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Background: Refinement types

¢ Types endowed with first-order predicates

(x:B| @}

E.g. { x:int | x # 0} for non-zero numbers

¢ Extended to dependent function types x:T; = T,
E.g.x:int— {y:int|y > x} for
functions returning numbers larger than arguments
¢ Implementations on top of the existing languages
¢ RCaml for OCam|
¢ LiquidHaskell for Haskell



Contribution:
Refinement type system for algebraic effect handlers

decide : unit —» bool

handle

if decide() then n, else n,
with

return x > X

decide () k » (k true) + (k false)




Contribution:
Refinement type system for algebraic effect handlers

decide : unit —» bool

handle \
if decide() then n, else n,

with :{z:int |z=n; +n,}
return X > X

\ decide () k » (k true) + (k false) /



Contribution:
Refinement type system for algebraic effect handlers

set : unit — int
get : Int - unit

handle
set ng;
let x = get() in
set ny;
let y = get() in
X + Yy

with

return x » A_. X
set x k> A . k () x
get () k » As. k s s



Contribution:
Refinement type system for algebraic effect handlers

set : unit — int
get : Int - unit

/’ handle \

set ng;
let x = get() in
set n,;
let y = get() in cint->{z:int|z=n; +n,}
X + Yy
with

return x » A_. X
set x k> A_. k () x
get () k> As. k s s ‘/




What is a challenge?

Naive addition of refinement types doesn’t work well

set : {z:int| ¢pier } = unit
get : unit - {z:int| @ge

handle cint->{z:int|z=n; +n,}
set n;
let x = get() in
set ny;
let y = get() in
X + Yy

\ with .. /
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What is a challenge?

Naive addition of refinement types doesn’t work well

set : {z:int| ¢pier } = unit
get : unit— {z:int| ¢ge}

handle cint->{z:int|z=nq +n,}
set Ni; A
let x = ge_t()%gbget:)Zznl )
set n,; L
let y = gE_t()<.£¢get:>Z:n2 )

X +Yy
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What is a challenge?

Naive addition of refinement types doesn’t work well

set : {z:int| ¢pier } = unit
get : unit— {z:int| ¢ge}

handle cint—>{z:int| z =ny +ny,}
set Nq; A

let x = ge_t()%qbget = Z="N
set n,; [ No ¢, satisfying both!

let y = gE_t()é[ngetzZ:nZ )
X +Yy

\ with .. ﬁ OKifX;{Z;int|Z:n1},y:{Z:int|Z=n1}}
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What is a challenge?

Naive addition of refinement types doesn’t work well

set : {z:int| ¢pier } = unit
get : unit— {z:int| ¢ge}

handle
set ng;

set nz,
let y
X + y

\ with .

let x =

\
Invoked in context
(handle let x = [] in .. with h)
get()

Invoked in context

ge_t()\\(handle let y = [] in .. with h) n

No way to reason about
contexts of operation calls
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What is a challenge?

Naive addition of refinement types doesn’t work well

decide : int— {z:bool| ¢}

handle \
if decide() then n; else n,

with
return x > X

\ decide () k » (k true) + (k false)/

:{Z:int |Z:n1+n2}
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What is a challenge?

Naive addition of refinement types doesn’t work well

decide : int— {z:bool| ¢}

handle :
1zt [z=n, +n
if decide() then n; else n, \ { | ! 2}

with ( Cannotbeof {z:int |z=n; +n,}
return Xx > X \ Y because it comes from the if-expression
\ decide () k » (k true) + (k
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What is a challenge?

Naive addition of refinement types doesn’'t work well

decide : int— {z:bool| ¢}

handle
if decide() then n; else n,

\:{Z:int |Z:n1+n2}

with ( Cannotbeof {z:int |z=n; +n,}
return X > X aUaY

because it comes from the if-expression

J

\ decide () k - (km

No way to reflect the execution order
of clauses in static reasoning
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Our approach

¢ Adapting Answer-Type Modification (ATM)
to algebraic effect handlers
O Able to express pre- and post-states abouts contexts at operation calls
¢ Able to allow different clauses to have different (answer) types

handle
// int->{z|z=n+n,}
set ng;
// x:int—>{z|z=x+n,}
let x = get() in
//  int->{z]|z=x4+n,}
set ny;
// yiint->{z|z=x+y}
let y = get() in
// int->{z|z=x+y}
X + Yy

with ..

handle
if decide() then n, else n,
with
return x - x : int
decide ()

(k:b:bool={z|b=>z=nA=b>2z=n,}))
> (k true) + (k false)
. {ZlZZTll-l-le}
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Language

Syntax

Values vi=c|x|Ax.e
Expressions e :=v | vy v, | letx =e;ine, | op v | handle e with h
Handlers h:=returnxm—el|lhWopxkm—e

Pure evaluation contexts
Eu=|[]lletx=Eine

Dynamic semantics (excerpt)

handle v with h —— e|x » v] (returnx — e € h)

handle E|lop v]| withh —— e|x » v,k » Ax.handle £|x] with h]
(opxk—e€h)



Answer types = Types for contexts

Pure evaluation contexts

Clhandle E| e |with h ]| ¢é+=Diletx=¢cine

Evaluation contexts
C::=[]|letx = ine | handle C with h



Answer types = Types for contexts

Pure evaluation contexts

Clhandle | e |with h | ¢+=Diletx=¢cine

Evaluation contexts
C::=[]|letx = ine | handle C with h



Answer types = Types for contexts

Pure evaluation contexts

Clhandle | e |with h | ¢+=Diletx=¢cine

Evaluation contexts
C::=[]|letx = ine | handle C with h

For expression e,

¢ = return type of cont. handle €| | with h

¢ Final answer type = argument type of meta-cont. €| |
= guarantee for meta-cont.
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Answer types in ordinary type systems

Value types T,S=:=B|T->C
Computation types C:=Xo T
Signatures Yu={op;: T; » S; };
F'Fe:C 'e:C; TEhAh:C m( 'Fv:XeT op:T;>»S5; €EX
I' - handle e with h : C, Fopv:XcS
'-h:Cy w»C, Lxy:Tr Fep:C

Vi.lhbx:Tp,k:5;->Ckre:C

return x, » e,

e W{op; xk e}

t{op; T} > S} T » C
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Computation types C:=Xo T
Signatures Yu={op;: T; » S; };
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Answer types in ordinary type systems

Value types T,S:=B|T->C

Computation types C:=Xo T

Signatures 5 u={op; : T, » S; ), [Flnal answer type]
for pure comp.

F'Fe:C 'Fe:C; TrHh:C (), FI—v:ZDT//I,;/—»SiEZ
[ + handle e with h : C, /F//dp/ Final answer type |

P for op; call )
C

N\

Fl—thlm»CZ F:Xr:Trl_er:
Vi.lhx:Tyk:S5—>Cre:C [Final answer type

J
return x, » e, =

U{Opikaei}i: {Opi:Ti_)Si}iDTer

[+
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Answer types in ordinary type systems

Value types T,S:=B|T->C

Computation types C:=Xo T
Initial answer type

Signatures Lu={op;: Ty » S}
for pure comp.
F'Fe:C 'e:C; TEhAh:C m( 'FviXeT ~ _1;» S5 €EX
' - handle e with i : C, L2Z-9P Y |nitial answer type
for op; call
Fl—thlwaZ Lxy T ey

Viilbx:Tj,k:5;->CFe:C

return x, » e,

e W{op; xk e}

t{op; T} > S} T » C



Example with different Initial and final answer types

op : unit - unit

handle

op()

with
return () -» “foo”
op () - -1



Example with different Initial and final answer types

op : unit - unit

handle
op()

C[with ]
return () -» “foo”
op () _ -1

handle [] with
¢ IS because  return () » “foo” returns "foo”

op () _ -1

¢ Final answer type is int because C[ ] takes 1
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Ours: endowed with answer-type modification (ATM)
[Danvy&eFillinski'90] for shift/reset, [Materzok&Biernacki’'11] for shift0/reset0

¢ Allowing and final answer types to be different
for precise tracking of value flow

[Fe:XoT/C, = Cy

¢ Evaluating e may perform effect operations in £ and return a value of T
O If expression e is evaluated under €[ handle £| | with h | such that
(Ax.handle €[ x |withh ) : T - (,,

then the delimiter will evaluate to an expression e’ of Cg

C[handle [ e |withh] ——>* C[e']



Changes in typing

Computation types C::=X>T /A Control effects A::=0|(, = Cp

Signatures Lu={op;:T;»S; /(1= Cp; }l,
[Fe:C 're:C;, TrHh:C,»(C, THrUV:EST T>»S/(C,>2Cr€eX
I' - handle e with h : C, Foprv:ZeS/C, = Ck
'Eh:Cyw G
Ix.: T, Fe,:
L returnx,. » e, XoT./(C,=Cg

U{Opixkl_)ei}i.MCF



Changes in typing

Computation types C::=X>T /A Control effects A::=0|(, = Cp

Signatures Lu={op;:T;»S; /(1= Cp; }l,
F'e:C 'ke:C; TrHA:C,w(C, TrRVGCEST T>»S/C,=>Cr€eX
I' - handle e with h : C, Foprv:ZeS/C, = Ck
'Fh:C; w C, Z={0l9i‘Ti*’-5'i/ =>CF,i}i
Mx,: T +e,: Vi.l,x :Tj,k:§5; - Fe:Cp;
L returnx,. » e, XoT./(C,=Cg

L+J{0pixk|—>ei}i' “’W‘>CF



Changes in typing

Computation types C::=X>T /A Control effects A::=0|(, = Cp
Signatures Lu={op;:T;>»S; /(= Cp;}

i

[Fe:C trhv:T
Fv:ZcT/C=>C

Fe, : 2S5 /C=>Cr TIx:Skey,:XZoT/C,=>C
Fletx =e;ine, : 2T /(, = (Cf

x & tv(T) utv(C))

1. Final answer type Cr comes from pre-computation e,
2. Initial answer type ', comes from post-computation e,
3. Initial answer type of e; and final one of e, need to agree



Changes in typing

Computation types C::=X>T /A Control effects A::=0|(, = Cp
Signatures Y = {opi :T; > S; / = CF,l-} /// Cr )

i

'e:C FFv:T // C

Fv:ZcT/C=>C €2
// )

[Fe:2S5/C>Cr TIx:Ste: 2T/, =>C Ut
Fletx =e;ine, : ZT/(C;, = Cp x & tv(T) U tv(C))

1. Final answer type Cr comes from pre-computation e,
2. Initial answer type ', comes from post-computation e,
3. Initial answer type of e; and final one of e, need to agree

letx =e;in ——



Example: Reasoning about file operations usage

Aim: To verify that the program uses
the operations according the following DFA

0O
close “ open
read

open : unit - unit
read : unit - int
close : unit - unit

type state = C | R
As o5, = {z:state|z=s,} > int>
{z:state| z=s;} - int
{open :unit > unit/AcgQp,
XY= read :unit—»int /ARs R
close : unit » unit /AR« ¢}

handle
// {z:state|z=C} - int
let = open() in

// {z:state]| z=R} - int
let x = read() in
// {z:state]|z=R} - int
let = close() in

// {z:state|z=C} - int
X

// {z:state|z=C} - int
with
return x - A_. X :

{z:state| z=C} > int

open () k » As. k () R
read () k » As. k 42 R
close () k » As. k () C
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Example: Reasoning about file operations usage

Aim: To verify that the program uses
the operations according the following DFA

©
close “ open
read

open : unit - unit
read : unit - int
close : unit - unit

type state = C | R
As o5, = {z:state|z=s,} > int>
{z:state| z=s;} - int

{open :unit>»unit/AcspR
XY= read :unit—»int /ARs R
close : unit » unit /AR« ¢}

handle
// {z:state|z=C} - int
let = open() in

// {z:state]| z=R} - int
let x = read() in

// {z:state]|z=R} - int

Finishes at
y the state R

// {z:state| z=R} - int

with 'ﬁ
return x - A_. X :

{z:state| z=C} > int
open () k » As. k () R

read () k » As. k 42 R
close () k » As. k () C
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Example: Reasoning about file operations usage

: . handle N :
Aim: To verify that the program uses The initial state is R ]
the operations according the following DFA

// {z:state]| z=R} - int
let x = read() in

open : unit - unit // {z:state]| z=R} - int
Y read : unit - int let = close() in
close : unit - unit // {z:state | z=C} - int
close open  type state = C | R X
// 1z :state|z=C} — int
A, 6, ={z:state|z=s5,} > int= ] { )
Loz . with
{z:state| z=s;} - int
' _ _ return x - A_. X :
{open :unit > unit/AcoR, {z:state| z=C} > int
read _ o ]
XY= read :unit-»int /ARoRp, open () k » As. k () R
close : unit » unit /Agr < ¢ } read () k » As. k 42 R

close () k » As. k () C
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Extension 1: Argument-dependent continuation type

[Fe: 2T /x.C, = Cg

O Expression e is assumed to be evaluated under
C| handle £| | with h | such that (Ax.handle E[ x [withh ) : (x: T - ()

Signatures 2= {Opi 1Ty > Si /x. = CF,i}

i

Zz{opi:Ti—»Si/x. :>CF;i}i
Mx,: T +e,: Vi.l,x:T;,k:(x:S5;) - Fe :Cp;

return x,. —» e
FI— r r . ZDT«'«/ :CF"’W‘)CF

Y{opixkwre};



Example: Decide

Y = { decide : unit - bool /
b{z|b=>z=nA-b=>z=n}>
{z|z=n+n,}
}
handle
/] {z|z=mn4+n,}
let b = decide() in
// {zI|b=>z=nyA-=b>2z=n,}
let x = if b then n; else n, in
/] {z|z=x}
X
with
return x > X : {z|z=x}
decide () k » (k true) + (k false)
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Example: Decide

Y = { decide : unit - bool /
b{z|b=>z=nA-b=>z=n}>
{z|z=n+n,}
}
handle

// {z|z=n4+n,}

let b = decide() in

// {zI|b=>z=nyA-=b>2z=n,}
let x = if b then n; else n, in

/] {z |z =x} b;b001—>{z|b=>2=n1/\—|b=>2=n2}J
X

with
return x :
decide () k » (k true) + (k false)
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Extension 2: Predicate polymorphism

Signatures X ::={op;: VX:B. T; » S; /x.C;; = Cp,; }

l

'Fv:ZeT VX:B.T>»S/x.C;,=>C-€X T+P:B
'Fopv:Xc(S/x.C, = Cp)|X = P|

2 ={op;: VX:B.T; » S; /x.C; = Cp },
Lx,:T, ke :C Vi.[,X:Bx:T,k:(x:S)—>C;+e:Cry

return x,. » e,

Lr W{op;xk e}

: 2T, /Cp = Cp CF



Example: State

Y ={set:VX:(intint).x : int > unit /_ s:int - {z:int | X(z,5) } =
s:int - {z:int | X(z,x)},

get : VY: (int, int, int). unit - int / y.s:int - {z:int | Y(2,5,y) } =

] = . ! !
s:int - {z:int | X(z,s', s
handle t ( )}
// int-{z|z=n;+n,}
set ng; (* X Az,s.z=5+n, *)

// s:iint—>{z|z=5s+n,}

let x = get() in (* VY » Az,5,y. z=y +n,} *)
// int-{z|z=x+n,}

set n,; (* X > Az,s. z=x+ s} *)
// ssint—>{z|z=x+s}

let y = get() in (* Y » Az,5,y. z=x+y} *)
// int->{z|z=x+y}

X + Yy
with ..

}
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Open Questions

¢ Modularity
¢ Adding effect polymorphism is challenging (due to ATM)

¢ Abstraction versus Preciseness

¢ Lexical handlers

¢ Scalability for real programs Q40
, 2!
O Preliminary experiments for OCaml 5 Implementation —
[=]

¢ More dependency?
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