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Mainstream object-oriented programming languages such as Java, Scala, C#, or TypeScript have polymorphic
type systems with subtyping and bounded quantification. Bounded quantification, despite being a pervasive
and widely used feature, has attracted little research work on type-inference algorithms to support it. A
notable exception is local type inference, which is the basis of most current implementations of type inference
for mainstream languages. However, support for bounded quantification in local type inference has important
restrictions, and its non-algorithmic specification is complex.

In this paper, we present a variant of kernel F<, which is the canonical calculus with bounded quantification,
with implicit polymorphism. Our variant, called F b comes with a declarative and an algorithmic formulation
of the type system. The declarative type system is based on previous work on bidirectional typing for
predicative higher-rank polymorphism and a greedy approach to implicit instantiation. This allows for a clear
declarative specification where programs require few type annotations and enables implicit polymorphism
where applications omit type parameters. Just as local type inference, explicit type applications are also
available in F ﬁ if desired. This is useful to deal with impredicative instantiations, which would not be allowed
otherwise in F Q Due to the support for impredicative instantiations, we can obtain a completeness result
with respect to kernel F<, showing that all the well-typed kernel F< programs can type-check in Fg. The
corresponding algorithmic version of the type system is shown to be sound, complete, and decidable. All the
results have been mechanically formalized in the Abella theorem prover.
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1 INTRODUCTION

Bounded quantification [Cardelli and Wegner 1985] is an extension of parametric polymorphism,
where type variables can have subtyping bounds. Mainstream object-oriented programming lan-
guages such as Java, Scala, C#, or TypeScript have polymorphic type systems with subtyping and
bounded quantification. The canonical calculus for bounded quantification is F< [Cardelli et al.
1991; Cardelli and Wegner 1985; Curien and Ghelli 1992], which is an extension of System F [Girard
1972; Reynolds 1974] with subtyping and bounded quantifiers. Like System F, polymorphism in
F< is explicit, which means that explicit type applications are necessary to instantiate the type
arguments of polymorphic functions. There are two well-known variants of F< in the literature.
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The full variant of F< [Curien and Ghelli 1992] is the more expressive one but, unfortunately, it
is well-known that subtyping for full F< is undecidable [Pierce 1992]. The other variant is ker-
nel F< [Cardelli and Wegner 1985], which is the most well-known and used decidable variant of F<.
Since we are interested in decidable type systems in this paper, we will focus on kernel F<.

A practical drawback of explicit polymorphism in System F or F< is that programs require too
much type information to type check. Therefore, to make programming languages with (bounded)
parametric polymorphism practical, implicit polymorphism is needed. For System F, there have been
many proposals for global type inference with implicit polymorphism [Dunfield and Krishnaswami
2013; Le Botlan and Rémy 2003; Leijen 2008; Odersky and Laufer 1996; Peyton Jones et al. 2007;
Serrano et al. 2018; Vytiniotis et al. 2008], typically designed as extensions of the Hindley-Milner
type system (HM) [Hindley 1969; Milner 1978]. One well-known strand of work is type systems
with predicative Higher Ranked Polymorphism (HRP). In the context of HRP, predicative means
that instantiations can only be monotypes, which are types that are not polymorphic. This imposes a
restriction compared to System F, where instantiations can also be polymorphic types. Nonetheless,
predicative HRP has been shown to work quite well in practice for many applications since most
instantiations required in practice use monotypes.

One extension to predicative HRP is to combine implicit instantiation with explicit type applica-
tions. Eisenberg et al. [2016] proposed extensions to both HM and a predictive HRP system with
predicative explicit type applications. With explicit type applications, programmers can choose
their own instantiations by using type applications similar to System F. A complication that arises
in combining implicit instantiation with explicit type applications is that the usual predicative
subtyping relation for HRP, due to Odersky and Laufer [1996], is incompatible with explicit type
applications. Eisenberg et al. [2016] proposed modified subtyping relations that are compatible
with predicative explicit type applications. More recently, Zhao and Oliveira [2022] proposed to
extend a predicative HRP type system, called FZ, with impredicative explicit type applications. The
impredicativity of explicit type applications requires further changes to the HRP subtyping relation.

There is little work on predicative HRP type inference with bounded quantification. Zhao
and Oliveira consider a subtyping relation with top and bottom types, but FZ does not have
bounded quantification. Cardelli [1993] implemented a type-inference algorithm for F<, but did not
formally study it. The only formal study that we are aware of supporting bounded quantification
is by Sequeira [1998], who has studied a calculus called MLy<: a System F variant with bounded
quantification. The kind of type inference supported by Sequeira’s work is quite ambitious since
MLy < supports let generalization and the inference of principal types, just as HM. However,
as Sequeira admits, his algorithm is impractical because it infers subtyping constraints without
simplification. For example, he notes that the type inferred for a quicksort algorithm has around
300 constraints. Thus, many inferred types are too large and difficult to understand for humans.

The de facto technique to deal with type inference for languages with bounded quantification
is local type inference [Odersky et al. 2001; Pierce and Turner 2000]. Unlike HM and global type
inference HRP approaches, local type inference does not employ long-distance constraints such
as unification variables and only employs a local constraint solver to infer type arguments in
polymorphic applications. This is less powerful than global approaches but, as argued by Pierce
and Turner, has the advantage of scaling up to features that are hard to deal with using global
type-inference approaches. For instance, local type inference techniques can deal with subtyping
and impredicative instantiations. Despite the technical differences, both (predicative) HRP and
local type inference target the problem of type inference for higher-rank polymorphic languages.
Moreover, local type inference complements implicit polymorphism with support for explicit type
applications, like some predicative HRP approaches. Programmers can explicitly provide type
instantiations when automatic (implicit) inference fails to find them.
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Local type inference has more modest goals regarding type inference compared to HM-style
inference and many HRP type-inference approaches. In particular, local type inference does not
provide any mechanism to infer the types of arguments for (top-level) functions and does not have
to deal with the question of finding principal types for polymorphic functions. In this way, the issues
with Sequeira’s approach are a non-issue for local type inference since all polymorphic functions
are given explicit type annotations. While local type inference has shown its value in practice, it
has some important limitations that were identified by Hosoya and Pierce [1999]; Pierce and Turner
[2000]: hard-to-synthesize arguments; no best argument; and no support for interdependent bounds. In
particular, for bounded quantification Pierce and Turner did not know how to extend the algorithm
to support interdependent bounds such as V(a < T). V(b < a). - - - where the type variable b is
bounded by another type variable a. Thus, their algorithm cannot infer such implicit instantiations.
In Section 2.2 we will discuss these limitations in more detail. Especially in the presence of bounded
quantification, local type inference requires a complex specification that makes it hard to predict
when instantiations will be successfully inferred.

In this paper, we present a variant of kernel F<, called F 2, with implicit predicative polymorphism
as well as explicit impredicative type applications. The declarative type system of F 2 is simple
and clear. Fé extends Zhao and Oliveira’s F¢ calculus with bounded quantification. In the design
of FZ, the authors follow a philosophy similar to local type inference but instead advocate for a
more modest form of global type inference: i.e., no let generalization or automatic inference of
(top-level) polymorphic functions is allowed. Moreover, easy (predicative) instantiations can always
be guessed automatically, but hard (impredicative) instantiations require explicit type applications.
They call this a more modest form of global type inference elementary type inference. Fé adopts a
similar philosophy. Furthermore, implicit instantiations in F 2 support interdependent bounds and
deal with other weaknesses of local type inference, and Fi can type check all kernel F< programs.

In FZ’ a critical question is what is a monotype? The approach for finding implicit instantiations
is greedy [Cardelli 1993]. That is, once an instantiation is found, F% commits to that instantiation,
regardless of other possible instantiations that can be found later. This greedy approach follows
previous predicative HRP approaches, which have the property that monotype subtyping implies
equality of monotypes. This ensures that if a monotype works for the first instantiation, it also
works for the subsequent instantiations. However, without care, the property easily breaks in the
presence of more expressive subtyping relations. In addition, it turns out that in Fé, if all the type
variables are considered monotypes, the transitivity of subtyping is lost! Thus, while typically
monotypes are defined in a purely syntactic way, this is not the case in F. In particular, whether or
not type variables are considered to be monotypes depends on their bounds. With careful crafting
of what constitutes a monotype, we can ensure that the greedy approach is always successful and
the transitivity of subtyping is preserved.

The algorithmic version of the type system is shown to be sound, complete, and decidable. We
introduce two new algorithmic techniques: polytype splitting and worklist substitutions. Polytype
splitting is a simple technique where functional existential (or unification) variables are only split
into two existential variables if they unify with a polytype. Polytype splitting has the property that
the number of splits is statically determined, which helps derive a simpler measure for decidability.
Worklist substitutions simplify the presentation and proofs of the algorithmic system by dealing
with necessary reorderings that arise from widening the scope of existential variables. We also
discuss a variant with a more general notion of monotype. The declarative system of this system
still preserves all the desirable properties, but the greedy algorithm is no longer complete. All the
results have been mechanically formalized in the Abella theorem prover.

In summary, the contributions of this paper are:
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e A declarative bidirectional type system with predicative implicit bounded quantification
and impredicative explicit type applications. The declarative type system guesses monotypes.
Monotypes are unconventional in that they require a non-syntactic formulation due to the
presence of bounds in type variables.

e An algorithmic formulation of the type system, which is shown to be sound, complete
and decidable with respect to the declarative formulation. The algorithm employs a worklist
formulation inspired by Zhao et al. [2019]’s work.

o New algorithmic techniques: We introduce two new algorithmic techniques: polytype splitting
and worklist substitutions. Both techniques are helpful in providing a simple algorithm, and they
also simplify some of the key proofs, in particular decidability.

e A variant of F? with monotype subtyping: In Section 5, we present a variant of F? that
deals with subtyping between monotypes during implicit instantiation. This variant has a more
general notion of monotypes, and infers more instantiations at the cost of completeness.

e Completeness with respect to kernel F<: F2’s type system is shown to be complete with
respect to kernel F<. In other words, all the programs that type check in F< also type check in
Fb.

e Mechanical formalization and implementation: All the calculi and proofs in this paper
have been mechanically formalized in the Abella theorem prover [Gacek 2008]. We also have
a simple Haskell implementation, which type checks all the F 2 examples in this paper. The
supplementary materials, including the implementation, proofs, and the extended version of
the paper are available at: https://doi.org/10.5281/zenodo.8202095.

2 OVERVIEW

We start with a background on implicit (predicative) higher-rank polymorphic (HRP) type inference
and elementary type inference [Zhao and Oliveira 2022]. Then, we discuss the limitations of
local type inference and its variants in dealing with languages with F< features and bounded
quantification. Finally, we illustrate the key ideas in our work that address some of these limitations
and discuss technical innovations over previous work.

2.1 Background: Predicative and Elementary Type Inference

Higher-rank polymorphism for languages a la System F allows universal types to appear in arbitrary
positions in types, which lifts restrictions of top-level universal types in the Hindley-Milner type
system. The F¢ calculus [Zhao and Oliveira 2022] additionally supports impredicative instantiation
by explicit type applications provided by the programmer, which allows it to type-check all the
programs typable in System F. There are several important design principles of F¢ that are in place
to preserve properties such as subsumption and inferring all easy instantiations.

HRP subtyping and explicit type applications. The introduction of explicit type applications
invalidates some subtyping rules commonly used in predicative HRP systems, and in particular in
the well-known subtyping relation for HRP by Odersky and Laufer [1996]. The two key rules in
Odersky and Laufer’s subtyping relation are:

Y7 ¥r[r/a]A<B ¥.,brA<B
<VL

—  <VR
Y+Va.A<B Y+-rA<Vb.B

These rules enable order-irrelevant universal quantifiers. For instance, both of the following
subtyping relations hold: Va. Vb.a — b < Vb.Va.a — band Vb.Va. a — b < Va.Vb. a — b. Thus,
Ax. x 3 can be checked against both (Va. Vb. a — b) — Bool and (Vb. Ya. a — b) — Bool, by in-
stantiating a and b to Int and Bool, respectively. However, explicit type applications create problems.
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Type variables a,b Subtype variables d,b
Types A B,C BE 1|la|VYa. A|A—Bla|T|L
Monotypes 7,0 = lla|r—>o0o
Contexts L4 u= | Ya|¥,x:A|V¥,a
A is a subtype of B
aceV¥
—— <Unit — <T — <1 — <Var
Yr1<1 YEFALT YrL<A Yrta<a
acVy Y+r7 ¥t [r/a]A<B BisnotaV type
<SVar <vL
Yra<a Y+rVa. A<B
Y,at [a/alA < [a/a]lB Y+-B <A YrA,<B
<v <
Y +Va.A<Va. B ¥Y+A — Ay <B; —> By

Fig. 1. Declarative Syntax and Subtyping Rules of F¢.

Consider another expression with an explicit type application: Ax. (x @Int 3). This expression can
be checked against (Va. Yb. a — b) — Bool, but Ax. (x @Int 3) < (Vb. Ya. a — b) — Bool does
not hold. The problem is that the type application instantiates the wrong universal quantifier in
the latter expression.

In addition, the possibility of impredicative explicit instantiations introduces two subtler problems.
Firstly, impredicative type applications, such as f @(Ya. a — a), also interact with the subtyping
relation. As shown by Zhao and Oliveira, some impredicative type applications break important
stability-of-type-substitutions lemma for subtyping if no restrictions are imposed. Secondly, unused
type variables in universal quantifiers (for instance, Va. Int) are equally problematic. We refer to
Zhao and Oliveira’s work for more details on these issues.

Subtyping in FZ. To address abovementioned problems, ¢ imposes three restrictions compared
to Odersky and Laufer’s subtyping relation. Subtyping for F¢ is shown in Figure 1. The first
restriction is to replace <VR with a more restrictive rule (<V) that only allows comparing two
universal quantifiers. This has the consequence of making the order of the universal quantifiers
relevant, forbidding subtyping statements such as VYa. Vb.a — b < Vb. Ya. a — b. The second
restriction is to introduce a new sort of variables, a, called subtype variables, which is used by the
new rule <V. A subtype variable is not a monotype, contrary to the conventional type variable a,
therefore it cannot be instantiated with rule <VL. This restriction is key to ensuring that the stability
of type substitutions lemma for subtyping holds. The final restriction is to add two additional
checks in well-formedness, to ensure no unused variables in universal types.

¥Y,arA a€FV(A) Y,arA Y,are aecFV(A)
Y+ Va. A YIAa.e: A

No inference of T and L. F¢ does not support implicit instantiation of type L and T, by treating
them as non-monotypes. There are two reasons for this. The first reason is technical: allowing
unification with T and L introduces considerable complications in the unification procedure. Even
a simple & < Eandﬁﬁ @ — 1, produced by Va. (a > a — 1) - 1 < (Vb. b — b) — 1, can have
infinitely many solutions by picking & = E =1|T—>1|T— L]|--- and no one is the best.

The second reason is practical: inference of T and L types can often mask type errors. For
instance, Af. (f + f 1) can be typed with the type L — Int, but it is likely to be a programmer’s
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error: possibly the programmer forgot an argument in the first occurrence of f. When programmers
are certain that they need a type involving T or L, they can inform the type-inference algorithm
using type annotations or explicit type applications. Section 2.2 shows more examples that illustrate
some undesirable consequences of enabling the inference of T and L.

F¢ uses the same greedy solving strategy for implicit instantiation as previous predicative
HRP systems [Dunfield and Krishnaswami 2013; Odersky and Laufer 1996]. Moreover (like other
HRP systems), F¢ guarantees that monotype instantiations can always be inferred. There is a
folklore property for such a greedy solving of implicit instantiations on predicative HRP systems
to work: subtyping between monotypes implies equality of monotypes, or formally speaking,
71 < 7, — 71 = 7. This property is helpful in establishing the completeness of an algorithmic
system with respect to its declarative specification. Suppose that there are two instantiation
judgments (or unification judgments) @ < 7; and @ < 7, produced by the algorithm, and the
declarative specification could guess a 7 that satisfies r < 77 and 7 < ;. This means that 7; = 7, and
the order of unification makes no difference. Note also that the fact that L and T are not monotypes
in F?¢ is also crucial for this property to hold. However, this property requires a delicate definition
of monotype after bounded quantification is introduced, and we will revisit this in Section 2.3.

2.2 A Tour of Local Type Inference

Local type inference is the most widely used technique for languages with bounded quantification.
To better compare with our work, we will examine a series of examples in Scala 2, which provides
a state-of-the-art implementation of (colored) local type inference [Plociniczak 2016]. Note that the
implementation in Scala 2 contains some improvements compared to the algorithms formalized
by calculi with local type inference [Odersky et al. 2001; Pierce and Turner 2000], enabling more
programs to type-check. We will point out such cases explicitly in the following discussion. Despite
such improvements, well-known limitations of local type inference can still be identified in Scala 2,
including hard-to-synthesize arguments, no best argument, and no support for interdependent bounds.

For readers unfamiliar with the Scala syntax, we explain a few important pieces of syntax first. In
Scala types, => denotes the function type constructor. For instance, Int => Int denotes a function
type whose argument and output are both integers. Variables in square brackets ([A]) are universal
variables, possibly with an extra bound ([A <: Int]) for bounded quantification. At the term level,
=> is part of the syntax of lambda abstractions. For instance, x => x + 1 is the syntax for the
lambda abstraction that increments its argument by one.

Hard-to-synthesize arguments. Local type inference employs two techniques to synthesize types:
local type argument synthesis and bidirectional type checking. But circumstances exist when none
of them can be applied, e.g., when a higher-order function is applied to an anonymous function.

def map[A, BI(f: A => B, xs: List[A]): List[B] = ...
def mapPlusl: List[Int] = map(x => 1 + x, List(1, 2, 3)) // fails to type check!

To workaround this issue, the programmer can choose to provide type annotations to the function

argument (as in mapPlus2 ) or provide all the instantiations directly (as in mapPlus3).
def mapPlus2: List[Int] = map((x: Int) => 1 + x, List(1, 2, 3))
def mapPlus3: List[Int] = map[Int, Int](x => 1 + x, List(1, 2, 3))

Another more language-dependent solution is to swap the order of two arguments in the
definition of map as shown below. Because the type-inference algorithm in Scala proceeds left-to-
right, the type information in the first argument helps infer the second one.

1We do not use Scala 3 because its approach to type inference [Martres 2023] seems to be a hybrid combination of local type
inference and some other techniques, which have not been formaly studied. Thus Scala 2 type inference remains more
faithful to the original work [Odersky et al. 2001; Pierce and Turner 2000].
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def map2[A, B](xs: List[A], f: A => B): List[B] = ...
def map2Plus: List[Int] = map2(List(1, 2, 3), x => 1 + x)

No support for interdependent bounds. The only formalized variant of local type inference sup-
porting bounded quantification that we are aware of is by Pierce and Turner [2000]. However, their
work forbids the inference of type arguments with interdependent bounds because they could not
find a complete algorithm that deals with such bounds. Scala 2 does provide some basic support for
interdependent bounds instead of forbidding them, but type checking still fails frequently. This
reveals the difficulty of achieving a complete algorithm that can always succeed in such cases. A
simple example of failing to find instantiations of interdependent bounds in Scala is:

def idFun[A, B <: A => AJ(x: B): A => A = x

def idInt1: Int => Int = x => x

def idInt2 = idFun(idInt1) // fails to type check!
In the above example, A and B are instantiated to L (i.e. Nothing in Scala) and Int — Int. The
instantiation does not conform to the bounded quantification B < A — AsinceInt »Int< 1 — L
is not true. This incorrect instantiation found by Scala causes it to reject the program.

No best argument. When the type variable to instantiate appears invariantly in the output type,
but the constraints are not enough to decide a unique instantiation, local type inference fails to
provide any instantiations. Scala still infers a type in such cases, but the type can be meaningless.
For example, the type of id is inferred as L — L in Scala. Thus, id cannot be applied further.

def snd[A]l: Int => A => A =x =>y =>y
def id = snd(1)

Preference for uncurried functions. Local type inference prefers a fully uncurried style in poly-
morphic applications to obtain more constraints of type variables to obtain a precise instantiation.
Sometimes, type checking will fail after making the function curried.

def fst1[A, BI(x: A, y: B): A =x

def idInt2: Int => Int = fst1(x => x, 4)

def fst2[A, B]: A=>B => A =x =>y => x

def idInt3: Int => Int = fst2(x => x)(4) // fails to type check!

Inference of T and L. Local type inference can output T and L directly as a result of constraint
solving, which can often hide possible type errors. Consider:

def fst3[AJ(x: A, y: A): A =X
def val = fst3(1, true)

The polymorphic function fst3 has type Ya. a — a — a and a is instantiated to T (i.e. Any
in Scala) in fst3(1, true) by Scala. It enables applying the function to two values with different
types, which usually contradicts the intention of specifying two arguments with the same type A.
Inferring 1 may allow some programs with other possible type errors to type check. For example:

def fPLlus[Al(f: A => Int, g: A => Int): A => Int = x => f(x) + g(x)
def useless = fPlus((x: Int) => x + 1, (y: Boolean) => 5)

The inferred type of useless is L — Int?. Although the type of fPlus expects two functions of
type A — Int, the application of fPlus in useless provides two functions with different domain
types. In practice, this situation could correspond to a programmer unintentionally providing two
library functions with different types to the function (perhaps because he did not recall the correct

2To be precise, here Scala 2 infers Int & Boolean — Int, since it supports intersection types. However, this intersection

type is morally equivalent to L in Scala: we cannot build a value of that type. In a system without intersection types, we
would expect that L — Int is inferred.
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types). Note that the instantiation of A is valid here, but it is unlikely to correspond to what the
programmer would expect.

We should remark that, especially in the presence of downcasts, there are situations where
inference of T and L can be useful. So, there is also an argument for supporting the inference
of such types. For instance, programmers may wish to build a generic container and performing
downcast when extracting its elements. In the example below, 1s is inferred to type List[Any] in
Scala without any annotations.

val 1s = List(1, 2, "3")

Disabling the implicit inference of T would require more boilerplate in such cases, as we would
need to provide type annotations or explicit type instantiations. However, for languages without
downcasts, inference of T and L would have much more limited benefits, while hiding many
possible type errors that could be caught by other type inference disciplines (such as Hindley-
Milner). Thus, for languages without downcasts, forbidding inference of T and L seems quite
reasonable. Moreover, this tension between powerful type inference and early detection of errors
has even led language designers to allow programmers to disable the inference of top types. For
instance, Scala has a flag -X1int:infer-any to disable the implicit inference of T.

Higher-rank type inference. The subtyping relation employed in local type inference is basically
the same as F<. However, this is restrictive and prohibits type-checking many programs with
higher-rank types. The definition of g is valid in Scala 3 (but not in Scala 2, which does not support
higher-rank types), but the application g(k) is still rejected by Scala 3 because it would require <VL
in the subtyping relation (Int — Int) — Int < (V(a < Int). a — a) — Int.

def k(f: (Int => Int)) =1
def g(f: ([A <: Int] => A =>A) => Int) =1
def f = g(k) // fails to type check!

2.3 Key ldeas in our Work

Comparing Local Type Inference with Fé. Table 1 shows examples in Section 2.2 that behave
differently in F' 2. With global type inference, F 2 is capable of dealing with long-distance constraints.
Therefore, F 2 can type the application examples mentioned in Section 2.2 without annotations,
which fail in local type inference. For instance, the map example works well in F2. In addition, since
FZ does not infer T and L, the applications involving fst3 and fP1us fail. Higher-rank polymorphic
examples, such as g, are also accepted. In F% interdependent bounds are not problematic, so the
application of idFun works and finds the correct instantiation.

A restriction in FZ is that it cannot infer instantiations using type variables with monotype
bounds. The following code type checks in Scala, while it is rejected in Fé:

def idBnd[A <: Int](x: A) = fstl(x, x)

In Fé, an explicit type application (fst1 @a x x) is needed, when the instantiation is a type variable
a with the monotype bound like Int. Section 5 shows a variant of F’ 2 that can accept this program,
and in general can infer more instantiations, but loses completeness. However, note that if the
bound of a is Top in fst1 x x, the implicit instantiation still succeeds because in that case a is
considered to be a monotype.

In what follows we discuss the key ideas and design decisions in Fé, starting by motivating its
definition of monotypes, followed by other key technical ideas.

Non-syntactic monotypes. Previous works [Dunfield and Krishnaswami 2013; Odersky and Laufer
1996; Peyton Jones et al. 2007; Zhao and Oliveira 2022] on predicative HRP determine monotypes
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Table 1. Examples used in the comparison of local type inference with Fé

F? program Accepted or not

let map:V(a < T). V(b <T).(a—b) > [a] - [b]=... v

in map (Ax. x +1) [1,2,3]
let idFun:V(a < T).V(b<a—>a).b - a — a=Aa. Ab. Ax. x, v

idInt: Int — Int = Ax. x in idFun idInt
let snd:V(a < T).Int > (@ > a) 2 a > a=Aa. Ax. Ay. y %

in snd 1
let fst3:V(a<T).a > a—a=Aa Ax. Ay. x X

in fst31 true
let fPlus:V(a < T).(a — Int) > (a — Int) — Int =
Aa. Af.Ag. Ax. f x+gx X
in fPlus ((Ax.x+1) : Int — Int) ((Ay.5) : Bool — Int)
let k: (Int — Int) — Int = Af. 1,

g: ((Y(a <Int).a > a) > Int) > Int=Af.1 in g k v
let fst1:V(a<T).Y(b<T).a—>b—a=Aa Ab. Ax. ly. x

in (Aa. Ax. fst1 xx) :V(a < Int).a > a !

. in (Aa. Ax. fst1l @axx):V(a £ Int).a —>a v

. in(Aa. Ax. fstlxx):YV(a<T).a > a v

syntactically. In particular, they treat all type variables as monotypes. Simply adopting the same
idea in a system extending the subtyping relation in Figure 1 with bounded quantification would
break subtyping transitivity. The reader can look at the subtyping relation in Figure 2, which
provides such an extension and simply assume, for the sake of our argument, that all type variables
are monotypes. A counterexample that illustrates that transitivity does not hold is described next.

LetA=V(a<T).a,B=b,C=V(c<1).c—>land¥=-b<V(c<1).c— 1.Both¥+A<B
and ¥ + B < C hold as shown in the following derivations. But ¥ + A < C is invalid because the
two bounds (T and 1) are not equivalent, which is required by kernel F< when comparing bounds.

b<V(c<1)c—>1rb<T b<V¥(c<1).c—>1rb<b

e V-A<B: b<V(c<1).c—1rVY(@a<T)a<b
e ¥+-B<C: b<V(c<:1).c—>1Frb<V(c<:1).c— 1sy<VarTrans
e VHFALC: V(@<T)agtV(ic<:l).c—>1

The reason is the interplay between rule <VL and <VarTrans: type variables are used as mono-
types for instantiation in rule <VL, but they can be transformed into universal types using the
<VarTrans and used in other subtyping judgments. Similar problems happen if a type variable with
bound L is used as a monotype. To avoid breaking transitivity, we need to regard type variables
with such bounds as non-monotypes to forbid instantiating such type variables with rule <VL.

Can we then regard type variables with a monotype or T bound as monotypes? For transitivity,
and other essential properties such as type safety and soundness of the algorithmic system, such a
definition of monotypes is fine (as shown in Section 5.1). Sadly, with greedy instantiation, monotype
bounds are still problematic for a different reason. Recall the important property to ensure that
greedy instantiations always work: ¥ + 7; < 7, implies 7; = 7,. This property is broken if we
treat type variables with a monotype bound as a monotype. The counterexample is obvious,
wa<1ta<1buta# 1. Allowing monotypes to include type variables with bounds other than T
results in an incomplete greedy algorithm. To solve the abovementioned issues, all type variables
with bound other than T are considered non-monotypes, i.e., they cannot be implicitly instantiated
with rule <VL. In other words, our definition of monotypes is no longer purely syntactic.

BY <VL
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Matching and type-application inference—judgments. Animportant property that our completeness
result depends on is a subsumption theorem. The proof of the subsumption theorem needs us to
generalize the lemma to all kinds of judgments first and then prove them simultaneously. With
many new cases added due to bounded quantification, the proof becomes complex. We develop two
new kinds of judgment, namely matching and type application inference, to disentangle the proof.
The matching judgment is inspired by Siek et al. [2015] to replace the application inference used by
Zhao and Oliveira [2022] and Dunfield and Krishnaswami [2013]. The type-application inference-
judgment unifies all the cases with type application and reduces the number of cases in inference
judgments. These two judgments are defined independently from checking and inference judgments,
and their metatheory can be established independently. With the help of these two judgments and
their independently proved metatheory, our final generalized lemma for subsumption only requires
a 2-fold mutual induction with much fewer cases rather than a potential 4-fold mutual induction.

Polytype splitting and decidability. Previous works on type inference for implicit HRP [Dunfield
and Krishnaswami 2013; Zhao and Oliveira 2022; Zhao et al. 2019] adopt the following (simplified)
rule when comparing an existential (unification) variable with an arrow type in subtyping: split an
existential variable into two fresh ones to solve the domain and codomain type separately.

a<A—>B reducesto @ —»ay<A—>B whena¢FV(A— B)

This rule poses difficulties in proving decidability because it increases the number of existential
variables by one without decreasing any other measures instantly. To solve this issue, previous
work employs concepts such as instantiation judgments @ < A and A < @ and prove (1) each
reduction procedure of these instantiation judgments is decidable because the type size decreases;
(2) after an instantiation judgment is fully reduced, the overall measure will also decrease. This
intermediate decision procedure, that each instantiation judgment will reduce the overall measure
after an indefinite number of steps, creates complexity in the decidability proof.

We observe that it is unnecessary to split the existential variable when A — B is a monotype.
Instead, we can always solve @ using the monotype A — B directly, i.e., substitute every occurrence
of @ with A — B, and split only when A — B is a polytype. This modification, named polytype
splitting, allows us to develop a measure | - |, to track the maximum possible number of splits of
a type statically. With the help of this new measure, the entire measure of our algorithm always
decreases after a constant number of reduction steps, so the proof of decidability is greatly simplified.

Another challenge is to combine the measure used to prove the decidability of kernel F< with
that of worklist algorithms. The weight measure for F< [Pierce 2002], is not compatible with the
existential variables in worklists: the weight could increase arbitrarily after solving an existential
with a monotype. To address this challenge, we develop a lexicographic group of four measures on
the worklist. The first three in the group are (almost) unaffected by existential-variable solving,
and the last one is a simplified version of the weight.

Worklist substitution. A complication that arises in HRP type-inference algorithms is that exis-
tential (unification) variables sometimes need to have their scope widened. However, changing
the scope of an existential variable may require changing the scope of other existential variables
recursively. To help with this process and simplify the type-inference algorithm, we employ a
revised substitution procedure to deal with the variable insertion, removal, and worklist reordering
after solving an existential variable with another monotype. The rules and notations for the type-
inference algorithm can be presented more concisely and clearly since the scope management for
existential variables is encapsulated within the worklist substitution. The lemmas related to these
cases in the soundness, completeness, and decidability proof can also be stated in a unified manner
to provide more intuition on the properties of our system.
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3 DECLARATIVE SYSTEM

This section introduces a declarative type system for Fé, which serves as a specification for the
algorithmic version that will be presented in Section 4. The type system extends Zhao and Oliveira
[2022]’s FE type system by adding bounded quantification [Cardelli and Wegner 1985]. Several
important properties of the subtyping and typing relation are stated and discussed, especially the
transitivity of subtyping and the subsumption of typing, which are significantly complicated by
the addition of bounded quantification.

3.1 Syntax, Monotypes, and Well-Formedness

Type variables a,b

Types AB,C == 1la|Y(@<B).A|A—>B|T|L

Expressions et = x| (O|Ax.e|eres| (e:A)|e@A| A(a<B).e:A
Typing contexts A = | Ax:A| Aa<A

Subtyping contexts ¥ n= Al Yas A

The syntax of Fé is shown above. Compared to F¢, universal types ¥(a < B). A and type
abstractions A(a < B). e : A now incorporate a bound B to support bounded quantification. Type
application (e @A) is inherited from FZ. The remaining expression and type syntax is standard.

Differently from F¢, there are two kinds of contexts in FZ: typing context A and subtyping
context ¥. This change is to enforce some expected invariants. Firstly, subtype variables should
not occur in typing and typing contexts. Secondly, only subtype variables will be added to the
context in subtyping. Thus, a subtyping context should be a typing context prefix followed by
a collection of subtype variables. Consequently, the bound of a type variable cannot depend on
a subtype variable. Despite having no major consequences for the formalization in terms of the
properties of the system, none of these invariants are enforced in F£. In contrast, they are enforced
in F Z. With this new design, FZ distinguishes type variables from subtype variables by the entries
in the contexts (a < A or a < A) rather than by a syntactic distinction of a and d as in FZ. The
entries also keep track of the bound for (sub)type variables. For convenience, we sometimes use the
notation a £ A to represent both a < A and a < A entries in subtyping contexts. The key syntactic
differences to F¢ are marked in gray.

Monotypes. The definition of monotypes plays a central role in FZ, and it requires significant
changes in comparison to previous calculi with predicative implicit instantiation [Dunfield and
Krishnaswami 2013, 2019; Odersky and Laufer 1996; Peyton Jones et al. 2007]. Monotypes are no
longer defined syntactically due to the presence of bounds. Instead, we need a dedicated judgment
to decide whether a type variable is a monotype or not: only unbounded type variables (the upper
bound is T) are allowed. The new monotype relation needs to take the context ¥ as input to perform
the bound lookup. The remaining cases of the monotype definition are standard, as shown in the
top part of Figure 2. For brevity, we will use conventional symbols 7, o to represent monotypes in
¥ ™ 7 and sometimes omit ¥ when it is clear what the context is.

Well-formedness. Well-formedness (listed in Appendix C ) ensures the well-scopedness of binders.
After adding bounded quantification, we need to check the well-formedness of the bounds in
certain rules. We also inherit the free-variable checks in Zhao and Oliveira [2022] to ensure that the
polymorphic type V(a < B). A is indeed polymorphic. It is worth noting that if the type variable
appears in the bound of a nested universal type, it also passes the free-variable check, i.e., the type
V(a £ T).Y(b < a).b — b isregarded as a well-formed type in Fé.
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V" A A is a monotype
YA ¥Y+"B a<Te¥
MUnit —_——— M— — MTVar
Yo" ¥Y+™A—>B Y™ g
A is a subtype of B
asBeV¥
— <Unit — <T — <1 — <Var
Yr1<i1 YHFALT YrL<A Yra<a
asBe¥Y Y+B<A Y+B <A Y+A <B,
<VarTrans <—
Yra<A ‘FFA1—>AZSB1—>B2

Y7 Y"1 <B V¥t [r/a]A<C CisnotaV type L
Y+V(a<B)LA<C
Y-Bi<B, YrB;<B; Y,asBFrA <A
Wt V(a<By). A <V(a < By). Ay =Y

Fig. 2. Declarative Monotype and Subtyping

3.2 Subtyping

Figure 2 shows the rules of subtyping relation. Most rules are inherited from F¢. Rules <T, <1
and <— are standard subtyping rules for calculi with T, L and function types. Rule <Var is
the reflexivity rule for (sub)type variables. The remaining rules are key to supporting bounded
quantification. Rule <VL states that a universal type is a subtype of another (non-universal) type C
as long as we can find a monotype 7 that satisfies the bound B, such that the instantiated body is
the subtype of C. This rule differs from previous rules in the literature [Dunfield and Krishnaswami
2013; Zhao and Oliveira 2022] in that the monotype is not only required to be well-formed but
also a subtype of the bound B. By checking that ¥ + 7 < B, we prevent incorrect instantiations
that do not satisfy the bounds. Rule <V states that two universal types are subtypes if their bodies
are subtypes and their bounds are mutual subtypes of each other. This rule is adopted from the
equivalent type variant of kernel F< [Pierce 2002; Zhou et al. 2023] to support more flexible bound
comparison. Since we include bottom types, the subtyping relation is not antisymmetric like the
original F<, e.g., a type variable with a bottom bound and the bottom type are subtypes of each
other. Thus, the rule used here is more adequate. The extra condition “C is not a V type” in rule
<VL ensures that rule <V always takes priority when both sides are universal types. Finally, rule
<VarTrans allows comparing a (sub)type variable with a type A as long as its bound B can be
compared with this type. It is a standard rule in a type system with bounded quantification. The
reflexivity and transitivity property hold for this subtyping relation:

THEOREM 3.1 (SUBTYPING REFLEXIVITY). Given P+ A, P+ A < A.

THEOREM 3.2 (SUBTYPING TRANSITIVITY). Given ¥ + A, ¥ + B, and ¥ + C, if ¥ + A < B, and
Y+B<Cthen¥rA<C.

3.3 Typing

The top part of Figure 3 shows the declarative type system with the checking and inference judg-
ments. Most rules are standard in existing bidirectional type systems with higher-rank predicative
type inference [Dunfield and Krishnaswami 2013]. However, there are a few differences.
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Firstly, we do not include a rule that checks against a universal type:

ANares=A
Are<=Va. A

Here, we omit bounded quantification for a clearer comparison with previous work. Such a rule is
common in previous work [Dunfield and Krishnaswami 2013; Zhao and Oliveira 2022]. It allows
implicit definitions of polymorphic functions, where type variables do not need to be explicitly
bound at the term level. We drop this checking rule because it seems more appropriate for type
systems where the order of bound universal variables is irrelevant, which is not the case in F ﬁ.
Consider the following checking judgment that holds with the above rule: B

-+ Aa.(Ab.(Ax. Ay. .x) : Vb.a > b — a) : YaVb.a - b > a &VbNa.a - b —a

However, Vb.Va.a — b — a is not a subtype of Ya.¥b.a — b — a according to the subtyping rela-
tion since the order of the binders matters in Fé. In F 2, explicit type abstractions (A(a < B). e : A)
are the only way to define polymorphic functions, aligning better with calculi with local type
inference and with languages like Scala or Java. The consequence of removing this rule is that
lambda expressions annotated with a forall type are no longer accepted, e.g., Ax. x : Va. a — a.
Programmers must explicitly convert such expressions to A expressions. Since explicit type abstrac-
tion is more powerful than the implicit one by allowing scoped type variables [Peyton Jones and
Shields 2004; Zhao et al. 2019], no expressivity is lost.

Secondly, rule &—T is added to check a lambda expression against T. In FZ, there is a rule that
allows any well-formed expression to check against the top type. So, some peculiar expressions,
which seem nonsensical, e.g. () () : T, can also be type checked. The F¢ rule is type safe, since no
information can be extracted from an expression annotated with T. HO\7vever, we believe it is more
intuitive to completely reject any nonsensical expressions in F2. Therefore, in rule &—T, we use
the greatest function type in the subtyping lattice (L — T) to type-check the lambda expression.
This allows us to prevent nonsensical lambda expressions from being accepted when checked
against T. Checking the remaining expressions against T, including (), x, e : A, A(a < B). e : A,
and e; e; is now handled by the subsumption rule.

Finally, there are two new judgments. The inference of application depends on the matching
judgment A - A> B — C. Note that this judgment differs from the judgment used in F or Dunfield
and Krishnaswami [2013]. In addition, the inference of type applications is unified into a single
rule =TApp and depends on the new type-application inference—judgment A - A o B == C. Both
of these judgments are discussed next.

Matching. The matching judgment A + A>B — C in Figure 3 states that a type A can be regarded
as an arrow type B — C, and thus a term of type A can be applied to another term of type B and
have the result type be C. It was first proposed by Siek et al. [2015] and extended to polymorphic
types [Xie et al. 2019] by guessing instantiations until reaching an arrow type. The rules »V and
>— are similar to those in Xie et al. [2019]. In rule »V, a monotype 7 that satisfies the bound is
guessed, and the judgment is applied to the instantiated universal type recursively.

Rule »1 and »Var are newly added to support L and bounded quantification. Since a term of
type L can be applied to any well-typed term, and the result type is still L, 1 should match T — L,
the least function type in the subtyping lattice, as stated in »_L. With bounded quantification, it is
also possible for type variables to match an arrow type. This case is dealt with by rule »Var, which
states that as long as the bound of a type variable can match an arrow type, the type variable itself
can match this arrow type.
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e is checked against/infers A

(x:A)eA Are=A A+ALB A+rA AresA
— =Var <Sub =Anno
Arx=A A+e<=B Ar(e:A) = A
Aro—-71 Ax:crecsT Ax:Are<=B
=—Mono =
Arlx.e=> 0> ArAx.e=A—> B
Ax:lreeT Aba<Bre<=A ArB acFV(A)
R ————— =Unit
Arix.e=T Ar()=1 A+A(a<B).e:A=VY(a<B).A
Arege=>A A+rA>B—>C Are,<B
=App
Aree=C
Are=A A+rAoB==C A+B
=TApp
Are@B=C
ArArB—C A matches an arrow type B — C
>L >—>
Arl>T—> L A+rA—BrA—>B
A+r7<B A+t Ar|[r/a]A-C—>D a<CeA A+rCrA—>B
>V >Var
ArV(a<B).A»C—D Ara>A— B
AI—AOB:>:>C‘ A type-applied to B infers C
A+C<B
—— o==1 o=V
AFloA== 1 ArVY(a <B).AoC == [C/a]A
a<CeAN ArCoA==B
o==Var

AraoA==B

Fig. 3. Matching and Type-Application Inference.

The key reason to use matching instead of the application-inference judgment, Ar Aee == C
due to Dunfield and Krishnaswami [2013], is that the matching judgment is a pure type-level
relation and, thus, independent of the checking and inference rules. On the contrary, the application
inference judgment, which is also used in F¢, is mutually defined together with the checking
and inference judgments. Unfortunately, in a system with bounded quantification, this becomes
problematic as properties such as subsumption become much more entangled with other properties,
making proofs difficult. By decoupling matching from inference and checking, we are able to prove
many properties for matching independently, greatly simplifying our proofs.

Type application inference. The type-application inference-judgment A + A o B == C at the
bottom of Figure 6 states that a type A can be regarded as a universal or L type so that it can be
type-applied to type B, and the result type is C. This judgment generalizes the tworules L @ A = L
and Ya.A @ B = [B/a]A used by Zhao and Oliveira [2022]. It can be easily extended to support
new cases, i.e. rule o==Var, that is added due to bounded quantification. This rule allows type-level
variables to be type-applied when their bounds can be type-applied. Type-application inference is
also a pure type-level relation independent of checking and inference rules.

Checking subsumption. An important property that holds for the typing relation is:
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THEOREM 3.3 (CHECKING SUBSUMPTION). GivenA '\ B,ifA+ e < AandA+ A < B,thenA+ e & B.

3.4 Metatheory

In this section, we discuss the most interesting aspects of the metatheory of the declarative type
system. In particular, we discuss the challenges that emerge after the introduction of bounded
quantification.

Subtyping Transitivity. The proof of subtyping transitivity proceeds by induction on the first
subtyping relation. The tricky case is the <V rule,ie. ¥ + Y(a < D;). A < V(a < D). B < C. When
C is also a universal type V(a < D;). C’, a subtyping narrowing lemma is required to replace the
bound D, with the equivalent type Ds in the <V derivation ¥,a < D; + A < B. This is similar to the
transitivity proof in the algorithmic version of full F.. without a built-in transitivity rule [Pierce
2002]. When C is not a universal type, with the rule <VL, there exists 7 s.t. ¥ + 7 < D3 and
¥ + [r/a]B < C, and thus we need a subtyping stability lemma to substitute a with 7 in the above
<V derivation. Both the narrowing and stability lemmas are mutually dependent on the transitivity
lemma and must be proven simultaneously. In the proofs of both lemmas, the transitivity has to be
applied when A is a subtype variable due to the rule <VarTrans.

LEMMA 3.4 (SUBTYPING NARROWING AND STABILITY). Given all types and contexts well-formed,
(1) IfY,a <D, ¥ +rA<Band ¥;+ C< D, then¥;,a <C, ¥, A<B.
2) If¥,a <D, ¥, A< Band ¥;+ C < D, then ¥, [C/a] ¥z + [C/a]A < [C/a]B.

Subsumption. To prove the subsumption lemma, we first prove the subsumption lemmas for
matching and the type-application inference—judgment independently.

LEMMA 3.5 (MATCHING AND TYPE-APPLICATION INFERENCE-SUBSUMPTION). Given all types and
contexts well-formed,

(1) IfAr A>B— CandAvr A’ < A then3B,C'st. A+ A'>»B" - C'andA+ B - C' <B— C.

(2)IfAr AoB== Cand A+ A’ < A then3C' st. A+ AAoB== C' and A+ C' < C.

With the above two lemmas proved, we then adopt the proof technique used by Zhao et al. to
prove the subsumption lemma, which generalizes the subsumption theorem by (1) extending the
property to both checking and inference judgments; (2) introducing a sub-context relation A" <: A.
The sub-context is defined on typing context only and requires the bound of corresponding type
variables in A and A’ to be the same.

Sub-context

AN <A N <A A+rA<B
- < Na<A<:ANa<A N,x:A<:Ax:B

The most general form of the subsumption lemma is:

LEMMA 3.6 (CHECKING AND INFERENCE SUBSUMPTION). Given A’ <: A
(1) ifAre=AArA,and A+ A< A then AN Fe = A';
(2) ifAre= A then3A st. Ar A < AandA'+e= A'.

It is not hard to observe that if A’ <: A, any matching and type application judgment that holds
in A also holds in A” and vice versa since the changes in the bound of variables x do not affect these
two pure type-level judgments. Thus, the subsumption proved for matching and type-application
inference can be used in the proof this generalized lemma with the premise A’ <: A.
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The form of our subsumption lemmas is simpler than that used by Dunfield and Krishnaswami
[2013]; Zhao and Oliveira [2022]. The primary source of simplification comes from the use of the
matching judgment, inspired by the work of [Xie et al. 2019]. The metatheory of the matching
judgment can be developed independently of checking and inference. We initially tried to use the
same approach as Zhao and Oliveira, but the proof became too intricate due to several mutual
dependencies between various lemmas.

Type Safety and Completeness to kernel F<. The type safety of our type system is derived via an
elaboration to System F by taking a coercive interpretation [Breazu-Tannen et al. 1991]: a proof of
subtyping relation p : A < B is elaborated into a term e : |A| — |B| (| - | indicates type translation).
The translation of types and contexts to mitigate the syntax gap is adopted from Curien and Ghelli
[1992]. Specifically, V(a < B). A is translated to Va. (a — |B|) — |A|, and a < Bin ¥ is translated
to two entries a and ¢ : |a| — |B| in |¥|. We also prove that all kernel F< programs can type check
in our system after adjusting the annotations.

Appendix C contains the detailed definition of elaboration, translation, and annotation decoration,
and discussion.

THEOREM 3.7 (TYPE SOUNDNESS BY ELABORATION TO SYSTEM F). If A+ e & A < ¢ then
|Al bp €« |A]

THEOREM 3.8 (TYPE COMPLETENESS W.R.T. KERNEL F<). IfA+p_ e: Athen3e, s.t. |e] = | €], ie,
e and ¢’ only differ on annotations, and A+ ¢ = A.

4 ALGORITHMIC SYSTEM

This section introduces an algorithmic system that implements the specification of F Z presented in
Section 3 using the worklist approach [Zhao et al. 2019]. This algorithmic system is proven to be
sound and complete with respect to the declarative system and is decidable.

4.1 Syntax, Well-Formedness, and Notation

Type variables a,b Existential variables &, E

Algorithmic types A BC :u= 1la| Y(@<B).A|A->B|T|LlL]|a

Judgment 1) BE A<Ble=Ale=,w|AoB==,0| Argp ©
A—> Bee==,w

Algorithmic worklist T n= | TasA |T,a|T,x:A|Trow

Compared with the declarative syntax, the syntax of algorithmic expressions remains unchanged.
The syntax of algorithmic types is extended with a new sort of variable: existential variables (a, E)
Existential variables are used as placeholders for monotype guesses in several rules and will be
unified with another monotype during the reduction of the worklist. Existential variables are
also regarded as monotypes. The (sub)type variables in the worklist are modified to incorporate
a bound, similar to the modifications made to the declarative context. The syntactic differences
to F¢ are marked with gray shades. A worklist I' is an ordered collection of both (type) variable
declarations (with bindings) and judgments, so it combines traditional contexts and judgment into a
single sort. The ordered nature helps with precise scope management, which simplifies mechanical
formalization. Unlike the declarative system, there is only one kind of worklist that deals with both
subtyping and typing judgments.

Judgments. There are six kinds of judgments in the algorithmic system. Four of them are inherited
from F: subtyping (A < B), checking (e < A), inference (¢ =, w) and type-application inference
(A o B ==, ). The matching judgment (A >, ) and its accompanying application inference
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{r/a}T Substitute @ by 7in T

{r/a}(T,a) =T R R
{r/a}(T.p) = {t/a}T.p _ when § ¢ FV ()
{r/a}(Ty,a, T2, B) =3 {r/a} (L1, B, a.Tz) when f € FV (1)

{r/a}(T,b s A) =4{t/a}l,b s [t]a]A when b ¢ FV (1)
{r/a}(T,x : A) = {r/a}T,x: [t/a]A
{r/a}(T I w) = {t/a}T I [r/a]w

Fig. 4. Worklist Substitution

judgment (A — B e e ==, ) are new. The syntax of subtyping and checking judgments is simple
since they either succeed or fail. The syntax of inference, type-application inference, matching,
and application-inference judgments is represented using a continuation-passing style [Zhao et al.
2019] (i.e., with a subsequent judgment w and a subscript type variable a). These judgments return
a type that will be used in subsequent judgments w, but the type may still be unknown when
is created, so the type variable a serves as a placeholder in the subsequent judgment and will be
substituted to a concrete type once it is known.

Miscellaneous rules and notations.

o There are several well-formedness judgments. Firstly, - I checks that worklist I" is well-formed.
Secondly, ' F A checks that the type A is well-formed in I'. Finally, T’ F o checks that judgment
is well-formed in I'. The well-formedness definitions are mostly standard, but they also enforce
the distinctions between subtyping and typing contexts discussed in Section 3. The detailed rules
are in Appendix A.

e Worklist reduction I' — I": pops the last entry in the worklist T, processes according to the
rules, and possibly pushes multiple simplified judgments back to get a new worklist I”. T —* I”
denotes multiple reduction steps, and a worklist I is accepted by the algorithm iff the worklist
processes all the work until nothing is left (T —* -).

e Worklist substitution {r/a}T, replaces all the references to the existential variable & in the
worklist T’ with a monotype 7 and removes the existential variable @&. The existential variables
in 7 need to be moved before the original position of @ to maintain the well-formedness of
the worklist. Figure 4 shows the algorithmic procedure. It traverses the worklist from head to
tail until the declaration of @ is reached. Rule 1 is the base case where the declaration of @ is
reached, and @ is removed to finish the worklist substitution. Rules 2 and 3 deal with reaching
existential variables different from a. If E does not appear in 7, we continue the substitution
on the remaining worklist. If E appears in 7, we need to move E to the front of @ to keep the
well-formedness of 7 in the remaining substitution. Rule 4 deals with reaching (sub)type variables.
Unlike existential variables, (sub)type variables cannot be moved [Dunfield and Krishnaswami
2013]. So, we need to check that the current (sub)type variable does not appear in 7. Rules 5 and
6 deal with variables and judgments by replacing every reference to & with r and continuing on
the remaining worklist.

4.2 Algorithmic Rules

All the reduction rules are defined in a single relation but for clarity of presentation, we separate
them into three parts: garbage collection, subtyping, and typing. Compared with the declarative
rules, there are two general differences in the algorithmic reduction rules:
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o All the well-formedness checks of types in the declarative rules are dropped since we instead
require the input worklist to be well-formed, which guarantees that the algorithm only deals
with well-formed expressions and type annotations. Note that every reduction rule preserves
the well-formedness of the worklist.

e In the declarative system, if a declarative rule has multiple judgments as premises, they are
checked separately. These judgments are pushed into a single worklist and reduced jointly in
the algorithmic system. The order of pushing these judgments is deterministic for each rule,
though the order may sometimes make no difference.

Garbage Collection (Rules 1-3). The scoping mechanism of the ordered worklist ensures that if
the worklist is well-formed, these variables can never be referred to by any entries that appear
before them. Thus, it is safe to remove them if they are the last entry in the worklist.

lLa<A —; T T1,d —3 T T,x:A —3 T

The garbage collection of (type) variables is intuitive. The garbage collection of the existential
variable @ means that this existential variable is under-constrained and can be solved to any
monotype (and trivially, to 1).

Subtyping (Rules 4-16, Figure 5). These 13 rules can be classified into two categories, where the
first contains rules 4-12, and the second contains rules 13-16.

Rules in the first category are similar to their declarative counterparts. Rule 6 is added since we
have a new sort of variables in the algorithmic system. The side conditions B # T,B#aand A # T
in rule 7 prevent the overlapping with rules 5, 8 and 14, respectively. The most significant changes
are in rule 11, where an existential variable & is introduced instead of guessing the monotype 7
instantiation in its declarative counterpart rule <VL. The subtyping judgment ¥ + 7 < B, which
tests if the monotype satisfies the bounds, is also transformed accordingly to @ < B, then added
to the worklist. In rules 10, 11, and 12, multiple new entries are pushed back to the worklist. The
side-condition C # T in rule 11 prevents the overlapping with the rule 8. Though in rule 12, B; and
B, are pushed back after b < By, the solving scope of the existential variables in them does not
change because subtype variables are not monotypes, and cannot be used in implicit instantiation.
Another subtle difference is that the idea of “equivalent type” is enriched in rule 12 compared to rule
<V in that two types that contain existential variables can also be equivalent but not syntactically
equal, e.g., @y — land (1 — 1) — a, with @; and @; finally solved to 1 — 1 and 1.

The rules in the second category solve the existential variables. This set of rules is quite different
from those used in previous work [Zhao and Oliveira 2022; Zhao et al. 2019] where: (1) they only
solve existential variables to a basic monotype (i.e., another existential variable, type variable,
and unit type); (2) they always split an existential variable into two fresh existential variables
when it is compared with an arrow type. This new set of rules solves existential variables to
arbitrary monotypes by employing polytype splitting: existential variables are only split into two
when compared with a polytype (or non-monotype) arrow type. Since @; and @, are fresh, the
consequence of the worklist substitution in rules 15 and 16 is equivalent to inserting @, &, before
@, replacing every reference to @ in T by a; — @, and removing @. The occurs-check condition
in all four rules prevents the possible non-termination of the algorithm caused by judgments like
@ <1 — a.Inrules 13 and 14, this check also prevents overlapping with rule 6 since @ < « fails
such a check. The side condition 7 # E in rule 14 ensures that rule 13 takes priority when comparing
two different existential variables. Compared with the rules of FZ, the new formulation has fewer
rules and simplifies the proof of decidability, which will be discussed in detail in the Section 4.3.
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'r1<1 —y T

'ra<a —s5 T

R)

Tra<sa —4 T
''a<B —7; THFA<B whenasAeTAA+#TAB#+#TAB#a
T'rA<T —g T
''rFrL<A —9¢ T
T'rA; > Ay <B, > By, — ;g I'+FA, < By FB; <A
'rV(@<B).A<C —jLara<Br[a/a]A<C
when CisnotaVtype AC# T
IF'VY(a<B)). A £V(a<By). Ay —;T,a<B FBy <BFB; <By IFA; < A,
I'ra <t —3 {r/a}T whenT +" A ¢ FV (1)

oo}

Trr<a —y {r/a}l wheanmrA8¢FV(T)Ar¢E
T'trad<A—B —5{ay » a/a}(T,a, o) Fay > a, <A—B
whenT ¥ (A — B) Aa ¢ FV(A — B)
T'trA—>B<a —i oy » a/ay(T,a,a) FA—> B<a; — a,
whenT ¥ (A — B) Aa ¢ FV(A — B)

Fig. 5. Reduction Rules of Algorithmic Subtyping

Typing (Rules 17-36, Figure 6). Rules 17-20 deal with checking, rules 21-26 deal with inference,
rules 28-32 deal with application inference and rules 34-36 deal with type inference judgments.

Rules 17-19 are the algorithmic counterparts of <Sub, &<— and <—T. The premise of the
inference judgment in <Sub is modified to the continuation-passing style. The side condition
e # Ax. e’ in 17 prevents the overlapping with the rule 19. Rule 20 is added for existential variables.
An existential variable can be used to check a lambda expression iff it can finally be resolved to
an arrow type, so we split it into two fresh existential variables and process the worklist with the
worklist substitution.

Rules 21-27 are the algorithmic counterparts of =Var, =Anno, =A, =Unit, =App, = TApp and
=—Mono. Rules 21-24 are the base cases where the type is fully determined from the expression,
so we replace the placeholder a in w with the type. Rules 22 and 23 also push e < A to the
worklist to check the expression e has type A. Rules 25 and 26 infer the result of (type) application
by inferring the type of e; and leaving the remaining work to matching and (type) application-
inference judgments. Rule 27 creates two fresh existential variables &, E to solve the unknown
monotype of the lambda expression by replacing the placeholder a with @ — E in @ and checking
the body against ,7J;

Rules 28-31 are the algorithmic counterparts of >—, »V, > L, and »Var. Rules 28 and 29 are two
base cases where an arrow type is known (by viewing 1 as T — L). The placeholder a,b in w
is then replaced with the domain and codomain of this known arrow type. The modification of
rule 30 of introducing an existential variable @ is similar to that of rule 11. This a will finally be
unified with a monotype that satisfies the bound. Rule 32 is added for existential variables. Since
this existential variable must match an arrow type, we split it into two fresh variables and process
the worklist with the worklist substitution. Rule 33 checks whether an expression of the arrow
type A — B solved by the matching can be applied to another expression e by adding a checking
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I'ree=B —;;Tre=,a<B when e # Ax. e’
F'rAx.e=«A—>B —igx:Arte<B
TrAx.eeT —pLx:lrtesT
TkAx.e €@ —y {a1 = a/a}(T,a, az F Ax. e < @)
Tkx =40 —TIk[Alaw whenx:AeTl
T're:A=, 0w —nTIF[AlaJore<=A
I'r(A(a<B).e:A) =, 0w — T ([V(a<B).A/blw),a<Blre<=A
I'r() =, 0 —uTl Ik [l/dw
w
w

Treiea =0 —5T ey =5 (breg (c > dee; ==, 0))

Tre@A=,0 —TFe=y (boA ==, w)
TFAx.e =, 0 —97 F,&,Eu- ([&—»E/a]w),x ‘o e <:/?
I'rA— Brgp 0 — - [A/a,B/blw
F'kLlegp — - [T/a, L/blo
F'FY(a<B).Avgpw — s, aka<BW [alalAvyp @
IF'ravpew —51 TIFAPp . @ whena <AeTl
Tavyew —s {ay = az/a}(T,ay,az F avpe 0)
'rA—> Bee=>,w — 33 I [Blalore=A
TrVY(b<B).AoC==,0w —3TFC<BWF[([C/b]A)/a]lw
F'rloA==,w —3TI[L/a]w
'raoB=>=,w —3 T FAoB=2, w whena <AeT

Fig. 6. Reduction Rules of Algorithmic Typing

judgment e < A to the worklist, and then replacing the placeholder a in @ with the result of the
application B. The reintroduction of the application-inference judgments in this rule is because
the matching output ¢ and d in rule 25 are used in two separate judgments: ¢ in e; < ¢, and d in
[d/a]w. Since the inner judgment w can only pass the information about the placeholder a in our
continuation passing syntax, an extra judgment is necessary to distribute ¢ and d.

Rules 34-36 are the algorithmic counterparts of o==V, o== 1, and o==Var respectively. Rules
34 and 35 are two base cases where the result of the type application can be fully determined, so
we replace the placeholder a in o with this known result type. There is no new rule for existential
variables because a monotype can never be type-applied under the monotype definition.

4.3 Metatheory

To help formalize the correspondence between the declarative and algorithmic systems, we adopt
the approach used by Zhao et al. [2019], which adds another intermediate system defined by a set
of reduction rules on the declarative worklist Q. The syntax of Q is the same as the algorithmic
worklist except all types in its judgments and variable declarations are declarative types. Similar to
the notations in the algorithmic worklist, - Q, Q + A and Q +  denote the well-formedness.
There are two sets of reduction rules for this intermediate system, declarative reduction Q@ — Q’
and declarative worklist reduction Q —, Q’, for soundness and completeness proofs, respectively.
Q — Q' is a rephrasing of the declarative judgments using the worklist style, while Q —, Q’
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mimics the algorithmic reduction rules but still guesses the monotype 7 instead of introducing
existential variables. The detailed rules of well-formedness and reduction of the declarative worklist
are listed in Appendix. A. @ —* - and Q —, - are proved equivalent:

THEOREM 4.1 (EQUIVALENCE OF DECLARATIVE REDUCTION). V@, ift+ Q, then Q —* - iff Q —7 -.

Soundness and Completeness. Soundness and completeness are built on worklist instantiation [Zhao
et al. 2019], which converts an algorithmic worklist I" to a declarative worklist Q by replacing all
existential variables @ in T with a well-formed monotype 7 in Q.

T~ Q Q is instantiated to T
Qrrt Q, [r/a]T ~ Q

VYe) Mo

Qs Q Q,a,T ~ Q

Their formal statement is standard as described in the following two theorems. The quantifier in
the two lemmas is different because worklist instantiation is a non-deterministic relation.

THEOREM 4.2 (SOUNDNESS). If+ ' and ' —* -, then 3Q, s.t. I’ ~» Q and Q —* -.
THEOREM 4.3 (COMPLETENESS). IfQ —7 - then VI, if r " and I" ~»> Q, then ' —™ -.

The proof proceeds by induction of the derivation of ' —* - and Q —} -, respectively.
Compared with the previous proof, there are two differences. First, existential-variable solving is all
dealt with by worklist substitution. The corresponding cases on the proof are unified, all depending
on the instantiation-consistency lemma that worklist substitution preserves instantiation. We prove
the lemma by induction on an equivalent tail-recursive version of the worklist substitution.

LEMMA 4.4 (INSTANTIATION CONSISTENCY).

(1) If {z/a}l ~> Q, then I ~» Q;
@ITrra<t~»Qrt <t orT'rr<a~ Q1 <7, then{r/a} ~ Q.

Secondly, the case <— of the completeness proof relies on a property to ensure the occurrence-
check condition in rules 13-16 is satisfied, enabling the reduction on the algorithmic worklist to
continue. The proof of this lemma in F¢ was based on the contradiction between the following
two properties (1) if A — B contains &, A; — B; contains strictly more arrows that C and (2) if
Q I 7 < A, 7 has more arrows than A. Fortunately, the above two properties still hold in FZ by just
counting the arrows in bounds (the number of arrows of a (sub)type variable is still zero).

LEMMA 4.5 (PRUNE TRANSFER FOR INSTANTIATION). If (' @ < A — B) »» (Q - C < A; — B))
and Q+ C < A; — By, then ¢ FV(A) U FV(B).

Confluence and Determinism. To demonstrate the greedy nature of the algorithmic approach (i.e.,
it always picks the first instantiation and does not backtrack), we show that the algorithmic system
is confluent and deterministic. These properties suggest that the algorithm can be implemented in
an efficient way.

THEOREM 4.6 (ALGORITHMIC-REDUCTION DETERMINISM). Givent I, if ' — I'; and I’ — I3,
then I'; = I'; (up to a-equivalance).

COROLLARY 4.7 (CONFLUENCE). Givent I, if I —* I'y and ' —* T, then 35, [y s.t. I} —* I3
and I, —™ I'y and I's = T'y (up to a-equivalance).
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Confluence is a direct corollary of Lemma 4.6, proved by induction on the derivation of I' —* I3.
Removing some side-conditions would make the algorithm non-deterministic, but could still retain
confluence. Most of the restrictions that can be dropped, while retaining confluence, are checks that
a type cannot be T. For instance, we do not need B # T inrule 7 or C # T in rule 11. Besides, 7 # E
in rule 14 can also be dropped. The more interesting restriction that we believe can be dropped is
the monotype restriction in rules 15 and 16. All the other conditions seem necessary not to get into
any stuck state. We conjecture that the removal of restrictions preserves confluence (while losing
determinism), but we did not formally study that version of the algorithm.

Decidability. The decidability proof is based on a lexicographic group of four measures on the
worklist T*: <|F|e, IT]w, 2|IT | + Ty + T3, |I‘|w>. ITles IT]ws IT1=, ITlv, ITlz, IT|. are the term size,
number of judgments, number of splits, number of V, number of existential-variable declarations,
and a simplified version of weight, of the worklist, respectively. Compared with the measure
used by FZ, the key innovation is |T'|,, which statically computes the number of maximum splits
of a type A, assuming it is compared with an existential variable in subtyping. All the detailed
measure definitions are in Appendix E. The |-|_, and |-|v measures enjoy the desirable property of
remaining unchanged after substituting an existential variable with any monotype, implying that
both existential-variable solving and worklist instantiation will not affect them.

Using |-|—, enables us to reduce the number of measures required for the decidability proof. In
F¢, a tuple of 6 different measures (instead of 4) is needed. It also solves the complication in the
decidability proof when comparing existential variables with an arrow type in subtyping. Zhao
et al. uses an instantiation decidability lemma to state that their measure will finally decrease after
an indefinite number of steps after they split an existential variable by observing how worklist
reduction behaves on instantiation judgments. Instead, in our rules 15 and 16, |T'|_, decreases by
one, and |T'|; increases by one after a two-step reduction, so the whole measure decreases.

The most interesting case in our decidability proof is the rule 12, where the rebounding happens
for the a in A, during the reduction from |Y(a < By). Az|%, to |A; |E,asBl. To proceed with the proof,
we need to first find some connections between the measures before and after the rebounding
based on the condition that B; and B; are equivalent.

According to the definition of |-|',, we can prove that if two declarative types A and B are
equivalent, then |A|®, = |B|® and |A|S = |B|§2 both hold.

LEMMA 4.8 (| - |- AND | - |y EQUALITY OF EQUIVALENT DECLARATIVE TYPE).
Given+t Q+r A<BFB<A, ifQ+ A< BIrB< A—" -, then|A|? = |B| and |A|$ = |B|}.

Using soundness, completeness, and the property that |-|, and |-|v remains unchanged under
worklist instantiation, we can transfer this property to the algorithmic system.

LEMMA 4.9 (| - |— AND | - |y EQUALITY OF EQUIVALENT ALGORITHMIC TYPE).
Given+ ' A<BFB<A,ifl+ A<BrB<A—" then|Al', = B, and |A|}, = |B.,.

Then, we apply the induction hypothesis on I3 : I',a < By I B, < By I By < B; to get that I}
reduces or not. If I} does not reduce, based on the algorithmic-reduction weakening-lemma (++
is the worklist concatenation), I7 - A; < A, does not reduce either. The algorithmic-reduction
weakening—lemma is also proved by transferring the declarative-reduction weakening—lemma
using soundness and completeness.

LEMMA 4.10 (ALGORITHMIC-REDUCTION WEAKENING). Given 't I’y ++ Iy, if I'1++ I, —* -, then
F] —" .

Otherwise, if I reduces, we can now utilize the equality property of | - |, and | - |v to know
these two measures of the body A, are not affected by the rebounding on equivalent types and the
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overall measure decreases. For the remaining cases, the measures are also guaranteed to decrease
after a constant number of steps, so the decidability proof of our system can be finalized in a
straightforward manner. We can now establish the decidability theorem for both algorithmic and
declarative systems.

THEOREM 4.11 (ALGORITHMIC DECIDABILITY). Given + I, it is decidable whether ' —* - or not.
COROLLARY 4.12 (DECLARATIVE DECIDABILITY). Given + Q, it is decidable whether Q —* - or not.

One remark is that the dependence of the decidability proof on soundness and completeness
limits the applicability of the proof technique to other variants or extensions of the system where
completeness is lost. We discuss one such variant in Section 5. The dependence on the measure
equality of algorithmic types can be possibly removed by modifying the algorithm to avoid re-
bounding in the first place. However, such a change to the algorithm seems non-trivial. Another
choice is to prove the equality properties directly on the algorithmic system. The dependence on
the algorithmic-reduction weakening is difficult to remove and proving the lemma directly seems
to require a simultaneous proof with the decidability itself. Abella’s lack of handy mathematical
reasoning already resulted in a complicated decidability proof, so we did not attempt a direct
proof for either of the properties. Exploring solutions to simplifying the proof and removing the
dependence on soundness and completeness is left for future work.

5 EXPLORING THE DESIGN SPACE

In this section, we revisit some design decisions of Fé and present a sound variant of Fé that
supports subtyping between monotypes, at the cost of completeness.

5.1 Fé with Monotype Subtyping

The inference algorithm of Fé, as presented in the earlier sections of the paper, relies on the
equality of monotypes. Consequently, implicit instantiation cannot employ subtyping between
monotypes, which can be limiting, since subtyping between monotypes is pervasive in object-
oriented languages. Equality of monotypes is basically imposed by the desire to obtain a complete
type-inference algorithm, and the choice of greedy instantiation. Gladly, it is possible to generalize
our definition of monotypes to allow for monotype subtyping, while still having a sound type
inference algorithm.

More inference without completeness. We can broaden our definition of monotypes to get more
type inference. We consider type variables bounded by monotypes to be themselves monotypes in
our new variant of F 2. This is achieved by adding the following rule to the definition of monotypes
in Figure 2:

a<Ae¥Y YI"A
Y™ g

MTVarRec

With this rule, we can accept more programs where implicit instantiation can use type variables
with (monotype) bounds. This rule also makes the definition of monotypes even less syntactic as
now we need to recursively analyze the bounds of type variables to determine whether a type
variable is a monotype or not. In this design, we still obtain a sound algorithm with respect to
the declarative specification, but completeness is lost. The algorithmic system behaves similarly
to the implementation by Cardelli [1993], where the success or failure of type inference becomes
less predictable. An example that illustrates the loss of completeness is the subtyping judgment
wb<1kV(@<1l).a—a—a<1l—b— b whichisaccepted by the new declarative system by
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instantiating a with b (as b is regarded as a monotype in the new definition). However, it is rejected
by algorithmic reduction because the algorithm will solve @ to 1 after a two-step reduction.

wb<1rV(@<l.a—ma—a<l-ob-ob—" b<lara—oa<b—obrl<a

Nominal subtyping. The previous example hints for how our algorithm can be extended to deal
with nominal subtyping, which is common in OOP languages. In mainstream OOP languages, class
hierarchies can be defined, introducing subtyping relations between classes. For instance we can
add Circle and Shape classes, where Circle <: Shape. Here Circle and Shape would be two
monotypes, and it would be desirable to account for the subtyping relation between those types to
enable implicit instantiation.

We can emulate what would happen after extending the calculus with nominal subtyping via
bounded quantification. With the new MTVarRec rule, we can model examples involving a Circle
and Shape type with a subtyping relation between them. For instance, consider the following two
subtyping statements:

(1) -, Shape < T,Circle < Shape I Y(a < Shape). a — a — a < Shape — Circle — Shape
(2) -, Shape < T,Circle < Shape I V(a < Shape). a — a — a < Circle — Shape — Shape
By viewing Shape and Circle just as regular (bounded) type variables, the first statement succeeds
as greedy instantiation picks Shape, leading to Shape — Shape — Shape < Shape — Circle —
Shape, which is valid. In contrast, the second statement fails as greedy instantiation results in
Circle — Circle — Circle < Circle — Shape — Shape, which is invalid. This behavior

closely parallels the behavior of instantiation in Scala 2 concerning curried functions:

trait Shape

trait Circle extends Shape

def poly2[A] : A => A =>A=x =>y =>X

def ex1 = poly2 (new Shape {}) (new Circle{}) // Accepted

def ex2 = poly2 (new Circle{}) (new Shape{}) // Fails: instantiation picks Circle
In Scala 2, ex1 is accepted, while ex2 fails, since Scala (greedily) picks Circle for the instantiation
of A. This example illustrates the left-to-right bias of Scala 2 type inference. Scala 3 seems to employ
a hybrid algorithm that combines local type inference with other techniques and can accept ex2.
Unfortunately, this algorithm is undocumented, and it is hard to make a precise comparison against
it. The behavior in Scala 2 should be consistent with local type inference and algorithms employed
in other OOP languages. Of course, for uncurried functions, Scala 2 employs local type inference
techniques, which collect subtyping constraints for all the arguments. Thus, both of the examples
with uncurried functions below succeed:

def poly[Al(x : A, y : A) : A =x

def ex3 = poly(new Shape {3}, new Circle{}) // Accepted

def ex4 = poly(new Circle{}, new Shape {}) // Accepted
The primary limitation of our greedy algorithm, compared to the algorithms employed in Scala
2, is the absence of specialized support for uncurried functions. This limitation is still important,
given that mainstream OOP languages use uncurried functions by default. However, it is worth
mentioning that many implicit instantiations should still work correctly with our algorithm, even
with uncurried functions.

Metatheory results and practicality. The algorithmic rules of this variant are the same, except
that the side condition A # T in rule 7 is changed to (T ¥™ a) V (B is not a existential variable)
for determinism. We have formalized this variant and proved all the same results that we have
presented for F?, except for completeness and decidability. Completeness does not hold, as our
earlier example shows. We conjecture that the algorithm will terminate, but since our current proof
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of decidability relies on the completeness, we cannot adapt it to obtain a proof of termination
for the algorithm. Despite being incomplete, we believe that this variant of F 2 would work well
in practice. Cardelli [1993] has observed that his greedy algorithm works well in practice, and
other researchers [Mercer et al. 2022; Pierce and Turner 2000] corroborated Cardelli’s opinion
on the greedy approach. In fact, Scala’s type-inference algorithm is itself (partly) greedy, and the
“left-to-right” bias of Scala in doing type inference and instantiation is well-known. Seasoned Scala
programmers are aware of the left-to-right bias of the algorithm and exploit it in the design of
Scala programs®. Thus, we think that this variant of F2 could work well, without causing much
confusion to programmers, despite its bias in the instantiation order.

5.2 Other Possible Extensions

Complete type inference with monotype subtyping. One alternative way to obtain more type
inference while preserving completeness would be to use a non-greedy algorithm instead. The
greediness of our algorithm shows up in rules such as:

I'ra <1 —3 {r/a}T when @& ¢ FV (1)

Here, once an existential variable is found to be a subtype of a monotype z, we immediately solve it
to that monotype by substituting & by 7 in the remaining worklist. A non-greedy algorithm cannot
employ substitution directly and should, instead, collect subtyping constraints. For instance, instead
of an entry T, & in the worklist, we could have, T, A < @ < B, where A and B are lower and upper
bounds, respectively, of &. In a rule such as the above, instead of substituting & by z, we would need
to update the upper bound of @ in the worklist. This change in the algorithm would be non-trivial
and require many modifications, as well as changes in the metatheory. With this change, we would
be able to delay instantiation until all the constraints have been collected. In turn, this would avoid
the bias of the (incomplete) greedy algorithm in Section 5.1. We are interested in exploring this
idea in the future, but have not developed an algorithm and metatheory yet.

Let polymorphism. Another way to get more inference with the current design of Fz is to add
let polymorphism. We believe that F2 has interesting properties that would make this easier than
previous designs attempting to add HM-style type inference in languages with subtyping. Our
definition of monotypes in Figure 2 forbids all bounded type variables (i.e., the bound can only be T).
While this is quite conservative for some programs with subtyping, it does have some advantages.
If generalization is applied to a monotype containing existential type variables, then all those
existential type variables would have to be unbounded if generalized. This would mean that no
simplification of polymorphic constraints would be needed, since there could be no bounds for
generalized type variables.

A problem in adapting this idea to F 2 is that, in the current design, the order of type variables in
universal quantification is relevant. But, for let generalization, we should have order-irrelevant
universal quantification. Fortunately, Eisenberg et al. [2016] has studied a related problem and
proposed a solution that enables both order-relevant quantifiers (which can use explicit type
applications), as well as order-irrelevant quantifiers, which enable HM-style let polymorphism (but
cannot use explicit type applications). Eisenberg et al.’s approach is currently implemented in the
GHC Haskell compiler. We believe that a similar design could be adopted for Fé.

6 RELATED WORK

Local type inference. Local type inference has been shown to work in the presence of bounded
quantification by Pierce and Turner [2000], albeit with some limitations as discussed in Section 2.

3See, for example: https://discuss.daml.com/t/scala-inference-rules-of-thumb/2242.
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Despite its success and impact, local type inference has only been studied formally in restricted
settings, which are basically variants of System F and F<. Many of the extensions of local type
inference used in practical implementations have not been formally studied. Colored local type
inference [Odersky et al. 2001] enables the propagation of partial type information by coloring
inherited and synthesized types according to their directions of propagation in the syntax tree. The
algorithm was also adopted by Plociniczak [2016] to analyze the type errors and it is the basis of
the type-inference algorithm in Scala 2. Section 2 gives an extensive overview of (colored) local
type inference, and compares it to Fé.

The treatment of curried applications is limited in local type inference, possibly hindering
its usability for (functional) languages where curried applications are common. Spine-local type
inference [Jenkins and Stump 2018] takes an approach that utilizes the type information from the
application spine to address this limitation, improving type inference for curried applications. An
example that illustrates this limitation of local type inference, due to Jenkins and Stump, is:

pair:Va.Vb.a — b — (ax b) I pair (Ax.x) 0: (Int — Int) X Int = (Int — Int) X Int

Even if full types (Int — Int) X Int are provided in a type annotation, the above program fails to
type-check with classic local type inference because the type of the first argument Ax.x cannot be
inferred. Jenkins and Stump propose a form of contextual type-argument inference, which allows
the propagation of constraints in curried-function applications, accepting the above example. F2
treats curried and uncurried applications uniformly with existential variables, naturally solving
the problem. In the above example, F’ 2 will generate @ and B\, which later will be instantiated to
Int — Int and Int during constraint solving. In addition, in FZ, even the expression without
the annotation (pair (Ax.x) 0) can type-check due to F2’s global approach to type-inference.
In contrast, without type annotations, pair (Ax.x) 0 would be rejected using (spine) local type
inference approaches. However, since F I; only solves existential variables to monotypes, spine-local
type inference accepts some examples that are rejected in Fé:

pair :VYa.Vb.a —» b — (axb) I pair (Ax.x) 0: (Va.a — a) x Int = (Va.a — a) x Int
Fé requires explicit instantiation for the above example since the type that should be inferred
is a polytype, Ya. a — a. Mercer et al. [2022] proposed a local type-inference algorithm for an
impredicative polarized call-by-push-value variant of System F. The proposed algorithm is formally
proved to be decidable. Quick Look [Serrano et al. 2020], adopted in GHC 9, provides impredicative
inference, but subtyping of function types is treated invariantly.

Unlike our work, these recent developments adopting ideas of local type inference focus on
traditional System F, and do not consider bounded quantification or top and bottom types.

Global type inference with bounded quantification. Global type inference employs long-distance
constraints via unification variables. Cardelli [1993]’s F< implementation provides a heuristic
global type-inference algorithm that is not formally studied. It introduces unification variables
to support long-distance constraints. Impredicative instantiation is implemented by unifying the
unification variable with the first type constraint it encounters. In other words, Cardelli adopts a
greedy approach, like our work. Type variables are directly instantiated to their bounds. However,
the algorithm is not complete in the sense that the success of its greedy solving scheme depends
on the order of candidate instantiations. On the other hand, Fé is guaranteed to find the correct
solution meeting our declarative specification, yielding a more predictable behavior. F2 achieves
this by distinguishing monotypes, which can always be guessed, from more general polytypes that
require explicit type applications.

Sequeira [1998] studied a predicative variant of System F with bounded quantification, named
MLy<. MLy< is not an extension of F< and employs some different rules. In particular, there
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are at least two important restrictions. Firstly, MLy < is predicative and does not support explicit
type applications. Thus, it cannot encode impredicative instantiations of F<. Secondly, the bounds
for type variables are restricted to monotypes, whereas F< supports unrestricted bounds. MLy <
is more ambitious than our work in the sense that it aims at complete Hindley-Milner style
inference, whereas we do not support let generalization or inference of principal types. Another
important issue, which was left unsolved in MLy <, is that it does not address the issue of simplifying
constraints. This results in an impractical system where the inferred types can be too hard for
humans to understand due to the number of constraints on types.

Type inference with subtyping and MLSub. The conventional approach to tackle type inference
in HM extended with subtyping is collecting the constraint set and simplifying it using finite
automata [Eifrig et al. 1995a,b; Pottier 1998]. MLF [Rémy and Yakobowski 2008] extends the syntax
of System F with flexible quantification V(a > B). A and rigid quantification ¥ (a = B). A to help
track the information for possible instantiations, requiring annotations on variables with divergent
impredicative instantiations only. Similarly to Quick Look, HMF [Leijen 2008] also restricts the
subtyping of the function type to be invariant. MLsub [Dolan and Mycroft 2017; Parreaux 2020] has
the more ambitious goal to have complete inference of principal types with (first-order, or rank-1)
polymorphic functions. To obtain the principality of inference and subsumption in the presence
of subtyping, MLsub builds an initial distributive lattice over type with a specific group of type
constructors: equi-recursive, union, and intersection types. MLstruct [Parreaux and Chau 2022]
extends MLsub by supporting first-class union and intersection types with a new boolean algebra
over types. F2, has more modest goals in terms of type inference. Full inference for System F and
F without type annotations, is undecidable, so the techniques of MLsub and its variants cannot be
used directly. More generally MLsub/struct address first-order polymorphism only, whereas F&
deals with higher-order polymorphism, and also supports impredicative explicit type applications.
Nevertheless, we expect that several of the techniques developed in MLSub/struct will prove to be
useful in the future to improve partial type inference methods.

7 CONCLUSION

Type inference is vital in polymorphic programming languages to alleviate the burden of writing
type annotations everywhere. However, it remains controversial how to balance the expressiveness
of the language and the ability to obtain a practical and effective type inference algorithm. In this
paper, we propose F2, which extends elementary type inference and F¢ to bounded quantification,
and inherits F¢’s modest approach to global type inference. With a careful design of what should be
regarded as monotypes, we obtain a predictable and easy-to-implement algorithm that is sound and
complete with respect to the declarative system. Meanwhile, instantiations involving polytypes are
still available using explicit type applications. Thus, F' 2 can express all kernel F< programs. We also
study a variant of F IS’ that can infer types for more programs at the cost of completeness. This variant
supports monotype subtyping, and has a left-to-right bias with respect to instantiation, which is
similar to the bias that exists in languages like Scala. Thus we believe that, despite incompleteness,
this variant can be used in practical type-inference algorithms.
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A WELL-FORMDNESS DEFINITIONS

YA Well-formed declarative type (subtyping)
asBeV¥
wfqunit wfyT wfgL —— wfgvar
Y1 YT YL ¥Yt+a
YrA ¥Y+B ¥Y+B ¥Y,a<sBrA aeFV(A)
— Wfy— wfgV
Y+-A—>B ¥Y+V(a<B).A
ArA Well-formed declarative type (typing)
a<BeA
wftqunit wftyT wftgL ——FF  wftqvar
Ar1 A+T Ar L Atva
A+A A+B A+B Aa<BrA acFV(A)
— Wty wftgV
A+A— B ArVY(a <B). A
Well-formed declarative expression
x:AeA Ax:Are Are Are
wfgtmvar wfgtmunit ——— wfyabs —FF  wfgapp
A+ x A+ () A+ Ax. e At e e
ArA Avre ArA Avre
——— wfganno ——  wfgtApp
A+ (e:A) Are @A

A+rB Aa<BrA Aa<Bre acFV(A)
ArA(a<B).e:A

wfgtlam

Fig. 7. Well-Formedness for the Declarative System

The well-formedness of the declarative and algorithmic systems can be found in Figure 7 and
Figure 8. The well-formedness rules of the type and expression in both systems are similar. The
algorithmic system incorporates additional rules for judgment and worklist.
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Ir'rA Well-formed algorithmic type (subtyping)
asBeT a€eTl
wf_unit wf_ T wf_L ———  wf_var — wf_exvar
r1 F'eT 'r L I'kta I'ra
I'+A T'+B I'+tB Y,asB+rA acFV(A)
— wf_— wf_V
r-A—B F'+VY(a<B).A
ArA Well-formed algorithmic type (typing)
a<BeA
wft_unit wft_T wft_L ——  wft_var
Ar1 ArT AF L AFa
aen A+rA A+B A+B ¥Y,a<BrA a€cFV(A)
— wft_exvar — wft_— wft V
Avra A+A— B A+rVY(a <B). A
Well-formed algorithmic expression
x:AeA Ax:Are Are Are
—— wf_tmvar wf_tmunit —  wf_abs —— wf_app
A+ x A+ () ArAx.e At e e
AFA Atre AFA Atre
—  wf_anno ——  wf_tApp
A+ (e:A) Are@A

A+B Aa<BrA Aa<Btre acFV(A)
ArA(a<B).e:A

Well-formed algorithmic judgment

wf_tLam

ArA A+ B Are A+FA Are ANa<Ttro
_— W'FS — wf&e wf=
A+A<B Are=A Are=,0
ArA Ara<T,b<Ttrow A+A A+ B ANa<Tlrow
wfe wfo
ArAvyp A+rAoB=>=, w0
A+rA— B Are ANa<Tro
wfe
A+rA—>Bee==,w
Well-formed algorithmic worklist (typing)
FA AFrB FA FA AFA FA Arow
— wft- — Wwft, — wft, — wfter —_—  Wfty
Fo- FAa<B FAa FAXx:A FAIF®
Well-formed algorithmic worklist
FA AFB +T T+B FT FA AFA
— wf- ——— wfa ——— wfs — wf ———— wfor
F- FAa<B FI,a <B FTa FAx:A
FA AFrw o isnotasubtyping judgment +rIT T+A T+B
w wf
FAFow © FTHA<B :

Fig. 8. Well-Formedness for the Algorithmic System
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Tyt {r/a}T succeed
Frz T - b ¢ FV(r) TrztT
— wfs_a — wfs_f a wfs_var
Nargr | ILbsAvrgzr
'tz 1 T'irz1
- wfs_of - wfs_w
Tx:Avrgr T'rorgr

Fig. 9. Totality Condition for Worklist Substitution

Substitute @ by 7 in T (I} stores the results)
{r/a}(.2) | T; = L. [r/a]l;_
{r/a}(T.p) I T; = {r/a}T | B.T;
{r/a} T, a, T, B) | Ty =3 {c/a}ly, B, o, Tx | T}
{r/a}(T,b s A) |} =4{t/a}T |bsAT;
{r/a}(T,x: A) | T; = {r/a}T | x: AT,
{r/a}(T ) | T, = {r/a}T | . T;

when ﬁgé FV (1)
when f € FV (1)
when b ¢ FV (1)

Fig. 10. Tail-recursive Worklist Substitution

The worklist substitution {r/a}T simplifies the proof by managing variable reordering and
substitution in a unified manner. It is worth noting that the function {zr/a}T is not total for all
well-formed I' and 7, since it may fail when it finds the wrong scoping during the substitution.
For example, @ + @ < 1,b < T is a well-formed context, and b is a well-formed monotype.
{b/a}(@ r @ < 1,b < T) should be rejected, otherwise the scope of b is expanded. Therefore, there
is an additional relation T + 7 in Figure 9 indicating if {r/a@}T succeed or not, which is decidable.

Another point worth noting is that we used another equivalent tail-recursive version of worklist
substitution in the proofs of Lemma 4.4 to get a better inductive hypothesis.
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C PROOF DETAILS OF TYPE SAFETY

A AF

—Unit —Var

1—1 a“—a
A< AF B BF

A— B— A — BF

——

Y gF

v pF A AF

295:33

A is translated to AF

—T —_—
T—>1 1l <—>Va.a

A< AF B BF

——

e ‘I’,x:A%‘IfF,x:AF

V(a < B). A< Va. (a — Bf) — AF

¥ is translated to ¥F

v pF A AF

YasA—>¥Yax:a— |AF|

Fig. 11. Type and Context Translation

YFA<B <> co

<Unit
YrE1<1 > AMx:1). x

YA

<1
Y1 <A > Ax:Va a).x @A|

asBeVY ¢ :|a— B|le|Y|

Subtyping ¥ +- A < B is elaborated to co

YA
<T
TrA<T < Ax:|A]. ()
asBeV¥ — x
<Var

Yra<a > AMx:a).x

Yr-FB<A < co,

<VarTrans

Yra<A — Ax:]al). cos (¢1 x)

Yi+B <A <>coy YHrA) <By <> coy
W Ar Ay < By — By > A (A — AaD) AGe: IBiD. cos (f (cor )
Y+ [r/a]A<SC —>coy ¥Y+r1<B —>co, acFV(A) CisnotaV type
¥Y+VY(a<B).A<C <= Ax:|¥(a £ B). Al|).co; (x @|7]) cos) ="t
Y+By <By > Y+ By <B; <> coy
Y,a<ByrA <Ay —co; acFV(A) aeFV(A)
¥Y+V(a<By).A <£V(a £By). A
= A(x : [V(a < By). A1]). Aa. A(f : a — |Bz]). cor ((x @a) (A(x : a). coz (f x)))

Fig. 12. Declarative Subtyping

C.1 Soundness by Elaborating to System F

The type safety is proved by elaborating expressions in Fé to expressions in System F with a
terminal type 1. The definition of both translations are standard as previous works in translating
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types and contexts of F< to those of System F with a terminal type 1[Curien and Ghelli 1992]. The
relations of both type and context translation are total and deterministic and can be transformed
to a function. For brevity, we directly use |A| and |¥| to denote the result of A and ¥ of these
translation functions.
e Universal type VY(a < B). A is translated to Va. (a — |B|) — |A];
e Type variable a with its bound in V¥ is translated to two entries a, ¢ : a — |A|, where c is a fresh
name;
Compared with the F< translation, there are three minor differences in our translation because
of the additional types in Fé.
e Both T and 1 is translated to 1;
e | is translated to Va. a;
e a < A €V isalso translated into two entries, a,c : a — |A]|.

Elaboration of Subtyping. A subtyping judgment A < B elaborates to a System F expression e’
of the function type |A| — |B|. The elaboration rules may call the translation function to obtain
the correct type to use for annotations. For example, rule <T uses |A| to denote the type of the
term to be coerced. Rules <VL and <V use explicit type applications to properly instantiate the
argument type, and then produce a term of expected type in combination with the coercion from
their premises. The following lemma states the soundness property for subtyping:

LEmMA C.1 (SUBTYPING SOUNDNESS BY ELABORATING TO SYSTEM F). If¥ + A < B then |¥| +p E :
|Al — |BJ.

Elaboration of Typing. Similarly to other metatheory of matching and type-application inference
judgment, their soundness with respect to System F can again be established independently. The
elaboration of matching produces a coercion from |A| to |B| — |C|. The coercion of type-application
inference is more complicated. It produces two coercions. co; converts |A| to another type |D| that
can be type applied (i.e. | L| and |V(B’ < B). A’|), and co; coerce type |D| to the desired output type
|C| by type applying |D| to |B|.

THEOREM C.2 (MATCHING AND TYPE-APPLICATION INFERENCE—SOUNDNESS BY ELABORATING TO
SYSTEM F).

(1) IfA+-A>B — C < co then|A| g co:|Al — |B| = |C|.

(2) IfA+AoB == C <> co; | cop then, 3D,s.t. |A| v coq : |A| — |D| andvf cos : |D| — |C].

Elaboration for inference (A + e = A) and checking (A + e & A) judgments simply conclude
that the elaborated term e’ has type |A]|.

THEOREM C.3 (TYPE SOUNDNESS BY ELABORATING TO SYSTEM F).
(DIfAre=A — ¢ then|A|vrpe :|A|
2) IfAre<=A — ¢ then|A|rpe :|A|
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Ares A —¢ Checking and Inference is elaborated to e’
(x:A)eA Are=>A ¢ A+A<B —co
=Var &Sub
Arx=A —>x Are=B —>coF
ArA ArecsA ¢ Ax:ocreetr s Aro
=Anno =—Mono
Ar(e:A) =>A —¢ Ardx.e=>o0—>17 > Ax:|o]). ¢
Ax:Are=B —e¢ AFrA Ax:lresT <
= =—>T
Arix.e = A— B = A(x:|A|). ¢ Ardx.ee=T — ()
=Unit

Ar()=1 <= ()
ANa<Bre=A —e A+B acFV(A)
=A
ArA(a<B).e:A=VY(a<B).A —Aa.A(f:a— |B|).E

Areg=>A —e A+rAPB—C —>5c0 Are =B —e

=App
Arerez=C < (coe)) e
Are=A —e A+rAoB==C < coj|co,
=TApp
A+ e@B=C < coy (cop e)
AFA>B—C —co Declarative Matching is elaborated to co

Ar o7 oL SAx ) x@(T o1
ArA— B
A+A—>BrA—>B > Ax:|A— B|).x
Av [t/al]A>C —>D <—coy Arr<B <—>co;, ArV(a<B).A
A+VY(a <B).A>C—> D < A(x:|V¥(a < B). A|). co; ((x @7) coy) o

a<CeN —coi:la—>Cle|A] A+rC>A— B < co,

>—>

>Var

A+rarA— B — A(x:a).coz (coy x)

ArFAoB==C < coq|co; Type-Application Inference is elaborated to co; and co,

ArA
o=l
ArLoA== 1 > Ax:|L]).x|A(x:]L]).x
AFC<B —>co; ArVY(@<B).A
ArVY(@a<B).AoC == [C/a]A — A(x:|V(a £ B). A|). x| A(x: [V(a £ B). A|). (x @|C]) coy

a<CeAN —>coj:la—>Cle|A] A+rCoA== B < co,|co;

o==Var
A+aoA =B < A(x:|al). cos (co; x) | cos

Fig. 13. Elaboration of Checking, Inference, Matching and Type-Application Inference
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C.2 Completeness w.r.t.kernel F<

¥ is translated to ¥Fs

¥ PP A s AF ¥ pF A AF

RS ¥, x: A P x. AF VasA—>V,a<A

The type and context syntax of F2 subsumes the type syntax of kernel F<, so we do not need to
define any type translation for proving completeness. For context, we still define the following
simple reverse translation from the context of Fé to the context of kernel F< for the generalized
completeness lemma for subtyping.

LEmMA C.4 (SUBTYPING COMPLETENESS). If¥, |¥'| +p, A < B then ¥, ¥’ + A < B.

The completeness theorem builds upon the decoration relation to adjust the type annotations.
This relation is indispensable due to a discrepancy between the annotations in F 2 and System F..
It mainly adds necessary type annotations mainly for lambdas and type lambdas.

e » ¢ e in kernel F< is decorated to e’ in Fé
e » e e » ¢
e » (e :A) O» 0 x> x (A(a <B).e) » (A(a<B).e:A)
e » ¢ er > e e > e e » ¢
(Ax:A.e) » ((Ax.€’): A — B) (e1 e2) » (€] ;) (e @A) » (¢ @A)

LEmMMA C.5 (COMPLETENESS W.R.T. KERNEL F< (DECORATION)). IfA+p_e: AthenJest e » ¢
and A+ e = A.

It is easy to see that the decoration relation only modifies the annotation, so the following
theorem is a direct corollary.

THEOREM C.6 (COMPLETENESS W.R.T. KERNEL F< (ERASURE)). IfA bp_e: Athen3e’,s.t. |e] = €]
(i.e. e and ¢’ only differ on annotations) and A + ¢/ = A.

It is worth noting that despite the decoration only adds annotations from kernel F< expressions
to F 2 expressions, it does not imply Fé requires more type annotations to type check a program.
For example, F® can infer the type of the expression Ax. (x : 1), without an annotation for x, but
kernel F< would require an annotated lambda A(x : 1). x, not to mention F< does not support
implicit instantiation of polymorphic functions. However, it is difficult to formally quantify the
annotation requirements between F2 and kernel F<, so we only present the current form of type
completeness. B
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D REDUCTION RULES OF DECLARATIVE WORKLIST

For soundness and completeness proofs, we employ two sets of reduction rules for the intermediate
declarative system: declarative reduction Q — Q’ and declarative worklist reduction Q —, Q’.
Their rules are presented in Figure 14 and Figure 15.

llll Judgment erasure.
I-1=-
1Q.a = Al =[|Qf.a = A
1Qx: Al =]Q,x: A

12 wll = (1]l
Q— Q reduces to Q’
Qa<A—Q
Qx:A— Q
QFrA<B—Q when ||Q||+ A< B
Qre=A— Q when ||Q||re<= A
Qlre=,0 — QI [Ald]w when ||Q||re<= A
QrAvp.0— QI [B/b,C/c]lo  when||Q||FA>B—C
QrAoB==,0w— QI [C/a]w when [|Q||FAoB==C
QA —>Bee==,w— QI [B/dlw when ||Q||re<= A

Fig. 14. Declarative Reduction
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Qa<A
Qx:A
Qri1<1
Qra<a
Qra<B

QFALT

QFrL<A
QA — Ay <B, — B,
QrV(@<B).A<C

Q- V(a < Bl)~A1 < V(a < Bz).Az
Qlre<B

QFrAx.e =A— B
QFrAx.e=T

QFx =, 0

Qlre: A=, 0

QI (A(a <B).e:A) =y
QI () =4

Qe ey =,
Qe @A =,
QFAx.e >, w
QFA—>Brypw

QI Lrgpw
QIFV(a<B)Avrsp0
Qlravp.w
QFA—>Bee=2, w
QrVY(b <B).AoC==,w
QFloA==,w
QlFraoB==,w

Chen Cui, Shengyi Jiang, and Bruno C. d. S. Oliveira

Q worklist-reduces to Q’

>1
>2
>3

>4

00000

FA<B whenasAeTAA#TA
B#TAB#a

’5

— Q
—7 Q
—g QIFA; <B,IFB <A
—9 QF7T<BWk [r/al]ALC
when CisnotaVtype AC# T
—1092a<BiFBy, <Bi B <ByIFA; £ A,
— 1 Qrte=>,a<8B
when e # Ax. ¢’
—p Qx:Are<=B
— 3 Qx:lresT
—14 QI [A/a]w whenx:A e Q
—15 QF [AJalore = A
—16 QI ([V(a < B). A/blw),a<Bre<= A
—17 QI [1/ad]w
—13 Qlke; = (brea(c > dee; ==, 0))
—19Qlke=y (bo A==, w)
—0 QF ([t > o/alw),x:ThFe<=0o
—21 QI [A/a,B/blw
—2 QW [T/a, L/blw
—3 Q7 < B [t/a]Avryp @
—24 QIFArp .0 whena < Ae Q
—5s QIF [B/a]ow Fe <= A
—9 QIF C < B [([C/blA)/a]w
—97 QI [L/a]w
—3 QIFAoB =, w
whena <AeQ

Fig. 15. Declarative Worklist Reduction
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E PROOF DETAILS OF DECIDABILITY

|wle, |e]e Term size

|A<Bl.=0
le = Ale = [e]e
le =q wle = lele + |wle
|AoB==g wle =|wle
[Abgp 0l = |ole

|A— Bee=2, w|s = el +|w].

Ixle =10l =1
|Ax. ele = |ele +1
ler ez2le = lerle + leale +1
le: Ale = lele +1
le @Ale = lele +1

Number of judgments

|A<B|,=0

le = Al,=2

|[AoB ==, wl, =|wl,+1
|A >a,b )y = o]y, +1

le =4 0w = o, +1 |A—> Bee ==, 0|, =|w|,+3

lo|L,, JAIL, Number of splits
A < BIE, = |AL + 1L ol =0
r
= r r
le =4l =0 ITIE = 1Lf =0
r
=1 =0 T'la<A
le =4 0|, la|Fle=Al — 4T

[AoB==, w|', =0
A olf, = AL

JA—> Bee==, 0|, =0

|A— BL, = AL + B, +1
whenT ¥ A — B

¥(a < B). AL, = [[a/a]AIS'=" +2/BI,
Fig. 16. Definition of | - |¢, | - |o and | - |-

Recall the 4-tuple measure for I': <|1"|e, IT|e, IT|p = 2T + [Ty + [Tz, |F|W>, where

ITle = Xoer lwle,

|r|w = Zwel" |C<)|w,

IT|— = Xoer ||,

ITly = Zoer loly

ITlz = Xger 1-

IT|w = 2per |w|1;4; + 2xaer 1+ Xa<aer 1+ Xger 1.

Figure 16 and Figure 17 show the detailed definition of | - |, and | - |, | - |=, | - |v and | - |4,.
The measure with a superscript I' (Q, A, Psi) means the computation of that measure requires
context/worklist lookup, usually in the case of (sub)type variable. The first four measures only
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loly, 1AL

|A < By = Al + Bl
le = A|l\; =0
le =, a)|£, =0
|AoB=m, 0|y, =0
|Avap 0l = Al

|A—>Boez:>aw|l\;:0

|l 1AL

|A < BJ}, = |AlL, + B[,

w w
|e":A|EM=
Ie:'aw|fv:0

|Ao B ==, 0l = AL,

|Avqp olh, = |ALL,

|A—>Boe=>:>aw|l;,=0
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Number of V

111y, =0
1Tl =Ly =0
laly, =0
lal, =4 = |l
|A — Bl = Al +Bly

IV(a < B). Al = AP +2|B|} + 1

Weight

115, =1

TS, =L}, =1

aly, =1
=4 = Al +1

|A — BIY, = A[%, +|BIL, +1

IV(a < B). AIf, =1

Fig. 17. Definition of | - |y, and | - |4

account for judgments, while |I'|; accounts for existential-variable declarations, and |T'|,, accounts
for all kinds of entries.

Measure Defined as Relations. Abella only supports relation definition, so these measures are
defined as a 3(2)-tuple relation on (worklist(optional), worklist/judgment/type, N). We have proved
that every relation is total and deterministic on well-formed worklist, judgment and types (i.e. they
are equivalent to functions).

Case Analysis of Decidability Proof. The measure decreases immediately after a one-step reduction
for the follwoing rules.
e In rules 18, 19, and 21-27, |T'|. decreases.
e In rules 17, 28, 29, and 33-35, |I'|,, decreases.
e In rules 11-14, 29, and 30, |T'|,, decreases.
e In rules 1-10, 31, and 36, |T'|,, decreases.
In the rest cases, the measure decreases after a two-step reduction.
e In rules 20, |T'|. decreases.
e In rules 32, |T'|,, decreases.
e In rules 15 and 16, |T'|, decreases.
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Property of Equivalent Types. The proof of decidability of case 12 relies on several properties of
equivalent types. We state and describe theses properties more formally and provide their proof
skeleton.

LEMMA E.1 (| - | AND | - |y EQUALITY OF EQUIVALENT DECLARATIVE TYPES).
e [fYrA<Band¥+ B < A, then|A|Y, = |B|Y,.
o [fY+rA<Band¥ + B < A, then |A|‘5 = |B|3,'.

The only interesting case in the above lemma is when A and B are both (sub)type variables. The
following two lemmas help build the measure of equality between equivalent types.

LEMMA E.2 (EQUIVALENT (SUB)TYPE VARIABLES ARE SUBTYPE OF L). Given ¥ + a and ¥ + b, If
Yiag<band¥rb<a then¥ta<land¥+b< 1.

The proof is by induction on |a|¥, + |b|%.
e When one of the bound of a and b is L, we can use the transitivity to conclude both a and b are
subtype of L;
e When the bound of a are b are still (sub)type variables, the induction hypothesis can be applied;
e Other cases are impossible:
- 1<a, T <a,and A — B < a are impossible;
- V(a < B).A < a holds only when a is monotype, while a < (Y(a < A).B) does not hold when
a is monotype.

LEMMA E.3 (ZERO | - |- AND | - |y OF BOTTOM-LIKE TYPE).
o Given¥ A, if¥ + A< 1, then |AlY, = 0.
e Given¥ + A, if ¥+ A < L, then |A|‘\§’ =0.
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F FORMALIZATION IN ABELLA

In this section, we present an overview of our formalization in Abella. Both proofs of F 2 and the
variant can be found in our supplementary materials. The A-tree syntax facilitates the formalization
by reducing the burden of managing bindings and substitutions. However, the absence of standard
libraries increases the burden in other aspects, especially when proving the decidability of our
algorithmic system. The lack of arithmetic-related libraries leads to significant development time
spent on reasoning about measures.

The proof script consists of 24,919 lines of Abella code, including 102 definitions and 1,514
theorems. Further details on the contents of each file are presented in Table 2.

Table 2. Statistics for the proof scripts

File (*.thm) SLOC #Thms Description

olist, nat 458 102 List & natural numbers

rules 390 9 Declarative & algorithmic rules

declarative 752 83 Basic declarative properties; Theorem 3.1

order 560 42 Aux. measure; decl. subtyping strengthening

alg 3,501 320 Basic algorithmic properties

trans 732 76 Worklist instantiation

nonOverlap 3,026 211 Non-overlapping declarative system; Theorems 3.2,3.3
substwl 1,148 58 Worklist substitution; alternative tail-recursive version
soundness 2,351 115 Soundness theorem; aux. lemmas on transfer

depth 692 44 Aux. measure; Lemma 4.5

del 1,117 22 Declarative worklist reduction (Fig 15); equivalence to Fig 14
completeness 2,725 119 Completeness theorem; aux. lemmas and relations
decidability 5,223 216 Decidability theorem and corollary; aux. lemmas and measures
safety 1,614 78 Type safety; sound w.r.t.System F and complete w.r.t.kernel F<
smallStep 630 19 The equivalence between big-step and small-step

Total 24,919 1,514 (102 definitions in total)

Translation Table for the Proof Scripts. Within the proof scripts, we utilize textual relational
definitions instead of the symbolic ones presented in the paper. Table 3 provides a mapping between
the two notations.
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