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—— Abstract

We show how to smoothly incorporate in the object-oriented paradigm constructs to raise, compose,
and handle effects in an arbitrary monad. The underlying pure calculus is meant to be a representative
of the last generation of OO languages, and the effectful extension is manageable enough for ordinary
programmers; notably, constructs to raise effects are just special methods. We equip the calculus
with an expressive type-and-effect system, which, again by relying on standard features such as
inheritance and generic types, allows a simple form of effect polymorphism. The soundness of
the type-and-effect system is expressed and proved by a recently introduced technique, where the
semantics is formalized by a one-step reduction relation from language expressions into monadic
ones, so that it is enough to prove progress and subject reduction properties on this relation.
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1 Introduction

Every modern programming language needs to support a wide range of computational effects,
such as exceptions, input/output, interaction with a memory and classical or probabilistic
non-determinism. Several approaches have been proposed for designing language constructs
dealing with different computational effects in a uniform and principled way. The monad
pattern [31, 32, 46] and algebraic effects and handlers [34, 35, 36, 38, 39, 6, 41] stand out for
their impact on real world programming, and are now incorporated into many mainstream
languages such as Haskell, OCaml 5 and Scala. However, this area of research focuses on
the functional paradigm. The aim of this paper, instead, is to show that constructs to raise,
compose, and handle effects can be smoothly incorporated into object-oriented languages; in
fact, the specific features of the paradigm help in allowing a simple effectful extension.

To illustrate the effectful extension, we choose a pure object calculus designed for
the purpose, rather than Featherweight Java (FJ)! [21], for more than twenty years the
paradigmatic calculus for Java-like languages. As FJ, our calculus only includes distinctive
ingredients, such as nominal types, inheritance, and objects, and no imperative features.
However, following the current trend in OO languages, and inspired by recent work [49, 43, 50],
object values are, rather than class instances with fields, object literals, extending a sequence

I In its version with generic types.
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of nominal types with additional methods. In other words, we select, as subset of Java
features, interfaces with default methods and anonymous classes, rather than classes with
fields and constructors. This choice leads to generality, in the sense that the language design
encompasses both Java-like and functional calculi. More precisely, FJ can be easily encoded
by representing fields as constant methods, and, at the same time, as in seminal object
calculi [1], the simply-typed lambda calculus can be seen as a language subset, since functions
are a special case of stateless objects.

The effectful extension builds on generic effects [36] and handlers [38], carefully adapted
to be more familiar to OO programmers. Constructs for raising effects are just method calls
of a special kind, called magic.?2 They are made available through predefined interfaces, and
do not specify an implementation, like abstract ones. However, rather than being deferred
to subtypes, their implementation is provided “by the system”. For instance, throwing an
exception is a magic call Exception.throw(). This fits naturally in the OO paradigm, where
computations happen in the context of a program. Again to be familiar, the construct to
handle effects is a generalized try-block with catch clauses. A raised effect (a magic call) is
caught by a clause when the receiver’s type is (a subtype of) that specified in the clause, as for
Java exceptions, generalized to arbitrary magic calls. To this end, besides those interrupting
the normal flow of execution, we allow catch clauses replacing an effect with an alternative
behaviour in a continuous manner. Altogether, the construct provides a good compromise
between simplicity and expressivity: notably, it does not explicitly handle continuations, as in
handlers of algebraic effects [38, 39, 24, 19], yet expressing a variety of handling mechanisms.

We endow our calculus with a type-and-effect system where effect types® again generalize
sets of exceptions, as in throws clauses, to sets of call-effects, of shape T.m[T], approximating
the computational effects of a call of m in type T, with types T instantiating the type
variables of the method. This approach, inspired by [15], provides more expressivity than the
effect systems for algebraic effects [5, 6, 41], which only track the names of operations raising
effects, without any type information. Moreover, T' can be a type variable X, expressing a
call-effect not yet specified, which will become, when X is instantiated to a specific type, the
effect type declared there for the method. This allows a rather sophisticated approximation
of effects, encompassing a simple form of effect polymorphism [26, 20, 29, 7, 9, 8].

Last but not least, the soundness of the type-and-effect system is expressed and proved
by a newly introduced approach [12], building on a recent line of research on monadic
operational semantics for effectful languages [17, 18]. That is, the semantics is formalized by
a one-step reduction from language expressions into monadic ones, parameterized by a monad
modeling the capabilities provided by the system. In this way, we can uniformly deal with a
wide range of effects, by just providing an interpretation of magic methods in the monad.
Then, applying a technique from [12], to ensure type-and-effect soundness it is enough to
prove progress and subject reduction on the monadic one-step reduction. Accordingly with
its shape, subject reduction roughly means that reducing an expression to a monadic one
preserves its type-and-effect; hence, to express and prove this property, we need monadic
typing judgments, which can be derived by lifting the non-monadic ones.

We describe the language in Section 2, and its semantics in Section 3. The type-and-effect
system is illustrated in Section 4, and its soundness is shown in Section 5. Section 6 discusses
related work and Section 7 summarizes our contribution and outlines future work. Auxiliary
definitions and omitted proofs can be found in the extended version [11].

2 This terminology is taken from [50], and also informally used in Java reflection and Python.

3 The term “effect” is used in literature both as synonym of computational effect, and in the context of
type-and-effect systems, as a static approximation of the former. We will use “effect” when there is no
ambiguity, otherwise “computational effect” and “effect type”, respectively.
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2 Language

To have a smoother presentation, we first provide the syntax, discuss the key features,
and show some examples, for the effect-free subset of the language; then we illustrate the
constructs to raise, compose, and handle computational effects.

Effect-free language. As anticipated, in our calculus objects are not created by invoking
constructors, but directly obtained by extending a sequence of nominal types with additional
methods. In this way, the notions of class (more in general, nominal type) and object almost
coincide. The only difference is that nominal types are top-level entities in a program, possibly
generic (declaring type variables), and abstract (including non-implemented methods). On
the other hand, objects can be seen as anonymous types declared on-the-fly in the code.
Syntax and types are given in Figure 1. We assume type names N, method names m, type
variables X, Y, and variables z,y. The metavariable td stands for a sequence td; ... td,, and
analogously for other overlined metavariables. An empty sequence will be denoted by e.

P n= td program

td = N[Y < T]<N{md} (nominal) type declaration

md = m:absMT | m:def MT (%, e) method declaration

e = x| N{md} | em[T](e) expression: variable, object, method call
T,U == X|N{s} type

N = NI[T] nominal type

s = m:k MT signature (structural type)

k = abs | def (method) kind

MT == [X<UT—T method type

Figure 1 Effect-free syntax and types.

A program P is a sequence of declarations of (nominal) types*. This sequence is assumed
to be a map, that is, type names are distinct. Hence, we can safely use the notations P(N)
and dom(P), as we will do for other (sequences representing) maps.

A type declaration N[Y < T] < N{md} introduces a generic nominal type N[Y < T],
inheriting from all those in N. We assume that the notation Y < T represents a map from
type variables to types (their bounds), that is, type variables are distinct and the two
sequences have the same length; moreover, N represents a set, that is, order and repetitions
are immaterial, and md represents a map, that is, method names are distinct. Analogous
assumptions hold in an object N{md} and a method type [X < U]T — T.

Method declarations can be either abstract (abs), that is, only specifying a method type,
or defined (def), providing the (variables to be used as) parameters and the method body.
The programmer can choose an arbitrary variable z for the first parameter in defined methods
to denote the current object, rather than a fixed name as, e.g., this in Java.

In the calculus, we adopt a uniform syntax for abstract and defined methods, to simplify
the technical treatment; a more realistic language would likely use a different concrete syntax,
for instance declaring parameters together with their types.

» Remark 1. Lambda-expressions can be encoded in the calculus, similarly to what is done
in Java; that is, the object {apply : def T — U (__x, €)} can be abbreviated A\z:T.e. Note
that, in this way, encoded functions are possibly recursive and higher-order.

4 We adopt this terminology to avoid more connoted terms such as class, interface, trait.
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Types are either type variables X or object types, of shape N{s}. Nominal types are
(instantiations of) those declared in the program. Object types are a form of intersection
types, present also in Scala 3, denoting, without introducing a name, a type which is a
subtype of all types in N, additionally providing methods in the signature s. Nominal types
can be seen as special object types. We assume that a signature s represents a map from
method names to method kinds and types, that is, method names are distinct and the three
sequences have the same length. Hence, we can safely use the notations s(m) and dom(s).

Note that type annotations written by the programmer are allowed to be arbitrary types,
rather than only nominal. In this respect, our calculus offers more generality than Java.

In the following, we will write N for N{}; note that such a syntactic form can be seen
both as an object and the corresponding object type. Moreover, we will write Object for {},
which, as a type, is the top of the subtyping relation.

Examples. In the code examples, we will use a number of other obvious conventions and
abbreviations, such as omitting square brackets around an empty sequence in type/method
declarations and method calls, and writing the pair of sequences X <« T as a sequence of pairs,
omitting bounds which are Object. Finally, in both code and formalism, we will often use
the wildcard _ to indicate that some variable or meta-variable does not matter.

» Example 2. As an example of a program, we show the classic encoding of booleans and
natural numbers in the object-oriented paradigm, through an inheritance hierarchy, using
the visitor pattern for defining functions over them.
Bool {
if: abs [X Y<ThenElse[X]] Y -> X
not: def -> Bool <b, b.if [Bool ThenElse[Bool]](
ThenElse [Bool]{
then: def -> Bool <_, False>
else: def -> Bool <_, True>
¥

)
}

True < Bool { if: def [X Y<ThenElse[X]] Y -> X <_ te, te.then()> }
False < Bool { if: def [X Y<ThenElse[X]] Y -> X <_ te, te.else()> 1}

ThenElse [X] {
then: abs -> X
else: abs -> X

}

Let us focus first on the method if, which takes a parameter of (a subtype of) ThenElse[X],
expected to provide two alternative results of type X. The method, abstract in Bool, is
implemented in True and False by selecting the then and else alternative provided by the
argument, respectively. As said above, we use the wildcard as variable for the current object,
since it does not occur in the body.

The type ThenElse[X] declares methods then and else to be implemented in its subtypes.
To illustrate the language features, we define not in Bool by invoking if on the current object
with, as argument, an object which implements ThenElse[Bool]. Clearly not could declared
abstract in Bool and defined in the obvious way in the two subtypes.

Turning now to naturals, a similar encoding through an inheritance hierarchy could be:
Nat {

succ: def -> Nat <n, Succ{pred: def -> Nat <_, n>}

match: abs [X] NatMatch[X] -> X
}
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Zero < Nat { match: def [X] NatMatch[X] -> X <_ nm, nm.zero()> }
Succ 4 Nat {

pred: abs -> Nat

match: def [X] NatMatch[X] -> X <n nm, nm.succ(n.pred())>
}

NatMatch[X] { zero: abs -> X succ: abs Nat -> X }

Since in the calculus data are uniformly implemented by stateless objects, numbers greater
than 0 are encoded as objects which extend Succ by implementing the predecessor method;
that is, if Nat,, is the object encoding number n, then n 4 1 is encoded by Nat,, .succ(), which
evaluates to Succ{pred: def -> Nat <_, Nat,>}.

The type NatMatch[X] declares methods zero and succ to be implemented in subtypes,
offering a programming schema for definitions given by arithmetic induction. For instance:
Even < NatMatch[Bool] {

zero: def -> Bool <_,True>

succ: def Nat -> Bool <even n, n.match(even).not()>

}

A different encoding of natural numbers could be provided with no inheritance hierarchy:

Nat {
match: def [X] NatMatch[X] -> X <_ nm, nm.zero()>
succ: def -> Nat
<n, Nat{match: def [X] NatMatch[X] -> X <_ nm, nm.succ(n)>}}
}

In this version, 0 is encoded by Nat, and, if Nat,, is the object encoding number n, then n 4 1
is encoded by Nat.succ(Nat,), which evaluates to

Nat{ match: def [X] NatMatch[X] -> X <_ nm, nm.succ(Nat,)>} }

Effectful language. In Figure 2 we extend the language by adding constructs to raise,
compose, and handle effects. As customary, we adopt a fine-grain syntax [27], where values

P = td program

td == N[Y<aT]aN{md} type declaration
md = m:absMT | m:def MT (zZ,e) | m: mgcMT method declaration
v = 2| N{md} value

e = u.m[T](7) | return v | do z = e1; ey | try e with h expression

h = T, (z,¢€) handler

c = N.m: [X|(z7, e, (catch) clause

u  u= cls mode

k abs | def | mgc (method) kind

Figure 2 Fine-grain syntax for the effectful language.

are effect-free, whereas expressions may raise effects, and are also called computations.
Methods can be, besides abstract and defined, magic (abbreviated mgc). Magic methods
are made available to the programmer in the type declarations composing the program,
and do not specify an implementation, like abstract methods. However, rather than being
deferred to subtypes, their implementation is provided “by the system”. We add the standard
operators return for embedding values into computations, and do for composing computations

ECOOP 2025
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sequentially passing the result of the former to the latter. Finally, we provide a try-block
enclosing a computation with a handler, consisting of a sequence of (catch) clauses, and a final
expression, parametric on a variable. A clause specifies a type and method name, expected to
identify a magic method declaration; the clause may catch calls of such method, by executing
the clause expression instead, parametric on type variables and variables, analogously to a
method body. After that, the final expression is either executed or not depending on the
mode, either c or s, for “continue” and “stop”, respectively, of the clause. As illustrated
in the following examples, a c-clause replaces an effect with an alternative behaviour in a
continuous manner, whereas in s-clauses handling the computational effect interrupts the
normal flow of execution.

3 Monadic Operational Semantics

In this section, following the approach in [12], we define a monadic operational semantics for
the language, parametric on an underlying monad.

Monads. First of all we recall basic notions about monads, referring to standard text-
books [42] for a detailed presentation.

A monad M = (M,n, u) (on Set) consists of a functor M : Set — Set and two natural
transformations 7 : Id = M and pu : M? = M such that, for every set X, the following
diagrams commute:

MX P aex 2 arx M3x M a2y
\xl / “MX\L lltx
id]\/[X idIWX

MX M2X " vmx

The functor M specifies, for every set X, a set M X of monadic elements built over X, in
a way compatible with functions. The map 7nx, named unit, embeds elements of X into
monadic elements in M X, and the map px, named multiplication, flattens monadic elements
built on top of other monadic elements into plain monadic elements.

Functions of type X — MY are called Kleisli functions and play a special role: they
can be seen as “effectful functions” from X to Y, raising effects described by the monad M.
Given a Kleisli function, by Kleisli extension we can define:

fIeMX - MY ft=puyoMf

that is, first we lift f through M to apply it to monadic elements and then we flatten the
result using py. Moreover, given « € MX, f: X - MY and g: X — Y, we set

—>=—:MX = (X > MY) > MY a>=f=fl(a)
map: (X = Y) = MX — MY map g o = Mg(a)

The operator >>= is also called bind. As its definition shows, it can be seen as an alternative
description of the Kleisli extension, where the parameters are taken in inverse order. This
view corresponds, intuitively, to the sequential composition of two expressions with effects,
where the latter depends on a parameter bound to the result of the former. The operator
map describes the effect of the functor M on functions. That is, the lifting of function g
through M is applied to a monadic value a.
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lookup(v, m) = (X, z,7, e)

(INVK)

v.m[T)(7) —p e[T/X][v/][v/7]

h=7, <I, e,>

(TRY-RET) -
try return v with A —, do z = return v; €’

(TRY-DO) - - — -
try do y = e1; e2 with h —p try e1 with ¢, (y,try ez with h)

lookup(v, m) = (mgc, )
try v.m[T](7) with h —, cmatch(v.m([T](v),¢) = [X](2 T, e),

do z = e[T/X][v/z|[v/7]; €

(CATCH-CONTINUE)

CATCH-STOP IOOkuP(Uv m)f (mgc,i) -
(CATCH-s ) try vm[?](@) with h —p B[T/Y”U/x”ﬂ/f} cmatch(v.m[T](E)j) = [X]<xf7 e)s
lookup(v, m) = (mgc, )

(FWD) — _

try v.m[T)(7) with h —, do = = v.m[T])(7); ¢ cmatch(v.m[T](7), <) undefined

€1 —p €2
try e; with h —, try ez with h

(TRY-CTX)

Figure 3 Pure reduction.

Monadic reduction. Let Val and Exp be the sets of closed values and expressions, respectively.

In the following, we define a monadic (one-step) reduction for the language, being a relation
— on Exp x MExp, parametric on a monad M = (M, n, u). More in detail, its definition
depends on the following ingredients:

The function ne.p : Exp = MExp embedding language expressions into their counterpart
in the monad, written simply 7 in the following.

The function map : (Exp — Exp) — MExp — MExp lifting functions from expressions to
expressions to their counterpart in the monad.

Moreover we assume:

For every magic method m declared in N, a partial function runy , : Val x Val* — MVal,
returning a monadic value expressing the effects raised by a call. The function could be
undefined, for instance, when arguments do not have the expected types.
The monadic reduction is modularly defined on top of a “pure” reduction —, on Exp x Exp,
which transforms calls of non-magic methods into the corresponding bodies, as usual, and
try-blocks into either magic calls or do expressions, by distributing and possibly applying

catch clauses; magic calls and do expressions are, then, normal forms for the pure reduction.

Rules defining the pure reduction are given in Figure 3. The abbreviation h for ¢, (z, ')
is intended to be used in all the rules below. The lookup function models method look-up,
searching for the method declaration corresponding to a call, with two different successful
outcomes: either a defined method, and the result are its type variables, variables, and
body, or a magic method, necessarily in a type declaration, and the result is an mgc tag,
and the type name. The cmatch function is defined, on a pair consisting of a magic call
and a sequence of clauses, when there is a (first) clause catching the call; in this case, the
corresponding clause expression is returned. The formal definitions are given in Figure 4.

Rule (1nvvk) is the standard rule for method invocation. That is, method look-up finds
a defined method, and the call reduces to the method’s body where type variables and
variables are replaced by actual types and arguments. The other rules model the behaviour
of a computation enclosed in a try-block.

8:7
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lookup(N{md}, m) =

[X](z7Z, e) if mdim)=m:def[X<_] — _ (z7,e)
lookup(N, m) otherwise

lookup(N;, m) if lookup(N;, m) defined for a unique ¢ € 1..n

lookup(Ny ... Ny, m) =
undefined otherwise

(X|(z T, e[T/Y)) ifmdim)=m:def[X<a_ ]| — (zT,¢)
lookup(N[7], m) = < (mgc, N) if mdim)=m:mgc[_<a_]_ —
lookup(N[T/Y],m) otherwise

where P(N) = N[Y <_ ]« N{md}

cmatch(v.m[T](7v), ¢) =

— [X[(zZ,e), if c=N.m:[X|(z7,¢), and v instof N
undefined  otherwise

cmatch(v.m[T](v), c¢) =

— cmatch(v.m[T](7),¢) if cmatch(v.m[T](7), ¢) undefined
cmatch(v.m[T](7), ¢) otherwise

cmatch(v.m[T](v), €) = undefined

Figure 4 Method look-up and matching.

When the enclosed computation has no effects, rule (TRY-RET), the try-block is reduced
to the sequential composition of this computation with the final expression. In case of a do
composition of two computations, the do is eliminated by reducing it to a try-block enclosing
the first computation, with as final expression another try-block enclosing the second one;
clauses are propagated to both.

When the computation calls a magic method, the behaviour depends on whether a
matching clause is found. If it is found, then the clause expression is executed, after replacing
parameters by arguments, see rules (CATCH-CONTINUE) and (caTtcu-sToP). In a c-clause, the
final expression is then executed. If no matching clause is found, then in rule (Fwp) the
try-block is reduced to the sequential composition of the magic call with the final expression.

Finally, rule (TRy-cTX) is the standard contextual rule. Note that, as already mentioned,
in the pure reduction there are no rules for magic calls and do expressions. Indeed, the pure
reduction only handles expressions when they are enclosed in a try-block, so that effects
which would be raised by magic calls can be possibly caught.

The lookup function is defined in Figure 4. When a method is invoked on an object
receiver, it is first searched among the method declarations in the object itself (first clause).
Objects cannot declare magic methods, since they are made available to the programmer
through predefined interfaces, as illustrated by examples later. If not found, then look-up is
propagated to the parent types. In this case, there should be exactly one parent type where
method look-up is successful. In a nominal type, analogously, the method is first searched
among those defined in the corresponding declaration. If a defined method is found, then the
type parameters of the declaration are replaced by the corresponding type arguments in the
nominal type. If a magic method is found, necessarily in a type declaration, then the result
is an mgc tag, and the type name. If the method is not found, then look-up is propagated to
the parents, again replacing type parameters with the corresponding type arguments.

The cmatch function is defined in Figure 4 as well. We write v instof N meaning that the
dynamic type of v, which can be extracted from v by just erasing method bodies, defined
in the obvious way, is a subtype of N. Note that the extraction of the dynamic type and
the subtyping check, being part of the runtime semantics, are purely syntactic. Notably, the
extracted type could violate constraints on conflicting methods and overriding (which will be
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e—p e
(PURE) ———~ (MGe) — Iookup v,m) = (mgc, N
e —n(e) v.m[T](7) — map (return [ ]) runn,m(v, D) (v,m) = {mec, N)
ep1 — E
(RET) (po)
do z = return v; e — n(e[v/z]) dox=-e1; e2—>map(doz=1][]; e2)E

Figure 5 Monadic (one-step) reduction.

checked by the type system) or even be ill-formed. If a (first) matching clause is found, then
such clause provides an alternative body with its type parameters and parameters, which are
instantiated with the corresponding arguments in the magic call. This resembles very much
what happens for the call of a defined method, except that look-up is performed in the catch
clauses, following the syntactic order.

In Figure 5 we give the rules for the monadic reduction. An expression is reduced to a
monadic expression either by propagating a pure step, embedding its result in the monad,
as shown in rule (PURE), or by interpreting in the monad magic calls and do expressions, as
shown in the following rules.

In rule (mcc), method look-up finds a magic method in a type declaration named N,
and the call reduces to the corresponding monadic expression. In other words, the effect
is actually raised. To this end, we apply the function of type MVal — MExp obtained by
lifting, through map, the context return [ ] to the monadic value obtained from the call.
Here we identify the context return [ ], which is an expression with a hole, with the function
v +— return [v] of type Val — Exp.

Rules (rET) and (Do) are the monadic version of the standard ones for these constructs.
More in detail, given a do expression, when the first subterm does not raise effects, just
returning a value, the expression can be reduced to the monadic embedding of the second
subterm, after replacing the variable with the returned value, as shown in rule (ReT). Rule
(po), instead, propagates the reduction of the first subterm, taking into account possibly
raised effects. To this end, we apply the function of type MExp — MExp obtained by
lifting, through map, the context do z = [|; ez, to the monadic expression obtained from e;.
Analogously to above, we identify the context do z = [ ]; e, which is an expression with a
hole, with the function e — do z = [e]; ey of type Exp — Exp.

Monadic small-step reduction and semantics. Following the approach in [12], we can
define, on top of the monadic one-step reduction — on Exp x M Exp:

a small-step reduction on monadic configurations

a finitary semantics of expressions

assuming an appropriate structure on the monad, an infinitary semantics of expressions.
To apply the construction in [12], the monadic one-step reduction is required to be determin-
istic, and this is the case indeed.

» Proposition 3 (Determinism). If e — E; and e — Ey then E; = Es.

We outline the construction, referring to [12] for technical details and proofs.

First of all, we set Conf = Exp + Res, where Res = Val + Wr, Wr = {wrong}. That
is, a configuration c is either an expression or a result 7, which, in turn, is either a value,
modelling successful termination, or wrong, modelling a stuck computation. Then, we extend
the monadic reduction — to configurations, getting the relation WQ Conf x M Conf shown
in Figure 6. Expressions which represent terminated computations reduce to the monadic
embedding of the corresponding value or wrong, respectively; moreover, results (either values
or wrong) conventionally reduce to their monadic embedding.

8:9
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e—E
(EXP) (RET)
€ s E return v Nconf (V)
( ) ¢7 (rES)
WRONG RES) —————————————
e — Nconf(wrong) e # return v for all v € Val T — Nconf (T)

step step

Figure 6 Monadic (one-step) reduction on configurations.

Now, we can define a relation = on M Conf as follows:
c = ¢ iff step(c) = .
In this way, computations on monadic configurations are described, as usual in small-step
style, by sequences of = steps.
Then, the finitary semantics is the function [—], : Exp — MRes+ {oo} defined as follows®:
R if neonf(€) =* R
[el. = .
oo otherwise
where =* is the reflexive and transitive closure of =-. This semantics describes only monadic
results that can be reached in finitely many steps. In other words, all diverging computations
are identified and no information on computational effects they may produce is available.
To overcome this limitation, we introduce an infinitary semantics. As formally detailed

in [12], we assume, for each set X, a partial order on MX with a least element L x and
suprema | | of w-chains. Let resg : Conf — MRes be the function given by

J_ =
reso(c) :{ Res C e

Nres(T) Cc=T

For every e € Exp and n € N, we define [e],, = reso’(C) iff ncons(e) =™ €. Note that [e],, is
well-defined for all n € N since = is (the graph of) a total function and so is its n-th iteration.
The sequence ([e],)nen turns out to be an w-chain, so we define the infinitary semantics as

le]oe = |_| leln

neN

Intuitively, [e], is the portion of the result that is reached after n reduction steps. Hence,
the actual result is obtained as the supremum of all such approximations, thus describing
also the observable behaviour of possibly diverging computations.

Examples. We show now examples of type declarations providing the user interface to raise
effects in an underlying monad, together with some reductions and semantics. Booleans,
natural numbers, conditional, and checking that a number is even, are encoded as shown in
Example 2, except that, for brevity, we assume that not in True directly returns False. We
recall the (inductive) definition of Nat,,, the object encoding the natural number n:

Natg = Zero Nat, 41 = Succ{pred: def -> Nat <_, Nat,>}

Finally, a handler of shape ¢, (x, return z) is abbreviated by .

5 Here and in rule (EXP) we omit the injection into monadic configurations.
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» Example 4 (Exceptions). Let us fix a set Exc. The monad Ege = (Egxe, 76, ue<) is

given by Fg.X = X + Exc, and

) ifa=zxeX
N () = o a>=f= f(@) )
o otherwise (a = e € Exc)

where + denotes disjoint union (coproduct) and, for simplicity, we omit the injections.

We define a nominal type Exception of the (objects representing) exceptions. More
formally, we assume that, for each v such that v instof Exception, that is, the dynamic type
of v is a subtype of Exception, there is an associated exception in Exc, denoted exc(v). As
a minimal example, we define, besides Exception, a subtype MyException, and assume®
exc(Exception) = E, and exc(MyException) = MyE, with E, MyE elements of Exc.

Exception { throw : mgc[X] -> X }

MyException<Exception { throw : mgc[X] -> X }

Both types declare a magic method throw that can be called to raise the exception corres-
ponding to the receiver object. Note that the method throw declares a type variable as result
type, since it could be called in an arbitrary context. We have:

FUNException throw © Val X Val* — MVal only defined on (v, €) with v instof Exception

rUnException,throw(U, 6) = exc(v)

FUNpyException,throw © Val X Val* — MVal only defined on (v, €) with v instof MyException

rU”MyException,throw(U, €) = exc(v)
The throw magic method in MyException has the same behaviour of that in the parent type;
however, redefining the method will be significant in the type-and-effect system (Section 4),
to precisely track the possibly raised exceptions.

The type My below defines a method that, depending on whether its argument (a natural
number) is either even or odd, returns a natural or calls the method throw of MyException.

My {
m : def Nat -> Nat<x y, y.match(Even).if [Nat ThenElse[Nat]](MyTE)2}>
}

MyTE = ThenElse [Nat]{

then : def [Nat] ->Nat <_, return One>

else : def [Nat] ->Nat <_, Exception.throw[Nat]()>
}

One = Nat; = Succ{pred : def -> Nat <_,Zero>}

In the following reductions, we use the abbreviations MyTE and One above and write if for
if[Nat ThenElse[Nat]].

Consider the expression:

e1 = tryMy.m(One) with ¢; where ¢; = Exception.throw : [X](z,return One),

6 In this simple example exc only depends on the exception type; generally, it could depend on a specific
instance, for instance if exceptions provide error messages or other information.
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We have the following small-step reduction sequences on monadic configurations”:

e try One.match(Even).if (MyTE) with ¢;
tryEven.succ(One.pred()).if(MyTE) with ¢;
tryOne.pred().match(Even).not().if (MyTE) with ¢;
try Zero.match(Even).not().if (MyTE) with ¢;
tryEven.zero().not().if (MyTE) with ¢;

try True.not().if (MyTE) with ¢;

tryFalse.if (MyTE) with ¢;

tryException.throw|[Nat|() with ¢;

S 2 A

return One = One

where all steps are derived by rules (pUrE) in Figure 5 and (Exp) in Figure 6, except the last
one, which is derived by rule (RET) in Figure 6.

Considering now:
ea = tryMy.m(One) with ¢y where ¢y = MyException.throw : [X]|(x,return One)

we have

es =* tryFalse.if(MyTE)with ¢y first 8 steps as for e;
= do z = Exception.throw(); return Zero
= E since

do z = Exception.throw(); return Zero — E by rule (po)

As the reader may have noted, the s-clause models the expected behaviour of exceptions,
which, even when caught, interrupt the normal flow of execution. In the following example
we show a different interface, still using the exception monad, paired with c-clauses, which
replace an effect with an alternative behaviour in a continuous manner.

» Example 5 (Failure).® Consider the exception monad with Fail € Exc, and the following
type declarations, with rungaiiure fai1 returning Fail.

Failure [X]{ fail : mgc -> X }
String{ ... toNat: def -> Nat < ... > }

Test {
sumAsNat: def String String -> Nat
<_ s1 s2,do ni=si1.toNat();do n2=s2.toNat();do n=nl.sum(n2);return n>

Method toNat, whose implementation is omitted, is expected to return the natural num-
ber represented by a string, if any; otherwise, Fail is raised, through the magic call
Failure[Nat|.fail(). We assume a method sum in Nat returning the sum of two numbers.
The expression Test.sumAsNat (s1,s2) clearly raises Fail if one of the two strings does not
represent a natural number. However, we can catch such effect returning a default value:

try Test.sumAsNat(sl,s2) with Failure[Nat].fail : <_ , return Zero>c

7 We omit the injections from monadic expressions and values.
8 This example is a minimal version of one in [9].
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In this way, we always get a result; in particular, if s1 does not represent a natural number,

and s2 represents the natural number n, we get n, as expected. Instead, with a s-clause, we
would get Zero, without performing the sum. An example of reduction sequence is below.’

e = try Test.sumAsNat("1", "a") with ¢ where ¢ = Failure[Nat].fail: (_ ,return Zero),

g

N A R A A [

trydonl="1".toNat();don2="a".toNat();don=nl.sum(n2);retnwithc
try "1".toNat() with ¢, (n1,trydon2="a".toNat();don=nl.sum(n2);retnwith c)
tryretOnewithe, (nl,trydon2="a".toNat();don=nl.sum(n2);retnwithc)
do n1 = return One; trydo n2 = "a".toNat(); return nl.sum(n2)withc
trydon2="a".toNat();don=0ne.sum(n2);retnwithc

try "a".toNat() with ¢, (n2,try don=0ne.sum(n2);retnwith c)
tryFailure[Nat].failwith ¢, (n2,trydon=~0ne.sum(n2);retnwith c)(x)

do n2 = return Zero; trydon=0ne.sum(n2);retnwithc

try don=0ne.sum(Zero);retnwithc

tryOne.sum(Zero) with ¢, (n,retn)

tryreturn Onewithc, (n,retn)

do n = return One; returnn

return One = One

If the catch c-clause were a s-clause, then the expression at line (x) would reduce to
return Zero and therefore the reduction would produce Zero.
It is worthwhile to compare the interfaces:

Exception { throw : mgc[X] -> X }

Failure[X]{ fail : mgc String -> X }

Exception offers a generic method throw, so that a magic call Exception.throw() can occur
in any context. On the other hand, Failure is a parametric type, so that a magic call
Failure[T].fail() can only occur where a T is expected.

» Example 6 (Non-determinism). The monad L = (L,n", u*) is given by LX the set of
(possibly infinite) lists over X, coinductively defined by the following rules: € € L(X) and,
ifre X and !l € L(X), then 2: | € L(X). We use the notation [z1,...,z,] to denote the
finite list 21: ...: ¥, €. Then, the unit is n% () = [2], and the bind is corecursively defined
as follows: e>>»= f = e and (z: 1) >=f = f(z)(I >= f), where juxtaposition denotes the
concatenation of possibly infinite lists. We define the nominal type Chooser declaring the
magic method choose, With runchooser,choose returning the list (monadic value) consisting of
the values True and False and we use the abbreviations MyTE1 and MyTEY defined below.

Chooser { choose : mgc -> Bool 1}

My {
ml : def -> Nat <_, do z = Chooser.choose();
z.if [Nat ThenElse[Nat]] (MyTE1)>
m2 : def Nat -> Nat <_ y, do z = Chooser.choose();

z.if [Nat ThenElse[Nat]] (MyTEY)>
}

MyTE1 = ThenElse[Nat]{

then : def [Nat] -> Nat <_, return One>
else : def [Nat] -> Nat <_, return Zero>

9 We use ret for return to save space.

8:13

ECOOP 2025



8:14

An Effectful Object Calculus

MyTEY = ThenElse [Nat]{

then : def [Nat] ->Nat <_, return y>

else : def [Nat] ->Nat <_, My.m2(y.succ())>
}

Two = Nats = Succ{ pred: def ->Nat <_,Succ{pred: def ->Nat <_,Zero>}> }

We have the following small-step reduction sequences:

[My.m1()] do z=Chooser.choose();z.if (MyTE1) ]

do z=ret True;z.if (MyTE1l),do z=ret False;z.if (MyTE1)]
True.if(MyTE1), False.if (MyTE1)]

ret One, ret Zero |

One, Zero]

[My.m2(Zero) | do z=Chooser.choose();z.if(MyTE") |

do z=ret True;z.if (MyTE’), doz=ret False;z.if (MyTEY) |
True.if (MyTEY), False.if (MyTE’) ]

ret Zero, My.m2(Zero.succ())]

Zero, My.m2(0One) |

Zero, do z=Chooser.choose();z.if (MyTE") |

Zero, doz=ret True;z.if (MyTE’), doz=ret False;z.if (MyTE")]
Zero, True.if (MyTEY), False.if (MyTE") ]

Zero, ret One, My.m2(One.succ())]

Zero, One, My.m2(Two) |

Zero, One, Two, My.m2(Two.succ())]

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

A A A A

Note that the second reduction is non-terminating, in the sense that a monadic result (a list
of values) is never reached. Hence, with the finitary semantics, we get [[My.m2(Zero) ][, = .
With the infinitary semantics, instead, we get the following w-chain:

0, ..., [Zerol, ..., [Zero, Onel, ..., [Zero, One, Twol, ..., [Natg, ..., Nat,]l, ...,

whose supremum is the infinite list of the (objects representing the) natural numbers.

» Example 7. Denote by DX the set of probability subdistributions « over X with countable
support, i.e., a : X — [0..1] with -y a(z) < 1 and supp(a) = {z € X | a(z) # 0}
countable set. We write r - o for the pointwise multiplication of a subdistribution « with a
number r € [0,1]. The monad D = (D, n”, uP) is given by

n°(z) =y {

1l y==
_ ax>=f=>3 o) f(z)
0 otherwise

We use the same nominal type Chooser with the magic method choose, now returning
the distribution consisting of the values True and False with probability %7 that we denote
by [ 3 : return True, ; : return False].

The expressions [1 : My.m1()] and [1 : My.m2(Zero)] can be reduced analogously to the
previous example:

[1:Mym1()]="*[1:0ne,1:Zero]

[1:My.m2(Zero)] =* |3 : Zero, ] : One, § : Two, & : My.m2(Two.succ())] ...

Again, the second reduction is non-terminating, hence, with the finitary semantics, we
get [[1: My.m2(Zero) ], = co. With the infinitary semantics we get the following w-chain:

a, ..., [%:Zero], ceey [%:Zero, i:Dne], ceey [%:Nato, cees 2,1%:Na‘cn], ceey

whose supremum is the infinite list where each (object representing the) number n has
probability 5.
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4 Type-and-effect System

In order to equip the language with a type-and-effect system, first of all we extend the
syntax and the signatures, as shown in Figure 7. In method declarations, method types are
replaced by method type-and-effects, where an effect component is added; we maintain the

same meta-variable for simplicity. They are considered equal up-to a-renaming. That is,

X< U|T - TIE = ([Y <« U|T — TE")[X/Y].

MT = [X<U]T— T'E method type-and-effect
md == m:def MT (x7Z,e) | m:abs MT | m: mgc MT method declaration

E = o|T|EVE|T. m[T] effect

S n= m:k MT signature

k = abs | def | mgc (method) kind

Figure 7 Adding effects.

Effects are the empty effect, the top effect, union of effects, and call-effects. For magic
methods, this component is assumed to have a canonical form, hence can be omitted in the
concrete syntax. Notably, for a method m : mgc[X <] — _ in the declaration of the
nominal type N[Y <_], the effect is N[Y].m[X]. In signatures, the information associated to
method names is analogously extended; moreover, the additional kind mgc is considered.

type environment

b = X<
T: T environment

I' ==

Figure 8 Syntax of (type) environments.

Type environments and environments, defined in Figure 8, are assumed to be maps, from
type variables to types (their bounds), and from variables to types, respectively. Hence (type)
variables are distinct, and the two sequences have the same length.

Before the formal details, we illustrate the most distinctive feature of our type system.

Variable call-effects and simplification. As shown in Figure 7, except for T, effects are

essentially (representations of) sets of call-effects, with e the empty set and V the union. Sets

of “atomic” effects are a rather natural idea, generalizing what happens, e.g., in Java throws

clauses. What is interesting here is the nature of such atomic effects, and the role of T. A

call-effect T.m[T] is a static approximation of the computational effects of a call to m with

receiver of type T and type arguments T. More precisely, we only allow call-effects which

are:

magic T.m[T] with T object type (that is, not of shape X), and m magic in 7. As
expected, this means that this magic method could be possibily invoked, raising the
corresponding computational effect; for instance, as will be shown in Example 8, a
call-effect Exception.throw denotes that an exception could be possibly thrown.

variable X.m[T]. This call-effect can be assigned to code parametric on the type variable
X; the meaning is that, for each instantiation of X with an object type T, this becomes,
through a non-trivial process called simplification, the effect of m in T. In other words,

X.m[T] is a parametric effect, which can be made concrete in the types which replace X.

In addition to sets of call-effects, we include the top effect, which plays the role of default for

(typically abstract) methods which do not pose constraints on the effects in implementations.

In a sense, this generalizes the meaning of a throws Exception clause in Java.

8:15
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We illustrate now the above features on an example, notably showing how (simplification
of) variable call-effects allows a very precise approximation.

» Example 8. Consider again the encoding of booleans in Example 2 (Section 2), where we
added effect annotations.

Bool { if : abs [X Y<ThenElse[X]] Y -> X ! Y.then V Y.else }

True < Bool {
if : def [X Y<ThenElse[X]] Y -> X ! Y.then <_ te, return te.then()>
}

False < Bool {
if : def [X Y<ThenElse[X]] Y -> X ! Y.else <_ te, return te.else()>
+

ThenElse [X] {
then: abs -> X ! T
else: abs -> X ! T

}

The abstract method if in Bool has, as parameter type, the type variable Y, expected to be
instantiated with subtypes of ThenElse[X], hence providing methods then and else. As effect,
the method declares the union of two variable call-effects, Y.then Vv Y.else. This means that
the computational effects of this method can only be those propagated from calling either
then or else on the argument. Subtypes True and False specializes the effect of if as expected,
since they select the then and the else alternative provided by the argument, respectively.

In the type ThenElse[X] the methods then and else are abstract, and their implementation
in subtypes is allowed to raise arbitrary effects, as denoted by T. This makes sense, since we
would like to instantiate ThenElse[X] on types implementing these methods in arbitrary ways.

For instance, consider the following code, where b is an expression of type Bool, and
Exception, MyTE are the type and object introduced in Example 4, where the latter has been
annotated with effects, and MyTEType is the corresponding object type.

b.if [Nat, MyTETypel] (MyTE)

MyTE = ThenElse [Nat]{

then: def -> Nat ! e <_, return Zero>

else: def -> Nat ! MyException.throw[Nat] <_, MyException.throw()>
}

MyTEType =
ThenElse [Nat]{

then: def -> Nat ! e,

else: def -> Nat ! MyException.throw[Nat]
}

The argument passed to if is an object implementing then by returning Zero, hence declaring
no effects, whereas else calls a magic method, and declares the corresponding effect.

The effect computed for the call is, as intuitively expected, MyException.throw[Nat]. This
happens thanks to effect simplification, which will be formally specified in Figure 10. Indeed,
looking for method if in the receiver’s type Bool gives the effect X.then Vv X.else, which is
instantiated to the argument type, giving MyTEType.then V MyTEType.else. This effect would
be highly inaccurate. However, MyTEType.then and MyTEType.else are simplified to the effects
of the corresponding methods, that is, ® and MyException.throw[Nat], respectively.

In conclusion, our type-and-effect system supports a form of effect polymorphism which
does not need additional ingredients, such as, e.g., explicit effect variables. Indeed, the effect
of a method can be parametric on those of methods called on type variables in the context
(variable call-effects): for instance, the effect of if is parametric on Y.then and Y.else. This
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only relies on existing language features, notably on the OO paradigm. The key point is
that a method is identified by, besides its name, the type where it is declared. Hence, to be
parametric on the effect of a method, it is enough to be parametric on the type where it is
declared, and this is for free since we have type variables. In other words, whereas effect
variables stand for arbitrary effects, variable call-effects stand for effects declared by a method,
and standard instantiation is complemented here by a non-trivial step of simplification.

Key formal definitions. The typing rules for values and expressions are given in Figure 9.
The typing judgment for values has the shape ®;I' - v : T, since values have no effects; the
one for expressions, instead, has the shape ®;I'F e: T!E.

O+ md~ s
O;T;N{s} -mdo ®F N{s}~ s
®;T + N{md} : N{s} NoMgc(s)
NoAbs(s")

F(z) =T (T-0BJ)

(T-VAR)

o:Tkz: T

mtypeg (To,m)=_[X <« U|T:y... T, — T'E

( )<I>;Fi—v0:T0 O:ThHw:T Vicln ®F T < U[T/X]
T-INVK p—

®: T+ vo.m[T)(v1,...,0,): T[T/X|\E" @+ T < Ti[T/X]Viel.n

&+ E[T/X]LE'

o I'Fo: T &:I'Fe:T'E &;T,2:TkFe:TFE
) ®; ' return v: Tle (1-00) ®;'+Fdox=ce; e: T'EVE

(T-RET

&:T'+~e: T'E &;T;THh:T'H
®; T F try ewith h: T\ Fy(E)

(T-TRY)

&:T,z:THe:T'E &;7T'Fei=C Viel.n

. T <T”
(raNpLEn) O, TF 1 cn (@) : TCr ... O, B =
& T,z: N, z:TFe: T'E mtypeg (Nz, m)=mgc [X <« U]T — T!_
(T-CONTINUE) — — 7
O;T; T'FNy.m @ [ X)(27, e) = Tp.m : [X|(E) PET" ST
&I 2: N, z:ThFe: T'E mtypeg (Ny, m)=mgc[X <« U]T — |

(T-sTop) — — 1" ’

®;T; T'-Nym 2 [(X)(27, €)= Tom : [X|(E) PET" ST

Figure 9 Typing rules for values and expressions.

They rely on the following auxiliary notations:
1. &+ EJFE’ meaning that the effect F can be simplified to E’
Fp, the filter function associated to the handler h
3. &+ T ~~» s meaning that we can safely extract a signature s from a type; the notation
mtypeg (7T, m)=k MT is an abbreviation for ® - T ~» s and s(m) = k MT
4. &+ T < T’ the subtyping relation
We illustrate the typing rules and notations (1) and (2), whereas the formal definitions of
(3) and (4), which are almost standard, are given in the extended version [11]. The reader
should only know that (3) models extracting the structural type information; in this phase,
constraints about no conflicting method definitions and safe overriding are checked. Then,

typing rules model another phase where code (method bodies) is typechecked against this
10

N

type information.

10 Differently from other type systems for Java-like languages [21], here the two phases cannot be sequenced,
since we still need signature extraction for the types introduced “on the fly” by objects.
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erTer " S X m[TIUX.m[T] X € dom(®)

( EMPTY) (Tor)

D ele

, — — mtypeg (T, m)=mgc[X < — _E
M S P [T Tom| meypes (T, m)=mec[X<_]_ = _

O+ E[T/X|VE" mtypeq(T,m)=k[X<_]_ — !E
(SIMPLIFY-NON-MGC) —

O+ T.m[T)|E" k # mgc

dF EE icl.2
O E\VEE[VE]

(SIMPLIFY-UNION)

Figure 10 Simplification of effects.

Rule (T-vaR) is straightforward. An object is well-typed, rule (T-oBJ), if a signature can
be safely extracted from its type. This essentially means that there are no conflicts among
the parent types, and they are safely overriden by the method declarations in the object (first
and second side conditions). Moreover, an object cannot declare magic methods (third side
condition), and should provide an implementation for all its (either inherited or declared)
methods (last side condition). Finally, in the premise, (bodies of) declared methods should
be well-typed with respect to an enclosing type which is the object type.

In rule (T-8vvK), the type-and-effect of the invoked method is found in the (signature
extracted from) the receiver’s type, as expressed by the first side condition. In the second
side condition, the type annotations in the call should (recursively) satisfy the bounds for
the corresponding type variables, and, in the third side condition, the argument types should
be subtypes of the corresponding parameter types where type variables have been replaced
by the corresponding type annotations. The type assigned to the call is the return type of
the method, with the same replacement. The method effect is instantiated by replacing the
type variables with the type annotations. However, the effect assigned to the call is obtained
by a further simplification step (last side condition).

The formal definition of simplification is given in Figure 10, where ® - E{ E’ means that
the (not necessarily simplified) effect E is simplified to E’, which only contains call-effects
which are either magic or variable, as described before.

We assume that effect annotations are written by the programmer (or preliminarily
reduced) in a simplified shape. Non-simplified effects can, however, appear during typecheck-
ing, when a method declared with an effect £ which is generic, that is, depending on the
method’s type variables X, is invoked with actual type arguments'’ Indeed, in this case,
instantiating the type variables, in some variable call-effect X.m[T] in E, X can become an
object type providing a (non-magic) method m, allowing to simplify to the corresponding
effect of m in the object type. This allows us to give a more refined approximations of
the effects raised at runtime, as illustrated by Example 8 above, where the non-simplified
effect MyTEType.then V MyTEType.else is simplified to e V MyException.throw[Nat]. To ensure
decidability of typechecking, an issue we do not deal with in this paper, termination of
effect simplification should be enforced by some standard technique, essentially by forbidding
(mutual) recursion in effect annotations.

" This happens in rule (T-INVK) in Figure 9.
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h <, {(z, e) handler

H = C,E filter

c = N.m: [X|(z7, e), catch clause
C N.m: [X|(E) clause filter

Fu defined by:
Fu(E) = F5(E)VE'if H=C,E'
F& defined by:
T E) if E) defined
E=Tm[T] F,sE)= Fo(E) if Fo(E) define
F&(E) otherwise
E[T/X] if®FT<N

undefined otherwise

]:E(E) =F
C=Nm:[X|(E) Fo(T.m[T))= {
Figure 11 Filters.

In rule (T-RET), & computation which is the embedding of a value has no effects, and, in
(T-DO), a sequential composition of two computations has the union of the two effects.

Typing rules for try-blocks rely on filter functions associated to handlers, which describe
how they transform effects, by essentially replacing calls of magic methods matching some
clause with the effect of the clause expression, as formally defined in Figure 11. Filter
functions allow to typecheck try-blocks in a very precise way, since effects of the expression in
a clause are only added if the clause could be possibly applied. This generalizes to arbitrary
effects what happens for Java catch clauses; however, in Java this is part of the analysis of
unreachable code, whereas here it is a feature of the type system. Filters are not a novelty
of this type-and-effect system, since they were firstly used in [12] for a functional calculus;
however, it is worthwhile to describe them in detail since they are a new feature, and the
general idea is applied here to rather different effects, leading to another formal definition.

As shown in Figure 11, filters are the type information which can be extracted from a
handler, consisting of a sequence of clause filters and a final effect. The filter function Fy
associated to H transforms an effect by first applying the sequence of clause filters, and then
adding the final effect. The transformation applying a sequence of clause filters is defined
inductively. The significant case is a call-effect, which is either transformed by a (first)
matching clause filter, or remains unaffected. A clause filter matches a call-effect with the
same method name and a subtype of the nominal type; the call-effect is replaced by the effect
of the clause filter, where type variables have been substituted by the types in the call-effect.

In rule (T-TRY), in order to typecheck a try-block, first we get the type and effect of
the enclosed expression. This type is then used to typecheck the handler, as type of the
parameter of the final expression, see rule (T-HANDLER). By typechecking the handler we
get a type, being a supertype of the final expression, which will be the type of the whole
expression. Moreover, we extract from the handler a filter, which is used to transform the
effect of the enclosed expression, getting the resulting effect of the whole expression.

In rule (T-HANDLER), as said above, the type on the left of the judgment is used as type of
the parameter of the final expression, required to be a subtype of that of the handler. This
latter type is also needed to typecheck s-clauses, see below. The filter extracted from the
handler consists in a clause filter for each clause, and the effect of the final expression.

The filter extracted from a clause keeps the first three components (nominal type, method
name, and type variables), and adds the effect obtained typechecking the clause expression,
as shown in rules (T-coNTINUE) and (T-sTOP). A c-clause is meant to provide alternative code
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(T-NTYPE) < ’QL[J (ieti(md)o I—N[Y<l ]<1N{md}->_
FN[Y < T]<N{md}o

Figure 12 Typing rules for method and type declarations.

to be executed before the final expression, hence the type of the clause expression should
be (a subtype of) the return type of the operation. In a s-clause, instead, the result of the
clause expression becomes that of the whole expression with handler, hence the type of the
former should be (a subtype of) the latter.

Referring to Example 4, note that catching an exception with a c-clause would be ill-typed.
Indeed, the type of the clause expression should be (a subtype of) the return type of throw,
which is a type variable X. Since no value has type X, no value could be returned'?, as
already noted in [36].

In Figure 12 we show the typing rules for method and type declarations, which are mainly
straightforward. The typing judgment for method definitions has shape ®;I'; T - mdo. In
rule (T-METH), a method definition is well-typed if the body is well-typed with respect to a type
environment enriched by the type variables with their bounds, and an environment enriched
by the variable denoting the current object with the enclosing type, and parameters with the
corresponding parameter types. The type-and-effect of the body should be a sub-type-and-
effect of that declared for the method. The typing judgment for type declarations has shape
F tdo. In rule (T-NTYPE), a type declaration, assumed to have passed the extraction phase
(side condition), is well-typed if its defined method declarations, denoted by GetDef(md),
are well-typed with respect to the type environment consisting of the type variables with
their bounds, the empty environment, and the declared type as enclosing type. Here the
environment is empty since these method declarations are top-level, whereas in those inside
objects, handled in rule (T-0BJ), there can be variables declared at an outer level.

5 Type-and-effect Soundness

In this section, we express and prove soundness of our type-and-effect system, by applying
definitions and results in [12]. We focus on explaining the concepts, referring to [12] for
detailed formal definitions and proofs.

Informal introduction. In Section 3 we defined, on top of the monadic one-step reduction:
a finitary semantics [—]« : Exp = MRes 4+ {oco}
an infinitary semantics [—]oo : Exp — MRes
In standard soundness we expect the result, if any, to be in agreement with the expression
type. Here, since the expression has also an effect, approximating the computational effects
raised by its execution, we expect the monadic result, if any, to be in agreement with the
expression type and effect.

2 Hence, the clause expression could only be another throw or a diverging expression.
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Let us write - e : T'E for ;0 e : T!E, and analogously for + v : T, and other ground
judgments. Moreover, - 7 : T only holds if r = v and F v : T holds. Note that the result
wrong is never well-typed, that is, - wrong : T' does not hold for any type T'.

To formally express the above soundness requirement, we need analogous typing judg-
ments!'? lf R: T, one for each type and effect, on monadic results. Assuming to have such
judgments, we can express the soundness results as follows.

» Theorem 9 (Finitary type-and-effect soundness). - e: T!E and [e]« = R imply lf rR:T.
» Theorem 10 (Infinitary type-and-effect soundness). - e: T\E implies lE [€]oo : T.

Note that finitary soundness is vacuous when the finitary semantics of an expression is co.
On the other hand, the infinitary semantics is always a monadic result.

Before explaining how the monadic typing judgments can be derived from the non-monadic
ones, we show some examples.

» Example 11. Consider the exception monad as in Example 4. We have FRes = Res + Exc,
that is, monadic results are either values, or wrong, or exceptions. We expect the typing
judgment l? R : T to be defined as follows:

( ) Fo: T ( :
T-VAL) m—m T-EXC) 7
lf v: T lf e: T

That is, a monadic result is well-typed with a given type-and-effect if it is either a well-typed

e € [E]

value with the type, or an exception belonging to (the set denoted by) the effect. Note that
wrong is ill-typed. The set of exceptions [E] represented by E is defined by:

[o] = 0 [T] = Exc [EvE] = [E]U[F]
[N.throw] = {e | e = exc(v), v instof N}
That is, call-effects of the throw method in N denote the set of the exceptions (represented by

objects) of subtypes of N, and the other operators have the obvious set-theoretic meaning.

» Example 12. Consider the monad of non-determinism as in Example 6. We have LRes
the set of (possibly infinite) lists of results (values or wrong). We show two different ways to
define the typing judgment for monadic results, denoted l% R: T forqu=V|3

Fo: T

(T-NO-RES) g (T-DET) rq— [[E]] =0
lf e: T lF [v]: T
Fr: TV Fr:T =
oy CTVER gy gy DT 1E] =1
|F R: T |F R:T TER

where [E] is 1 if non-determinism is allowed, 0 otherwise, as defined below:

[e] =0 [T]=1 [EVE] = [E] V [£']

[Chooser.choose[ || =1
That is, monadic results (representing possible results of a computation) are well-typed
with a type effect (denoting) 0 if they have at most one element, and this element, if any,

is well-typed; in other words, the computation is deterministic. On the other hand, they
are well-typed with a type effect (denoting) 1 if all the results in the list are well-typed

13 The effect is written under the turnstile to emphasize that this typing judgment is obtained by lifting
the non-monadic one, as will be described in the following.
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values, or there is either no result, or at least one well-typed value, respectively. The two
interpretations express “must” and “may” soundness of a non-deterministic computation:
with V, we require every possible result to be well-typed, whereas, with J, it is enough to
have a well-typed result, and the others could be even wrong.

Interpretation of effect types. Monadic typing judgments can be derived from non-monadic
ones by providing an interpretation of effect types into the considered monad.

Let us denote by Eff the set of effects, assumed to be simplified (Figure 10), ground, and
well-formed, considered modulo the equivalence induced by the subtyping preorder'. As
customary, we write F for the element of Eff it represents, i.e., its equivalence class. Then,
it is easy to see that Eff is the carrier of an ordered monoid £, where the unit is e, the
multiplication, which turns out to be idempotent and commutative, is V, and the order is <.

For a set X, we denote by P(X) the poset of all subsets (a.k.a. predicates or properties)
on X, ordered by subset inclusion. For a function f: X — Y| we have a monotone function
P;:P(Y) — P(X), given by the inverse image: for ACY, Pr(A) ={z € X | f(z) € A}

» Definition 13 (Interpretation of effect types). Let M = (M, u,n) be a monad. Then, an
interpretation of £ in M consists of a family A of monotone functions \§ : P(X) — P(MX),
for every E € Eff and set X, such that

1. AZ(Pr(A) = Pur(ME(A)), for every A CY and function f: X — Y

2. E < E implies \E(A) C A\ (A), for every A C X

3. ACP, (A% (A)), for every AC X

4. N (OF (A) C P ARYE'(A)), for every A C X.

The family A = (\?) geger is a family of predicate liftings [22] for the monad M, indexed
by effect types. That is, for each effect type E, A transforms predicates on X into predicates
on M X, and can be regarded as the semantics of the effect type E.

Item 1 states that A% is natural in X. This ensures that the semantics of each effect
type is independent from the specific set X. Item 2 states that A¥ is monotone with respect
to the order on effects, that is, computational effects described by E are also described by
E’. Ttem 3 states that monadic elements in the image of nx contain computational effects
described by e, that is, no computational effect. Finally, in Item 4 we consider elements of
M?X whose computational effects are described by lifting predicates to M X through E’,
and then by lifting through E. By flattening such elements through py : M2X — MX we
obtain elements whose computational effects are described by the composition E V E’.

In the proof of soundness for our calculus, we only need Item 3 and Item 1, instantiated as
will be detailed in Lemma 16. Item 2 and Item 4 are only required in the general framework
in [12] to derive soundness from progress and subject reduction.

We show now how the previous examples can be obtained through an appropriate
interpretation of effect types.

In Example 11, we can take A% (A) = A+[E]. That is, the interpretation of an effect type
E transforms a predicate A on X into a predicate on M X which holds either on elements
which satisfy the original predicate, or exceptions in the set denoted by E.

In Example 12, we can take the following two interpretations V and 3:

if [E] =1, then

MThat is, we consider effects as sets of call-effects, plus the top effect. For the formal definition of
well-formedness and subtyping, which are standard, see [11].
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VE(A) = {B € PX | BC A} and
FL(A)={BePX|B=0or BNA#0}
if [E] = 1, then V0 (4) = 3, (A) = {B € PX | BC Aand $B < 1}

That is, in both cases, the interpretation of 0 forbids non-determinism, while the interpretation
of 1 requires the predicate A to be always satisfied, according to V, and satisfied in at least
one case, according to 3.

Proof of type-and-effect soundness. Thanks to a general result proved in [12], to prove
Theorem 9 and Theorem 10 we can use a technique similar to that widely used to prove
soundness of a type system with respect to a small-step semantics, that is, it is enough
to prove the progress and subject reduction properties, stated below. For the infinitary
soundness, the interpretation of effect types has to respect the additional structure of the
monad, that is, the least monadic element should be always well-typed, and the monadic
typing judgment should be closed with respect to suprema of w-chains. We refer to [12] for
the formal definition of such requirement, which trivially holds in our case.

Let us denote by lE v: T and lE E: T'FE the typing judgments on monadic values and

expressions obtained by lifting the non-monadic ones through E.

» Theorem 14 (Monadic Progress). b e: T!E implies either e = return v for some v € Val,
or e — E for some E € MExp.

» Theorem 15 (Monadic Subject Reduction). F e: T'E and e — E imply IE E: T'E' for
some T',E,E' such that T'EVE' < TE.

Monadic progress is standard: a well-typed expression either is (the embedding of) a
value or can reduce. For monadic subject reduction, if a well-typed expression reduces to
a monadic one, then the monadic expression has a more specific type, and the expression
effect is an upper bound of the computational effects produced by the current reduction step,
described by E, composed with those produced by future reductions, described by E’.

Remarkably enough, the proofs of monadic progress and subject reduction can be driven
by the usual rule-based reasoning, without any need to know about Definition 13, thanks
to Lemma 16 below. Recall that the interpretation of effects lifts predicates to monadic
predicates, in our case typing judgments to monadic typing judgments. Lemma 16 shows
that it is even possible to lift, in a sense, the type system itself. That is, we can derive a
typing rule for each operator on monadic elements used in the semantics. The proofs in the
following only rely on such monadic type system.

» Lemma 16. The following rules can be derived.

(T-UNIT)
=

(T-RET-LIFT)

Fe: TIE v
n(e) : T'E Igmap('return []) v:Tle

lEE: TVE G;z:Thke:TE
lgmap(do z=1[]; ¢)E: T"NEVE'

(T-DO-LIFT)

Proof. By instantiating Definition 13(3) with X = Exp and A ={e |t e: T'E}, we get A C
{e| lT n(e) : T'E}, that is, F e: T!E implies lT n(e) : T'E, as expressed by rule (T-UNIT).
We show how to derive (T-RET-LIFT), (T-DO-LIFT) can be derived analogously. Since, by
rule (T-RET), Fv: T implies Freturn v:T'e, by the monotonicity of AP we have that, set Pre =
{v|Fwv: T}, Cons={v]|F return v: Tle}, AL (Pre) C \Z, (Cons). Since AZ,,(Pre) = {v |
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l— v : T}, and, by Definition 13(1), instantiated with function (context) return : Val — Exp
and A= {e| Fe:Tle}, )\Val(Cons) ={v| lE map (return []) v: Tle}, we get that lEV : T

implies lE map (return [ ]) v: Tle, as expressed by rule (T-RET-LIFT). <

Lemma 16 derives a typing rule for each monadic operator used in the semantics. In
addition, the semantics uses monadic constants, which are the results of some runy n,, function,
depending on (the magic methods declared in) the specific program. Hence, like standard
constants, we have to assume that these are well-typed. To this end, we require a typing
rule for such constants, as given below. Essentially, since the (canonical) effect of a magic
method m declared in N should be an approximation of the computational effects raised by a
call, formalized by the monadic value obtained as result of runy m, then such monadic value
should be well-typed with respect to the type-and-effect of the method.

Y m<v> T[Ty V)(Tx/X] Ty <Uv[Tv/Y]

Tx < Ux[Ty/Y][Tx/X]

More in detail, given a magic method m declared in N (first and second side conditions,
where the effect is the canonical one), the result of a runy m function is well-typed if the first
argument has a subtype of one obtained by instantiating the type variables in N, and each
other argument has a subtype of that obtained by instantiating the type variables in N and
those in m with the corresponding parameter type. The type and the effect of the result are
obtained by an analogous instantiation of variables of the return type-and-effect.

We provide below the proof of monadic subject reduction (Theorem 15), noteworthy since
it relies on the monadic typing rules, that is, those derived in Lemma 16 and rule (T-RUN).
The proofs of monadic progress and subject reduction for the pure relation (Lemma 17) can
be found in [11], together with the standard inversion and substitution lemmas.

» Lemma 17 (Subject Reduction). IfFe:T\E and e —, ¢, then Fe':T"\E" and T"\E'<T!E.

Proof of Theorem 15. Assuming e:T!E and e — E, we have to prove that IE E: T!E' for
some T", E, E' such that T"!EVE’' < T!E. By induction on the reduction rules of Figure 5.
(pure) E is n(e’) and e —, €. From Fe:T!E and Lemma 17 we get Fe': T E with T'IE’ <
T'E. From Lemma 16 by rule (T-uNIT) we derive lT n(e): T"'E', and T''e VE < T'E.
(mgc) e is v.m[Tx]|(v) and E = map (return [ ]) runy m(v,?) and lookup(vp, m) = (mgc, N).
By inversion we get uvy: Ty and Fo: T, and, from the definition of lookup, mkind( Ty, m) =
mgc. Hence, again by inversion,
mtype(td, m)=mgc[X <« Ux|T” — T"IN[Y].m[X] for some td = N[Y « Uy|<_{_}
there is Ty such that Ty < N[Ty] and Ty < Uy [Ty /Y]
Tx < Ux[Ty/Y][Tx/X] and T" < T"[Ty/Y][Tx/X] and T = T"[Ty/Y|[Tx/X]
and E = N[Ty|.m[Tx].
Since the premises of rule (T-RUN) are satisfied, we get lf runN m(v, @) : T. From Lemma 16
by rule (T-RET-LIFT) we get |f map (return [ ]) runy,m(v,7) : Tle, and T!EVe < T!E.
(ret) eis do x = return v; ¢ and E = n(¢’[v/z]). By inversion Fuv: Ty and (); z: Tite: TIE.
Therefore, by substitution, we get Fe’[v/z]: T!'E. From Lemma 16 by (T-uniT) we derive
ks n(¢[v/2]) : T'E, and T'e VE < T!E.
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(do) e=dox=¢e1; eo and E=map(do z = []; e2)E; and e; — E;. By inversion F’ =
E1VE; and Fe:Ty\Ey and 0;z : Ty + ey : T!F5. By induction hypothesis lE—l E; : T1\F]

for some F;, and E{ with T{!El\/E{ < T1!'E;. From Lemma 16 by rule (T-DO-LIFT) we

get lE— map (do z = [ |; ¢)E : T!E{VE,U. Therefore, we get the thesis noting that
1

6 Related Work

Design of the pure language. As mentioned, the pure calculus we choose as basis for
the effectful extension is inspired by recent work [49, 43, 50] proposing an object-oriented
paradigm based on interfaces with default methods and anonymous classes, rather than class
instances with fields. In particular, classless objects were also adopted in interface-based
programming [49], enabling multiple inheritance by decoupling state and behaviour. Then,
in A\-based object-oriented programming [43], objects are classless and stateless, but limited
to be lambdas implementing a single abstract method. In the Fearless language [50], as in
our calculus, this approach is generalized to arbitrary Java anonymous classes with no fields.

Design of the effectful language. In our effectful language, constructs to raise effects,
similarly to generic effects [36], are just method calls of a special kind, called magic. As
mentioned, this terminology is taken from Fearless [50], and also informally used in Java
reflection and Python. Concerning constructs for handling effects, handlers of algebraic
effects [38, 39, 24, 19] are an extremely powerful programming abstraction, describing the
semantics of algebraic operations in the language itself, thus enabling the simulation of several

effectful programs, such as stream redirection or cooperative concurrency [39, 24, 6, 41].

The code executed when a call is caught can resume the original computation, using a form
of continuation-passing style. Differently from exception handling, all occurrences of an
operation within the scope of a handler are handled. Other forms of handlers have been
considered, e.g., shallow handlers [24, 19], where only the first call is handled. The handling
mechanism in our language is meant to provide a good compromise between simplicity and
expressivity: notably, it does not explicitly handle continuations, as in handlers of algebraic
effects, hence we cannot resume the original computation more than once; yet we can express
a variety of handling mechanisms.

Type-and-effect system. Type-and-effect systems, or simply effect systems [47, 33, 48, 30,
25], are a popular way of statically controlling computational effects. Many of them have been
designed for specific notions of computational effect and also implemented in mainstream
programming languages, the most well-known being the mechanism of Java exceptions.
Katsumata [25] recognized that effect systems share a common algebraic structure, notably
they form an ordered monoid, and gave them denotational semantics through parametric
monads, using a structure equivalent to our notion of interpretation.

Our effects are essentially sets, like in formal models of Java exceptions [3], tracking
which magic calls an expression is allowed to do. Differently from effect systems for algebraic
effects [5, 6, 41], also implemented in Eff [4], and inspired by [15], we enrich the effects with
type information, not using just the name of magic methods. By using this type information,
which is polymorphic, we also allow effects to depend on the effect of other methods, smoothly
enabling a form of effect polymorphism. Effect systems supporting effect polymorphism have
been widely studied for algebraic effects [26, 20, 29, 7, 9, 8], especially in the form of row
polymorphism. A precise comparison with these systems is left for future work.
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Semantics for effectful languages. Algebraic effects are typically treated as uninterpreted
operations, that is, the evaluation process just builds a tree of operation calls [23, 44, 41].
Monadic operational semantics for A-calculi with algebraic effects are also considered, mainly
in the form of a monadic definitional interpreter (see, e.g., [28, 14, 16, 13, 10]). That is, they
directly define a function from expressions to monadic values, which essentially corresponds
to our infinitary semantics. Small-step approaches are also considered by [17, 18].

An alternative way of interpreting algebraic operations is by means of runners, a.k.a.
comodels [40, 37, 45, 2]. Roughly, runners describe how operations are executed by the
system, that is, how they transform the environment where they are run. This essentially
amounts to giving an interpretation of operations in the state monad. More general runners,
where the system is modelled in a more expressive way, are considered by [2], where the state
monad is combined with errors and system primitive operations.

The motivation to have methods interpreted in a monad, rather than implemented in
code, is the same nicely illustrated for runners by [2]. They observe that some kinds of
effects, such as input/output, even though represented in the language as algebraic operations
(as in Eff) or a monad (as in Haskell), are handled by an operating system functionality.
Hence, semantics lacks modularity, which can be recovered by introducing runners. The same
modularity is achieved in our calculus by providing the interpretations of magic methods
as an independent ingredient of the semantics, which can be regarded as the operational
counterpart of (effectful) runners. Differently from runners of [2], our magic methods can
be interpreted in an arbitrary monad. Moreover, our interpretation is a parameter of the
operational semantics, while runners of [2] are described in the language itself through a
mechanism similar to effect handlers, with a limited use of continuations.

7 Conclusion

This paper provides a positive answer to the question:

Is it possible to smoothly incorporate in the object-oriented paradigm constructs to
raise, compose, and handle effects in an arbitrary monad?

In particular, we consider a pure OO paradigm based on interfaces with default methods and
anonymous classes, exemplified by a higher-order calculus subsuming both FJ and A-calculus.
The effectful extension is designed to be familiar for OO programmers, with magic methods
to raise effects, and an expressive, yet simple, handling mechanism. Effect types are designed
to be familiar, being sets of call-effects generalizing exception names; the key novel feature
is that type effects containing type variables can be refined in concrete calls, through a
non-trivial process called simplification. The semantics and the soundness proof are given by
a novel approach [12], providing a significant application for a language with a complex type
system (both nominal and structural types, subtyping and generic types). Instantiating such
an approach, we derive from the type system a monadic type system, allowing to carry the
proof of subject reduction by the usual rule-based reasoning.

The integration of effectful features turned out to be, in fact, even smoother than in the
functional case, fitting naturally in the OO paradigm, where computations happen in the
context of a given program (class table in Java). That is, magic methods are, from the point
of view of the programmer, as other methods offered by the environment (system, libraries),
with the only difference that their calls can be handled. Another advantage is that, since
methods “belong to a type”, atomic effects (call-effects in our paper) naturally include a type,
rather than being just operation names as in previous literature handling the functional case.
Thus, effect polymorphism is obtained for free from the fact that types can be type variables,
without any need of ad-hoc effect variables.
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Concerning the specific calculus, we could have likely used FJ (with generic types) as well.
However we have, besides nominal, structural and intersection types, hence a paradigm partly
object-based, as in seminal object calculi [1], rather than class-based. This leads to more
flexibility, hence the tracking of effects is more flexible as well (can be done on an object’s
basis). In particular, FJ is not higher-order, meaning that functions are not first-class values
as customary in functional languages. Formally, in the translation of A-calculus shown in
Remark 1, any arbitrary function is encoded by an object literal; without object literals, only
a finite collection of functions could be encoded, each one by a class, in a program.

This is a foundational paper, hence we focus on the introduction of design features, form-
alisation, and results through a toy language. Of course, any step towards an implementation
and/or the application to a realistic language would be an important contribution, as it
would be to mechanize some proofs. Other directions for future work are outlined below.

We plan to analyze better the handling mechanism proposed in the paper, and its relation
with other approaches. The type-and-effect system we design is, as said above, novel and
expressive; however, it is very simple in the sense that effect types are essentially sets. Hence,
it is not adequate to approximate computational effects where the order matters, such as, e.g.,
sequences of write operations. A type-and-effect system with a non-commutative operator
on effects is shown in [12]; however, effects there are purely semantics, and a syntactic
representation should be investigated in order to apply the approach to real languages.

Finally, the interpretation of magic methods could return monadic expressions, rather
than values. This would enable a more interactive behaviour with the system; for instance,
the semantics of a magic method, instead of returning an unrecoverable error, could return a
call to the method throw of an exception, which then could be handled by the program.
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