perform throw ()
))
// [Just True

21



effect choice {
flip : () -> bool
}

effect exn {
throw : () -> a

}

Choice and Exception

handler {
flip Xx k -> k True ++ k False
return X -> [X]
oo\ _.
handler {
throw x k -> Nothing
return X -> Just X
b\
X <- perform flip ()
if x then
perform flip ()
else
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effect choice {
flip : () -> bool
}

effect exn {
throw : () -> a

}

Choice and Exception

handler {
flip Xx k -> k True ++ k False
return X -> [X]
oo\ _.
handler {
throw x k -> Nothing
return X -> Just X
b\
X <- perform flip ()
if x then
perform flip ()
else

perform throw ()

))
// [Just True, Just False, Nothing]
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effect choice {

}

flip :

() => bool

effect exn {

}

throw :

() -> a

Choice and Exception

handler {
throw x k -> Nothing
return X -> Just X
oo\,
handler {
flip Xx k -=> k True ++ k False
return X -> [X]
PO\ _.

X <- perform flip ()
if x then

perform flip ()

else

))

perform throw ()
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effect choice {

}

flip :

() => bool

effect exn {

}

throw :

() -> a

Choice and Exception

handler {
throw

return
o\ .
handler {

flip

return

FoO\_.

X
X

Nothing
Just X

k True ++ k False
[X]

X <- perform flip ()

if x then

perform flip ()

else

perform throw ()

))
// Nothing

21
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effect select<a> {
select : [a] -> a

}

failed = perform select []
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Select

effect select<a> {
select : [a] -> a

}

failed = perform select []

X <- perform select [1l..15]
y <- perform select [1..15]
z <- perform select [1l..15]
if x * x +y *y == 2 * 2
then (x,v,2)

else failed



Select

effect select<a> {

select : [a] -> a
}
handler {
failed = perform select [] select xs k -> concatMap k xs
return X -> [x]
Fo\_.

X <- perform select [1l..15]
y <- perform select [1..15]
z <- perform select [1l..15]
if x * x +y *y == 2 * 2
then (x,v,2)

else failed



effect select<a> {
select : [a] -> a

}

failed = perform select []

Select

handler {
select xs k -> concatMap k xs
return X -> [X]

PO\

X <- perform select [1l..15]

y <- perform select [1..15]

z <- perform select [1l..15]

if x * x +y *y == 2 * 2

then (x,v,2)

else failed

)
// [(3,4,5),(4,3,5),(5,12,13),(6,8,10)
// ,(8,6,10),(9,12,15),(12,5,13),(12,9,15)]
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effect select<a> {
select : [a] -> a

}

failed = perform select []

handler {

select xs k

let £ ys

[]
y’:ys’
r

in £ xs
return x

)

Select

->

= case ys of

-> Nothing

-> case k y’ of Nothing -> f ys’

Just v -> Just v

-> Just X

X <- perform select [1l..15]
y <- perform select [1..15]
z <- perform select [1l..15]
if x * x +y *y == 2 * 2
then (x,v,2)

else failed

)
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effect select<a> {
select : [a] -> a

}

failed = perform select []

Select

handler

{

select xs k ->

let
[]

f ys = case ys of
-> Nothing

y':ys’ -> case k y’ of Nothing -> f ys’
r Just v -> Just v
in £ xs
return X -> Just X

)

X <- perform select [1l..15]
y <- perform select [1..15]
z <- perform select [1l..15]
if x * x +y *y == 2 * 2
then (x,v,2)

else failed

)
// Just

(3,4,5)
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effect select<a> {
select : [a] -> bool

}

failed = perform select []

N-Queens
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effect select<a> {
select : [a] -> bool

}

failed = perform select []

N-Queens

nQueens n = fold £ [] [1..n] where
f rows col = row <- perform select [1l..n]

if (safeAddition rows row 1)
then (row : rows)
else failed

// is it safe to add the new queen?
safeAddition rows r i =
case rows of
[ ] -> True
(r:rows) -=->
row /= r &&
abs (row - r) /= i &&
safeAddition rows row (i + 1)

23



Cooperative multi-threading

24



effect queue {

enqueue : (() == ()
dequeue : () -> (()
}
effect coop {
yield : () -> ()
fork : (() => ())
}

Cooperative multi-threading
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Cooperative multi-threading

scheduler f =

effect queue { handler {
enqueue : (() == ()) == () yield k ->
dequeue : () -> (() => ()) perform enqueue k
} next <- perform dequeue ();
effect coop { next ()
yield : () -> () fork g k ->
fork : (() => ()) => () perform enqueue k
} schedule g
return ->
next <- perform dequeue ()
next ()
}



Cooperative multi-threading

effect queue {
enqueue : (() -= ()) == ()
dequeue : () -> (() -> ())
iffect coop {
yield : () -> ()
fork : (() => ()) => ()

scheduler (\ .

print “A”; perform fork (\ .
print “C”; perform fork (\ .

scheduler f =
handler {
yield k ->
perform enqueue
next <- perform
next ()
fork g k ->

perform enqueue
schedule g
return _ ->
next <- perform
next ()
}
f

print “B”; perform yield (); print “E”);

k
dequeue ();

dequeue ()

print “D”; perform yield (); print “G”); print *“F”
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Algebraic effects Summary

Composable and modular computational effects

Key ideas:

1. algebraic effects define a family of operations
2. effect handlers give semantics to operations
3. every computation either calls an operation or returns a value

Examples:

read, exn, state, choice, select, coop, ..
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function
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URSRdIER [ e2 [x:=v, ki=e]

1. Searching
handi — a linear search through the current
andie handle evaluation context
2. Capturing
handle capture the evaluation context (i.e.,
handle - stacks and registers) up to the found
handler, and create a resumption
function
handle Can we implement algebraic effects
perform op v efficiently?
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Continuation-passing style

Links Hillerstrom et al 2017, 2020

Leijen 2017
Schuster et al 2020

Capability-passing style
= Effekt

—-b

Schuster et al 2020
Brachthauser et al 2020

Segmented Stacks

L ocaml

Dolan et al 2014, 2015
Sivaramakrishnan et al 2021

Rewriting
Eff

Kiselyov and Sivaramakrishnan 2018
Saleh et al. 2018
Karachalias et al 2021
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effect exn {
throw : () -> a

}

div m n
= if n == 0
then perform throw ()
elsem / n
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effect exn {
throw : () -> a

}

div m n
= if n == 0
then perform throw ()
elsem / n

div m n throw

= if n
then
else

perform throw ()
m/ n
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effect exn {

throw : () -> a
}
div m n div m n throw
= if n == = if n ==
then perform throw () then perform throw ()
elsem / n elsem / n
handler {
throw x k -> Nothing
Poo\_.
div 42 0

) // Nothing



effect exn {
throw : () -> a

}

div m n
= if n ==
then perform throw ()
elsem / n

handler {
throw x k -> Nothing
PO\
div 42 O
) // Nothing

div m n throw
= if n ==
then perform throw ()
elsem / n

handle {
throw x k -> Nothing

}
(div 42 0 throw)
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Closure allocation cost
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Efficient lexically scoped handlers
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Rewriting
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Capability-passing style

Efficient lexically scoped handlers

Segmented Stacks

Efficient one-shot resumption

Rewriting
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https://koka-lang.github.io/
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Challenge

op X k -> e2

handle | e2[x:=v, k:=q]
1. Searching
a linear search through the current
handle .
— handle evaluation context
2. Capturing
handle capture the evaluation context (i.e.,
handle - stacks and registers) up to the found
handler, and create a resumption
function
handle
perform op v
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handle

handle

perform op v

<>

< el:(ml, hl) > |

<el: (ml, hl),
€2: (m2, h2) >

-

<el: (ml, hl),
€2: (m2, h2),
e3:(m3, h3) >
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Monadic translation

all transitions are local: translate algebraic effects into a pure lambda calculus with a multi-prompt delimited control monad

handler hl - handler hl
(\_0 (\_.
perform ask () + perform ask ()) perform ask ()P (\x.

perform ask ()b (\y.
Pure (x + V))))

A evidence-passing multi-prompt delimited control monad

typeMonpa = Evwpu—-Ctlpa

e> g = Aw. case e w of Pure x —gxXwW

Yield m f k — Yield m f (Ax. k x> g)
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Compiling to C

handler hl - handler hl
(\_0 (\_.
perform ask () + perform ask ()) perform ask ()P (\x.

perform ask ()b (\y.
Pure (x + V))))

int expr( unit_t u, context_tx ctx) {
int x = perform_ask( ctx—w[0@], unit, ctx );
if (ctx—is_yielding) { yield_extend(&joing,ctx); return 0; }
int y = perform_ask( ctx—w[0], unit, ctx );
if (ctx—is_yielding) { yield_extend(alloc_closure_joini(x,ctx),ctx); return 0; }
return (x+y); 3}
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Metatheory

Multi-prompt
delimited control

Evidence-passing

Monadic translation
semantics | Bubbling |

Algebraic effects @ > efficient C

Theorem 7. (Semantics Preserving). Givend + e : int | () ~» €/,ifer—" ninF¢, thene’ () —"
Pure () int n, in the polymorphic lambda calculus and if e f] in F¢, then e’ {) 1] in the polymorphic
lambda calculus.

Theorem 5. (Tail-resumptive Optimization is Sound). If @ + e : o | €,thene = e
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