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Type-level programming is becoming more and more popular in the realm of functional programming.
However, the combination of type-level programming and subtyping remains largely unexplored in practical
programming languages. This paper presents match types, a type-level equivalent of pattern matching. Match
types integrate seamlessly into programming languages with subtyping and, despite their simplicity, offer
significant additional expressiveness. We formalize the feature of match types in a calculus based on System F_.
and prove its soundness. We practically evaluate our system by implementing match types in the Scala 3
reference compiler, thus making type-level programming readily available to a broad audience of programmers.

TECHNICAL REPORT

This technical report extends [Blanvillain et al. 2022] with appendices containing soundness proofs
for System FM and System FMB.

1 INTRODUCTION

There is a growing interest in using type-level computation to increase the expressivity of type
systems, express additional constraints on the type level, and thereby improve the safety of general-
purpose software. What used to be an exclusive feature of dependently typed languages is slowly
becoming accessible to everyday programmers. GHC Haskell has been at the forefront of making
this a reality and already provides several extensions to support type-level programming. While
Haskell is certainly not the only language moving towards dependent types, the trend seems to be
limited to pure functional programming languages.

We believe that type-level programming is not necessarily incompatible with other programming
paradigms and that the current division exists mainly due to a lack of attention from the research
community. Unfortunately, most of the existing research conducted in this domain is not directly
applicable to languages with subtyping. Although the combination of subtyping and type-level
programming has been studied extensively on the theoretical side, through the means of dependently
typed systems [Aspinall 1995; Courant 2003; Hutchins 2010; Stone and Harper 2000; Yang and
Oliveira 2017; Zwanenburg 1999], the practical side remains largely unexplored.

One notable exception is the TypeScript language, which recently introduced a new feature called
conditional type, a type-level ternary operator based on subtyping. A conditional type, written
S extends T ? Tt : Tf, reduces to Tt when S is a subtype of T, to Tf when S is not a subtype of
T, and is left unreduced when types variables do not allow to draw a conclusion. Unfortunately,
the algorithm used to reduce such conditional types is both unsound and incomplete. Despite the
unsoundness (discussed in Subsection 6.5), the addition of conditional types to TypeScript illustrates
the practical need and timeliness of this feature.

This paper presents an alternative construct for type-level programming based on subtyping,
which we call match types. As the name suggests, match types allow programmers to express types
that perform pattern matching on types:
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type Elem[X] = X match {
case String => Char
case List[t] => Elem[t]
case Any => X

3

The example, which we explain in detail in Section 2, defines the type Elem by matching on the type
parameter X. We have implemented match types in the latest version of Scala, an industry-grade,
production-ready compiler. Match types have received a great interest from the Scala community,
and are already in active use.

In this paper, we explore the theoretical foundations of match types through the lens of a
type system which extends System F_. with pattern matching at the term and type level. Our
formalization serves two purposes: first, it gives a clear view on how we integrated match types in
Scala’s type system and precisely describes the changes needed on the subtyping relation to make
this integration possible. Second, thanks to a type safety proof based on the standard progress
and preservation theorems, it gives confidence that the design of match types is sensible and our
implementation is sound.

Conditional types provide concrete evidence that our results are valuable beyond the context of
Scala. Our results are directly applicable to TypeScript’s type system and provide a clear path to
fixing the unsoundness introduced by conditional types. Furthermore, we hope that match types
can be useful as a reference for future designs of type-level programming features for languages
with subtyping.

In summary, this paper makes the following contributions:

e We introduce programming with match types in Scala by means of an example and highlight
the interaction of type-level programming and subtyping (Section 2).

e We formalize match types in the self-contained calculus System FM and prove it sound,
providing a theoretical basis of our implementation (Section 3). The paper is accompanied
by a mechanization of System FM, including proofs of progress and preservation.

e We describe our implementation of match types in the Scala compiler, discuss challenges,
and relate the implementation to our formalization (Section 4).

e We evaluate match types in a case study, presenting a type-safe version of the NumPy
library (Section 5).

e We motivate the design of our formalization relative to prior work, we review the extensive
related work on type families in Haskell, and discuss the unsoundness of conditional types
in TypeScript (Section 6).

2 OVERVIEW

In this section, we offer a brief introduction of match types in Scala by inspecting the example from
the previous section in more detail:

type Elem[X] = X match {
case String => Char
case List[t] => Elem[t]
case Any => X

}

This example defines a type Elem parametrized by one type parameter X. The right-hand side is
defined in terms of a match on the type parameter — a match type. A match type reduces to one of
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its right-hand sides, depending on the type of its scrutinee. For example, the above type reduces as
follows:

Elem[String] =:= Char

Elem[Int] =:= Int

Elem[List[Int]] =:= Int

Here we use S =:= T to denote type equality between the two types S and T, witnessed by mutual

subtyping. To reduce a match type, the scrutinee is compared to each pattern, one after the other,
using subtyping. For example, although String is a subtype of both String and Any (the top of
Scala’s subtyping lattice), Elem[String] reduces to Char because the corresponding case appears
first.

When the scrutinee type is a List, the match type Elem is defined recursively on the element
type of the list. Hence, in our example Elem[List[Int]] first reduces to the type Elem[Int], and
eventually to the type Int.

2.1 A Lightweight Form of Dependent Typing

Match types enable a lightweight form of dependent typing, since a term-level pattern matching
expression can be typed accordingly at the type level as a match type. Consider the following
function definition:

def elem[X](x: X): Elem[X] = x match {
case x: String => x.charAt(Q)
case x: List[t] => elem(x.head)
case x: Any => x

3

This definition is well-typed because the match expression in elem’s body has the exact same
scrutinee and pattern types as Elem[X] (the function’s return type).

Thanks to Scala’s type inference, a call to the elem function can have a result type that depends
on a term-level parameter. For instance, in the expression elem(1), the Scala compiler infers the
singleton type X = 1 for elem’s type parameter. This expression thus has type Elem[1], which
reduces to Int (via Elem’s third case). Similarly, in elem(x), the compiler infers the singleton type
X = x.type and the expression has type Elem[x. type], which might reduce further at the callsite
depending on x’s type.

In both examples, singleton types create a dependency between a type parameter and a term,
which, by transitivity, results in a lightweight form of dependent typing, that is, a dependency
between a term parameter and a function’s result type.

2.2 Disjointness

Our design of match types induces an additional constraint on match type reduction: the scrutinee
type must be known to be disjoint with all type patterns preceding the matching case. Informally,
disjointness means that two types have no shared inhabitants.

The necessity for disjointness is best illustrated with an example. Consider Seq[Int], the type of
integer sequences. Elem[Seq[Int]] does not reduce:

(1) Elem’s first case does not apply because Seq[Int] is not a subtype of String.

(2) Elem’s second case does not apply because Seq[Int] is not a subtype of List[Int] (lists are
sequences, but not the other way around).

(3) Elem’s third case is not considered because Seq[Int] and List[Int] are not disjoint.
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Syntax
tr= T =
X variable X type variable
Ax:T. t abstraction T—T type of functions
MX<:T. t type abstraction VX<:T.T universal type
tt application Top maximum type
tT type application C class
new C constructor call {new C} constructor singleton
t match{x:C = t}ort match expr. T match{T = T}or T match type
v i= I':=
Ax:T. t abstraction %] empty context
MX<:T. t type abstraction I''x:T term binding
new C constructor call IX<T type binding
Evaluation
t, —t] ty — 1y t, —t)
——  — (E-Arprl) ———— (B-Apr2) ———— (E-TArp)
thty, — 11 & vith — vty t; To — ] Ty
(Ax: Ty tyg) Vo — [Xx B Vot (AX <: Ty tyo) Ty — [X = Toltys
(E-APPABS) (E-TAPPTABS)
t, — t.
= = (E-MATCH1)
t, match{x,:C; = t; }orty —
t. match{x;:C;, = t, }ort,
C,C v .(C,C
(C.C)ew ¥m<n (CCp)fw (E-MatcH2)
new C match{x; :C; = t;}ort; — [x,, = newC]t,
vYm. (C,C
m.(C,Cy) £ ¥ (E-MarcH3)
new C match{x; :C; = t;}ort; — t;
(Ax:T. t) match{x;:C; = t;}ort; — t;  (E-MaTcu4)
(AMX <:T. t) match{x;:C;, = t;}ort; — t; (E-MATCH5)

Fig. 1. System FM syntax and evaluation rules for a given set of classes C with class inheritance ¥
and class disjointness =. Highlights correspond to additions to System F_..

Therefore, the reduction algorithm gets stuck on the second case and the overall type is irreducible.
Without disjointness, Elem[Seq[Int]] would reduce to Seq[Int] (via Elem’s third case), which would
be unsound. For example, the expression elem[Seq[Int]1](List(1,2,3)) would have type Seq[Int],
but evaluates to the integer 1.

Subsection 3.2 revisits this counterexample in a formal setting. Subsection 4.1 discusses our
implementation of disjointness in the Scala compiler.
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Subtyping
I'ES<:S (S-REFL) 'S <:Top (S-Top)
C,,Cy) e
IF'H{newC}<:C (S-Siv) % (S-Ps1)
I'S<:U T'FU<T I'T,<:S; THESy<: Ty
(S-Trans) (S-ArRrOW)
TFS<:T TES, —Sy<T, = Ty
X<:Tel ' X< U Sy <: Ty
_— (S-TVar)
EX<:T MH(VX<:Up. Sy) <:(VX<:U;. Ty)
(S-Ar1)
F'ET,<:S, Vm<n. I'kdisjT,,S,,) vn. T'+disj(T,,S,,)

I'FT, match{S, = T,}orT,;=:=T,
(S-MaTcH1/2)

F|_Ss<:TS F"Sd<:Td

I'ET, match{S, = T,}or T, =:=T,
(S-MAaTcH3/4)

Vn.TFS, <:T

Typing
Ix:TiFty: Ty
F'EXx:Ty . ty: T; — T,y

(T-ABs)

I X<:UjFty: Ty
FEAX<:Up ty: VX <UL Ty

(T-TABS)

I'tt:S T'FS<:T
I'Ht:T

x:Tel’
I'kx:T

(T-Var)

Pt :T

S

'S, match{U, = S, }orS, <:
T, match{U, = T, }or T,

™ (S-MATCH5)

I't;:T;; =Ty TI'kty: Ty,

Ix;:C-t;:

(T-Arp)
'ty ty:Tqo
Pt :VX<:T;. Ty THETy<:Tyy
CHt; Ty: [X = Ty]Tyq
(T-TArp)

(T-SuB) Tk newC:{newC} (T-Crass)

Disjointness
(C1,Cp)€E

Frasicney) O

FS<:U Tkdisj(U,T)

T'F disj(S, T) (D-Sus)

I'kt, match{x,:C; = t;}ort,: T,

T-M
match{C; = T, }or T, (T-Matc)

(C1,CH) ¢y
'k disj({newC,},C,)

(D-Ps1)

'k disj(T; — T,,C) (D-ARROW)
Ik disj(VX <:T;. Ty, C) (D-ALL)

Fig. 2. System FM type system for a given set of classes C with class inheritance ¥
and class disjointness =. Highlights correspond to additions to System F_..
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3 FORMALIZATION

In this section, we formally present System FM, an extension of System F_, [Cardelli et al. 1994] with
pattern matching, opaque classes, and match types. Figure 1 defines FM’s syntax and evaluation
relation. Figure 2 defines FM’s type system, composed of three relations: typing, subtyping, and
type disjointness. We discuss differences to System F_. in the following subsections (Subsection 3.1
and 3.2). In Subsection 3.3, we outline a proof of type safety for System FM. In Subsection 3.4, we
present an extension of System FM with support for binding pattern variables in type patterns.

3.1 Classes

System FM is parametrized by a set of classes C with class inheritance ¥ and class disjointness =.
The class inheritance forms a partial order on C, that is, it is reflexive, antisymmetric and transitive.
The class disjointness is symmetric relation over C. Subtyping between classes is dictated by ¥ via
the S-Psr rule.

The inheritance and disjointness parameters can be understood as a representation of a hierarchy
of Scala traits and classes. For example, trait C1; class C2 extends C1 is represented in FM as
U = {(Cy,Cy)}; = = {}. This representation also models the fact that certain types cannot
possibly have common instances. For example, class C3; class C4isrepresentedas ¥ = {}; Z =
{(C4,Cy), (Cy,C4)}, since Scala disallows multiple class inheritance. Inheritance and disjointness
must be consistent in the sense that (A, B) € = implies that there is no class C such that (C,A) € ¥
and (C,B) € 0.

Each class in C gives rise to a constructor (written new C), a type (written C), and a constructor
singleton type (written { new C}). The type C denotes all values that inherit C, while the constructor
singleton type {new C} denotes a single value: C’s constructor call.

This parametric approach allows us to model class inheritance as found in object-oriented
languages without the need for dedicated syntax for classes and data type definitions. Although
our approach might appear simplistic, it can easily model advanced object-oriented features such
as multiple inheritance. We discuss the encoding of Scala’s types into System FM in Subsection 4.1.

Our type system refers to classes by names and therefore mixes structural and nominal types.
Names are useful to give a direct correspondence between runtime tags and compile-time types.
As we will see, runtime tags are essential to runtime type testing and play a central role in the
evaluation of pattern matching.

3.2 Matches

System FM supports both pattern matching on the term level (match expressions) as well as on
the type-level (match types). Matches, both on terms and on types, are composed of a scrutinee, a
list of cases and a default expression/type. Each case consists of a type test and a corresponding
expression/type. At the term level, a type test consists of an inheritance check against a particular
class (this is also known as a typecase [Abadi et al. 1991]). At the type level, a type test corresponds
to a subtyping test with a particular type. This disparity reflects the difference between runtime,
where type tests are implemented using class tables, and compile time, where types are compared
using the type system in its full extent. We discuss the representation of Scala types at runtime in
Subsection 4.6.

Throughout this paper, we use the abbreviated syntax t, maich{x; : C; =t; }or t; to denote an
arbitrary number of cases, that is, In € N. t, match{x; : C; = t;;...;%,,:C,, =, }ort,.
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Match expressions and match types are related by the T-MATcH typing rule. This rule operates
by typing each component of a match expression to then assemble the corresponding match type.

Example A. For example, given two disjoint classes A and B, and an empty class inheritance
(¥ =1d,Z = {(A, B), (B, A)}); the following function:

f = AX <: Top. A\x:X. x match{a: A= foo;b: B = bar}orbuzz
can be typed precisely as

f : VX <:Top. X — X match{A = Foo; B = Bar}or Buzz
where foo, bar and buzz are expressions with types Foo, Bar and Buzz, respectively.

The cases of a match expression are evaluated sequentially: the scrutinee is checked using the
type test of each case, one after the other. The overall expression reduces to the expression that
corresponds to the first successful type test (E-MATcH2). When no type test succeeds, the match
evaluates to its default expression (E-MaTcH3/4/5). For instance, given the function f defined in
Example A, the expression (f A (new A)) evaluates to foo and (f B (new B)) to bar.

Match Type Reduction. The subtyping relation contains five rules for match type reduction, S-
Martcu1/2/3/4/5. These rules are defined in pairs using the =:= shorthand notation, where S=:=T
means that S and T are in a mutual subtyping relation. More precisely, S-MATcH1/2 in Figure 2
corresponds to two typing rules with identical premises and symmetrical conclusion, and the same
goes for S-MATCH3/4.

The typing rules for match type reduction are best explained as generalizations of the evaluation
relation. Given a match type M = T, match{C, = T, }or T;, M reduces to T, if and only if, for
every value t, in T, the term level expression t, match{x, : C; = t; }ort, evaluates to t;.

The S-MaTcH1/2 rules correspond to the evaluation of a match expression to its nth case (E-
MATCH2):

'FT,<:S, Vm<n. I'disj(T,,S,,)
I'FT, match{S, = T,}orT;==T,

(S-MATCH1/2)

The first premise ensures that the nth case type test will succeed for every possible value in the
scrutinee type T,. Conversely, the second premise is a disjointness judgment, which ensures that
no value in the scrutinee type would result in a successful type test for cases prior to the nth case.
The S-Matcu3/4 rules correspond to an evaluation to the default case (E-MATcH2), and require
disjointness between the scrutinee type and each type test type:

Vn. T+ disj(T,, S,
I'FT, match{S, = T,}orT;=:=T,

(S-MATcH3/4)

Disjointness between two classes can be concluded directly using the D-X1 rule which uses the
class disjointness =. Likewise, disjointness between a constructor singleton type and a class can
be concluded directly by inspecting the class inheritance ¥ (D-Psr). Function types and universal
types are disjoint from classes as they are inhabited by different values (D-ArRrRow, D-A1L) and
thus will never match. The last disjointness rule, D-Sus, states that if U and T are disjoint, then all
subtypes of U are also disjoint with T.

Example B. We continue developing Example A by showing how match type reduction rules
can be used to conclude that (f B (new B)) has type Bar. Using T-TApp and T-App, the expression
can be typed as follows:

fB (newB) : B match{A = Foo;B = Bar}or Buzz
Since our example assumes an empty class inheritance and (A, B) € Z, the S-MaTcH]1 rule gives:
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Disjointness/
subtyping Permutation (3.1)
exclusivity (3.5) {
Inversion of . '
subtyping (3.6) Strengthening (3.3) Weakening (3.2)
Canonical Inversion of Minimum

forms (3.7)  typing (3.8) Substitution (3.4)

N\ S

Progress (3.10) Preservation (3.11)

N

Type safety

types (3.9)

Fig. 3. Structure of the type safety proof. Arrows represent implications between lemmas and theorems.

@+ B match{A = Foo; B=>Bar}orBuzz <: Bar
Finally, using T-SuB we get (f B (newB)) : Bar.

Subtyping and Disjointness. One might wonder what happens if we simplify the match type
reduction rules by replacing premises of the form I' - disj(T, C) by seemingly equivalent premises
of the form (T, C) ¢ . Unfortunately, the resulting system would be unsound, which can be
demonstrated with a counterexample. Let us assume the function f defined in Example A, adding a
new class E with U = {(E, A), (E,B)} and = = {}. Now, consider the term (f B (newE)). Since
we have @ FE <: B, this function application is well-typed and, given that (E, A) € U, evaluates
to foo. The term-level and type-level reductions are inconsistent! The unsoundness arises when
using (B, A) ¢ U with the modified S-MaTcH1 rule to wrongly conclude that (f B (newE)) has type
Bar. This would result in an inconsistency between types (e : Bar) and evaluation (e — foo), and
violate type soundness. In System FM, the match type obtained when typing (f B (new E)) does
not reduce since the scrutinee type B is neither disjoint with, nor a subtype of the first pattern type
test A. In this case, the unreduced match type is assigned “as is”. Unreduced types can appear as
the result of programming error, but can also be due to the local irreducibility of a match type. For
instance, the body of f is typed with an unreduced type, as shown in Example A, but that type can
later become reducible depending on type variable instantiations.

3.3 Type Safety

We show the type safety of System FM through the usual progress and preservation theorems. This
section provides an overview of the proof structure and states the involved lemmas and theorems.
Detailed pen-and-paper proofs are available in the appendix of this report. A Coq mechanization of
our proofs is available in the supplementary material of this report [Blanvillain et al. 2021a]. Our
mechanization uses the locally nameless representation by Aydemir et al. [2008] to model variable
bindings, and a simplified representation of match types with exactly one case per match. Matches
with multiple cases can be expressed by nesting match types in default cases.

Figure 3 gives an overview of the proof structure by showing implications between the various
lemmas and theorems. The basic structure resembles that of System F_.’s standard safety proof
from [Pierce 2002]. We continue our presentation by introducing the lemmas and theorems used in
our type safety proof.
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Frsoor oMarenl/2) e (S-Marcn3/4) IFS=U TI+U=T

I'-S<=T I'-S=T I'-S+=T

Fig. 4. Definition of the auxiliary relation =, used to state inversion of subtyping (Lemma 3.6).

Preliminary Lemmas. Our proof begins with preliminary technical lemmas: LEMMA 3.1 (PERMUTA-
TION), LEMMA 3.2 (WEAKENING), LEMMA 3.3 (STRENGTHENING), LEMMA 3.4 (SUBSTITUTION). We
omit stating these lemmas as they are entirely standard yet relatively lengthy given that they span
the three relations of our system: typing, subtyping, and disjointness. As usual, their proofs follow
by mutual inductions on derivations.

Disjointness / Subtyping Exclusivity. The following non-standard lemma is necessary to prevent
overlap between the S-MaTcH1/2 and S-MaTtcH3/4 rules.

LEMMA 3.5 (DISJOINTNESS/SUBTYPING EXCLUSIVITY).
The type disjointness and subtyping relations are mutually exclusive.

If such overlap would be allowed, match types could reduce in several different ways, resulting
in an unsound system. We prove Lemma 3.5 by contradiction. Our proof uses a mapping from
System FM’s types into non-empty subsets of a newly defined set P = {A, V} UC. Elements of
P can be understood as equivalence classes for FM’s types. We show that the subtyping relation
in FM corresponds to a subset relation in P, and that the type disjointness relation in FM (disj)
corresponds to set disjointness in P. This set-theoretical view lets us conclude the desired result
directly. In our Coq mechanization, we axiomatize this lemma and delegate to the pen-and-paper
proof.

Inversion of Subtyping. The following Lemma 3.6 allows us to perform inversion on the subtyp-
ing relation, which is important to show canonical forms (Lemma 3.7) and inversion of typing
(Lemma 3.8). Stating the lemma requires the definition of a new relation denoted I' =S = T, defined
in Figure 4. It represents evidence of the mutual subtyping between a match type S and a type T with
the additional constraint that this evidence was exclusively constructed using pairwise applications
of S-MaTcH1/2, S-MATcH3/4, and S-TRANSs in both directions. Intuitively, I' =S = T is handier than
two independent derivations of I'-S <: T and I' - T <: S because it allows simultaneous induction
on both subtyping directions.

LEMMA 3.6 (INVERSION OF SUBTYPING).

(1) IfT+S, match{U, =S, }orS,; =T, then either:
(@ TFS,<:U,,, YVm < n.T'Hdisj(S,,U,,) andS,, is a match type withT'+S, =T,
(b) TS, <:U,, Vm < n.'kdisj(S,,U,,) andS,, =T,
(¢) Vn.T'Fdisj(S,,U,,) and S, is a match type withT'=S,; =T,
(d) vn.T'+disj(S,,U,,) andS,; = T.

(2) FTFS<:X, orI'S<:T where T is a match type withI' - T =X, then either
(@) S is a match type withT'FS =Y, for someY,
(b) S is a type variable.

(3) fTFS<:T; = T,, orI'=S<:T whereT is a match type withI' =T = T; — T,, then either
(@) S is a match type withI'-S+=S5; —S,, for someS;, Sy such thatT'+T; <:S; and '+

Sy <: Ty,

(b) S is a match type withT' =S +=X, for some X,
(c) S is a type variable,
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(d) S has the formS; =S, withI'FT; <:S; and 'S, <: T,.

(4) fTFS<:VX<:U;. Ty, orI'S<:T where T is a match type with'T=VX<:U;. T,,
then either
(@) S is a match type with' =S = VX <:U,. S,, for some Sy such thatT',X <:U; FS, <: Ty,
(b) S is a match type with ' =S = X, for some X,
(c) S is a type variable,
(d) S has the form VX <:U;. S, and ', X <:U; F S, <: T

The first point of Lemma 3.6 uses the structure of the = to provide a form of inversion, which
we use to prove each of the subsequent points. In comparison with the corresponding inversion
lemma in F_.’s safety proof, the statement and the proof of Lemma 3.6 are longer and more intricate.
This difference is inevitable, given that match type reduction rules allow match expressions to be
typed as the result of their reduction, which complexifies the inversion.

Similarly to inversion of subtyping, our canonical forms lemma is non-standard in that it uses a
disjunction in its premise to account for match types.

LEMMA 3.7 (CANONICAL FORMS).

(1) IfT'+t:T, where either T is a type variable, or T is a match type withI'- T =X, thent is not
a closed value.

(2) Ifv is a closed value with I' = v : T where either T = T, —T,, or T is a match type and I -
T=T, = T,, thenv has the form Ax:S;. t,.

(3) Ifv isa closed value withI' v : T where either T = VX <:U;. Ty, or T is a match type and I’
FT=VX<:U;. Ty, thenv has the form AXX <:Uj. t,.

Proof of Soundness. The remaining proof of soundness is mostly standard. Lemma 3.8 and 3.9 are
simple inversions of typing rules. Lemma 3.9 is needed in the proof of preservation to recover
subtyping bounds from typing judgments. The proofs proceed by routine induction on derivations.

LEMMA 3.8 (INVERSION OF TYPING).

(1) IfTHXx:S.55:TandI'-T<:U; = U,, then' U, <:S, and there is some S, such that
I'x:S1Fsy:Sq and'F S, <: U,.

(2) FTEAMX<:S;.85:TandT'FT<:(VX<:U;.U,), thenU; = S; and there is some S, such
that ', X <:S;Fsq:Sy and ', X <:S; S, <: U,

LEMMA 3.9 (MINIMUM TYPES).

(1) fTHnewC:T thenT' H{newC} <: T.
(2) IfT'F Ax:T,.ty: T then there is some Ty such thatI'+T; — Ty <: T.
(3) IfT'FAX<:Uj. ty: T then there is some Ty such thatI' VX <:U;. Ty <: T.

With these lemmas in place, the proofs of progress and preservation are straightforward.

THEOREM 3.10 (PROGRESS).
Ift is a closed, well-typed term, then eithert is a value or there is some t’ such thatt—t’.

THEOREM 3.11 (PRESERVATION).
IfTHt:Tandt—t thenTHt : T.

3.4 Type Binding Extension

In this section, we present System FMB, an extension of System FM with support for binding
pattern variables in type patterns. FMB is parametrized by two sets of classes, A and B, representing
non-parametric and parametric classes, respectively. A parametric class, written B T, takes exactly
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Syntax
Cli= tu= ...
A ground class t match [X] {x:C = t}ort match expr.
BT parametric class T o= ..
T match [X]{T = T}orT  match type
Evaluation
(C,X=UC,)ey Vm<nVT. (C,[X=T|C,) ¢V
(BE-MATCHZ2)
new C match [X] {x,:C;, = t,}orty — [X = U] [x,, — newC]t,
VYm.VT. (C,[X = T|C, )¢ ¥
m (G 1Cn) ¢ (BE-MAaTCH3)
new C match [X] {x,:C; = t,Jort; — t,
Subtyping
[ X<UFT,<:S, Vm<n.T,X<Top - disj(T,,S
- o<ty Vm<n D X<Top Edis(Ty,Sn) - e o)
T'ET, match [X]{S; = T;}orT;=:=[X U] T,
Vn.I',X <: Top Fdisj(T,,S,,)
(BS-MATCH3/4)
I'FT, match [X]{S; = T;}orT;=:=T,
'S, <:T, TFS;<:T; Vn.I,X<:ToptS,<:T,
(BS-MATCHS5)
T'FS, match [X]{U, = S,}orS, <:
T, match [X]{U; = T, }or T,
Typing
I'kt,: T, I''X<:Top,x,;:C;Ft,:T, I't;:T,
- (BT-MATCH)
Tkt match [X] {x;:C; = t;}ort,: T, match [X]{C, = T, }orT,

Fig. 5. System FMB syntax, evaluation and typing rules for a given set of ground classes A, set of parametric
classes B, class inheritance U, and class disjointness =. Highlights correspond to changes made to System FM.

one type parameter'. We redefine C to be a syntactic object defined as C: := A|B T. The class
inheritance ¥ and class disjointness = remain as binary relations on C. A generic instantiation in
the class hierarchy is represented as an element of U, for example, A1 extends B2[A3] is represented
as (Aq,By Az) € U. Generic inheritance is represented using multiple entries in U, for example,
B1[T] extends B2[T] is represented as VT. (B; T,B, T) € U. This approach allows us to reuse most
of FM’s definitions. Indeed, our formal development treats C, ¥, and = as mathematical objects,
and is compatible with FMB’s new definition of classes.

In Figure 5, we define System FMB syntax and rules, where changes to System FM are highlighted
in gray. FMB’s new syntax for match expressions and match types adds a pattern variable to

The restriction to a single type parameter is for presentation purposes. Both System FMB’s type system and type-safety
proof can easily be adapted to support a variable number of binding variables.
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each construct. In t, match[X|{x, : C;, = t, }or t;, the pattern variable X is available to bind type
parameters in C; patterns.

The definitions of S-MaTcH3/4, S-MATCHS5, and T-MATCH require minor adjustments to account
for the pattern variable in typing contexts. Note that pattern variables appear in contexts uncondi-
tionally, regardless of whether or not those variables are used in the corresponding patterns.

In the new subtyping rule for non-default match reduction, BS-MaTcH1/2, the first premise
instantiates the pattern variable X to some type U such that the scrutinee type is a subtype of the
nth pattern:

I'X<:UFT,<:S, Vm<nT, X< Topkdisj(T,,S,,)
I'FT, match [X]{S; = T,}or T, ==X~ U] T,

(BS-MATCH1/2)

Here U is completely unconstrained: any instantiation of X such that T, <: S,, would be admissible.
The disjointness judgments use a weaker upper bound for X than the subtyping judgment (X <: Top
instead of X <: U). This is because the scrutinee type must be shown disjoint with non-matching
pattern types for every possible instantiation of X. In an algorithmic system, U would be computed
during type inference by constraint solving.

The new evaluation rule for non-default match reduction uses a similar mechanism: it looks for
the first case where the pattern variable can be instantiated such that the scrutinee inherits the
corresponding pattern:

(C, X UIC,)ew Vm < nVT. (C,[X=T|C,)¢w
new C match [X] {x,:C; = t,}ort, — [X = U] [x,, — newClt,,

(BE-MATCH2)

The second premise rules out non-matching cases with a universal quantifier ranging over all
types. A concrete implementation would certainly opt for a more efficient approach, for instance
by implementing ¥ as a lookup table.

Example C. Consider the following class hierarchy with two ground classes: Char and String,
and a single parametric class List, such that String extends List Char:

A = {Char, String} B = {List}
¥ = {(String, List Char)} UId == {}
f = A\x: Top. x match[X]{xs : List X = foo } or bar

The function f matches its arguments against the List X pattern, where X is a pattern variable. We
examine the evaluation of two applications of f:

(1) f(new String) matches against List X with X = Char and evaluates to [X+ Char][x
new String|foo via BE-Marcu2 (since (String, List Char) € ).

(2) f(newList Top) also matches List X, this time with X = Top, and evaluates to [X  Top|[x
new List Top|foo via BE-MatcHu2. Here (List Top, List Top) € ¥ follows from U’s reflexivity.

We established the type safety of System FMB by adapting System FM’s pen-and-paper proof. The
required changes are lengthy, but relatively uninteresting; it boils down to additional bookkeeping
of pattern variables in contexts. The main takeaway from FMB’s type safety is that the proof does not
require additional constraints on type U in BS-MATCH1/2. As a result, algorithmic implementations
are free to use any mechanism to come up with instantiations of pattern variables.



Type-Level Programming with Match Types

4 IMPLEMENTATION

Match types are implemented in Dotty, the reference compiler for Scala 3. This section explains
how our implementation relates to the formalization presented in Section 3.

In the compiler, match-type reduction happens during subtyping, just like in System FM. In order
for subtyping to remain algorithmic, match type reduction rules are never used to introduce new
match types, but only to simplify the ones present in the original program. The reduction algorithm
closely follows the typing rules of Section 3. The scrutinee type is compared with each pattern
sequentially. If the scrutinee is a subtype of the first pattern type, the match type reduces. Otherwise,
if the scrutinee can be shown to be disjoint with the first pattern type, the algorithm proceeds to
the next pattern. If the algorithm reaches a pattern where neither subtyping nor disjointness can
be concluded, the reduction is aborted and the match type remains unreduced.

4.1 Disjointness in Scala

Separate compilation is the biggest obstacle to concluding that two types are disjoint. Indeed, in
Scala, all traits and classes are extensible by default. Because Scala programs are compiled with an
open-world assumption, it is common for types to be effectively disjoint in the current compilation
unit, but due to potential extensions in future compilations, the compiler must stay conservative.

Separate compilation is the reason why our formalization requires two different parameters
to describe its class hierarchy. One particular instantiation of System FM can be thought of as a
model of Scala’s type system for a particular compilation unit, where C represents the set of classes
declared so far. The class inheritance, ¥, remains valid for all subsequent compilation units: new
class definitions do not alter the inheritance between previously defined classes. However, the
inheritance parameter (V) is, on its own, not sufficient to conclude that two classes are disjoint:
new class definitions can introduce new overlaps between existing classes. For this reason, our
formalization uses a separate parameter to describe class disjointness (Z). To account for separate
compilation, = should only contain pairs of classes which would remain disjoint despite potential
additions to the current set of classes.

Thankfully, Scala provides several ways to restrict extensibility. The sealed and final annotations
on traits and classes directly restrict the extensibility of annotated types: sealed types can only be
extended in the same file as its declaration, thereby providing a way to enumerate all the children
of a type. Thus, disjointness of sealed traits and classes can be computed recursively by iterating
over all the possible subtypes of that type. The main distinction between traits and classes is that a
class can extend at most one superclass. This property allows the compiler to assert that classes are
disjoint with a simple check: given two classes A and B, if neither A <: B nor B <: A, then no class
could possibly extend both A and B, and those two types are disjoint.

As an example, consider the following Scala definitions (left-hand side), and the corresponding
instantiation of System FM (right-hand side):

sealed trait Part
final class Wheel extends Part
final class DiscBrake extends Part

{P,W,D,V,B,R,H}
{(W,P),(D,P),(B,V), (R,B), (R, V)}

trait Vehicle {(P’V)v (PvB)v (PvR)v (P7 H)7

class Bicycle extends Vehicle (W, V), (W,B), (W,R), (W,H),

class RoadBike extends Bicycle (D7V), (D,B), (D7R)7 (D,H),

class Helmet (W,D), (B,H), (R,H)}
The classes and inheritance relation are practically isomorphic between the two representation:
Scala classes have a one-to-one correspondence to their FM counterparts (abbreviated with initials)

0
I

—_
=
i
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and the inheritance only contains an additional entry for R and V, obtained by transitivity (¥’s
reflexivity and Z’s symmetry are omitted for brevity).

P is declared sealed, meaning that no additional parts can be defined outside of this compilation
unit. As a result, we can enumerate all parts to conclude that none are vehicles and (P,V) € =.
Note that this would not be the case if either W or D was declared non-final, since extending
those classes would indirectly create new parts. B and H are both classes that do not inherit each
other, which implies that (B, H) € Z given that Scala classes can extend at most one class. V and
H, however, cannot be concluded disjoint in those definitions. If that turns out to be a desirable
property, disjointness could easily be obtained by sealing V or finalizing H.

4.2 Empty Types

An important limitation of System FM compared to Scala’s type system is that it does not support
empty types. The bottom of Scala’s subtyping lattice, called Nothing, provides a direct way to refer
to empty sets of values. Intersection types also provide a way to construct uninhabited types given
that Scala does not forbid intersecting two disjoint types. Empty types are problematic for the
match type reduction algorithm as they break the fundamental assumption that two types cannot be
both disjoint and subtypes (Lemma 3.5). To account for this, our implementation uses an additional
inhabitance check on scrutinee types before attempting any reduction.

To show why empty types are problematic, we can construct an example where, in the absence
of an inhabitance check, the same match type could be reduced differently in two different contexts:

type M[X] = X match {
case Int => String
case String => Int
3
class C {
type X
def f(bad: M[X & String]): Int = bad
}
class D extends C {
type X = Int
3

In this example, the definition of f in C type-checks because X & String and Int are disjoint (since
String and Int are disjoint) and M[X & String] reduces to Int (M’s second case applies). Class D
refines the definition of C by giving concrete definition of X. The unsoundness manifests itself in the
body of class D, where X & String is a subtype of Int and M[X & String] reduces to String (M’s first
case applies). There, it is possible to call the function f with a string argument, which would result
in a runtime error. Checking for scrutinee inhabitance prevents this class of errors. In this example,
it would prevent M[Int & String] from reducing given that Int & String is not inhabited.

4.3 Null Values

In Scala 3, null values no longer inhabit every type: nullable types require explicit annotations of
the form A | Null [Nieto et al. 2020]. Our implementation of subtyping and disjointness handles
union types and therefore needs no particular treatment of null values.

4.4 Variance

Scala supports variance annotations on type parameters of higher-kinded types. These annotations
allow programmers to specify how the subtyping of annotated parameters influences the subtyping
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of the higher-kinded type. For instance, type F[+T] defines a type F that is covariant in its first type
parameter, meaning that T1 <: T2 implies F[T1] <: F[T2]. Contravariance, written type G[-T],
has the opposite meaning: T1 <: T2 implies G[T2] <: G[T11.

It would appear that co- and contravariant types are always overlapping, given that, for all
types X, F[Nothing] <: F[X] and G[Any] <: G[X] (where Nothing and Any are Scala’s bottom and
top types). However, in the case of covariant parameters, an exception can be made when the said
type parameter corresponds to a field or a constructor parameter: the Nothing instantiation can be
ruled out because no runtime program can produce a value of that type.

Scala tuples, for example, fall into this category. Tuple2, the class for pairs, is defined as follows:

case class Tuple2[+T1, +T21(_1: T1, _2: T2)

Given two instantiations of this this type, Tuple2[Int, X] and Tuple2[String,X], although Tuple2[
Nothing, X] is a subtype of both, there is no runtime value of type Tuple2[ Nothing,X] (since Nothing
is uninhabited), and, as a result, those two types are disjoint. Our disjointness algorithm implements
this kind of reasoning to conclude disjointness in the presence of covariant type parameters.

4.5 Pattern Matching Exhaustivity

The Scala compiler checks for pattern matching exhaustivity to prevent runtime exceptions caused
by missing cases. Exhaustivity checking uses static knowledge about the class hierarchy (such as
the sealed and final annotations) to check that every value in the scrutinee type is covered by the
pattern clauses [Liu 2016]. Non-exhaustive patterns are compiled with an additional “catch-all” case
which throws a runtime exception. System FM uses default cases as a replacement for systematic
exhaustivity checks or runtime exceptions.

4.6 Types at Runtime

Scala’s primary platform is the Java virtual machine (JVM). On the JVM, Scala is compiled using
partial erasures, where parts of types are preserved and translated to the JVM’s type systems, and
other parts are erased [Schinz 2005]. For instance, ground classes are compiled directly to JVM
classes, but type parameters and type variables are erased and replaced by their bounds.

Erasure directly affects the type tests that can be performed at runtime. For example, while
case xs: List[Int] =>is a syntactically valid pattern, it will lead to a compiler warning since the
Int type parameter is eliminated by erasure and cannot be checked at runtime.

This restriction is reflected in our formalism by the difference between the evaluation rules for
match expressions and the reduction rules for match types: evaluation is limited to inheritance
checks on statically defined classes ((C, C,,) € ¥ in E-MATCH2/3), as opposed to the match type
reduction rules which are defined using the subtyping and type disjointness relations (I'-T, <:S,,
and I' - disj(T,, S,,,) in S-MATCH1/2/3/4).

In System FMB (Subsection 3.4), match expressions support two sorts of parametric patterns: they
can be either instantiated (match{xs : List Int}, where Int € A), or use a binding pattern variable
(match[X]{xs: List X}, where X is a pattern variable). In this sense, System FMB is more expressive
than Scala, where instantiated patterns are not available at the term level due to type erasure.

4.7 Non-Termination

Unlike our calculus, the Scala implementation also allows match types to be defined recursively.
Recursive match types can cause subtyping checks to loop indefinitely. Our implementation does
not check match types for termination, as any such check would necessarily limit expressiveness or
convenience. Instead, we detect divergence during match type reduction using a fuel mechanism.
The compiler is given an initial amount of fuel, which is consumed one unit at a time on every
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reduction step. If the compiler runs out of fuel, the reduction is aborted with a “recursion limit
exceeded” error. The current implementation uses a fixed amount of initial fuel. Although this seems
to be sufficient for most practical purposes, we plan on making it configurable. This mechanism is
completely standard and already used in other programing languages with unbounded recursion at
the type level [Eisenberg 2016; Eisenberg et al. 2014; Sjoberg 2015].

4.8 Inference

System FM’s type rules enable any match expression to be typed as a match type, but the situation is
different in the full Scala language. Pattern matching in Scala supports many sorts of patterns [Emir
et al. 2007], most of which do not have a match type counterpart. Furthermore, typing match
expressions as match types is not enabled by default in order to preserve backward compatibility.
Instead, explicit type annotations must be provided.

4.9 Caching

Scala’s type-checking algorithm makes heavy use of caching to improve its performance. Special
care must be taken when caching the result of match type reduction, given that the subtyping and
disjointness checks are context-dependent. Our implementation uses a context-aware cache for
match types that automatically invalidates reduction results when match types are reduced in new
contexts. An example where naive caching would be incorrect can be found in Subsection 6.4.

4.10 Size of the Implementation

In terms of lines of code, our match type implementation is a relatively modest addition to the Scala
compiler: the overall changes amount to around 1500 lines (excluding tests and documentation).

5 CASE STUDY: SHAPE-SAFE NUMPY

In this section, we present a case study to show how match types can be used to express complex
type constraints, which in turn can prevent certain programming errors at compile time. To this end,
we outline the type-level implementation of a library for multidimensional arrays which mimics
the NumPy API [Harris et al. 2020]. The goal of our library is to provide a shape-safe interface for
manipulating n-dimensional arrays (abbreviated ndarrays), where array shapes and indices are
checked for errors at compile-time rather than at runtime. Shape and indexing errors in ndarrays is
a widely acknowledged problem [Barham and Isard 2019; Rush 2019], and several solutions have
already been proposed, notably in the form of libraries that rely on type-level programming [Chen
2017; Huang et al. 2021]. Our library uses match types to provide a shape-safe NumPy-like interface.

Scala programmers have a long history of using ad-hoc solutions for type-level program-
ming [Blanvillain et al. 2021b; Pilquist and Scodec open-source contributors 2021; Sabin and
Shapeless open-source contributors 2021]. These solutions have several downsides, such as being
slow to compile and cumbersome to use. Match types aim at simplifying type-level programming
by providing first-class language support. We believe that the approach presented in this case study
is an improvement over the status quo because it does not use metaprogramming or convoluted
implicit-based encodings to express type-level operations.

5.1 Shape Errors in Python

In the example Python code below, the img_batch ndarray is a batch of 25 randomly generated RGB
images of size 256 x256. The code aims to compute a vector of length 25 containing the average
grayscale color of each image in the batch, and then create a square 5x5 image of the average
grayscale colors. However, this code contains a shape error and will throw an error at runtime.
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import numpy as np

img_batch = np.random.normal(size=(25, 256, 256, 3))
avg_colors = np.mean(img_batch, (0, 1, 2))
avg_color_square = np.reshape(avg_colors, (5, 5))

The error is in the call to np.mean, which takes as argument a list of axes to reduce along. Unfor-
tunately, the arguments to np.mean are off-by-one and result in a vector of length 3 (img_batch’s
last dimension) instead of the intended length of 25 (img_batch’s first dimension); avg_color thus
contains the average RGB color of the batch instead of the average grayscale color for each image.
The reshape operation will then fail at runtime, as it cannot reshape a 3-element vector into a
25-element matrix. This error can be difficult to spot, given that NumPy’s interface for reducing
along multiple axes is index-based. Runtime errors like this one can be particularly frustrating
when they occur late in a long-running computation.

In the remainder of this section, we show how match types can be used to prevent this class of
error. After a preliminary introduction of singleton types (Subsection 5.2), we introduce ndarray
shapes at the type level using HLists (Subsection 5.3). In Subsection 5.4, we show type-level
implementations of the np.mean and np. reshape operations using match types. Finally, we show
how this newly defined API can detect and report the error from our original Python example.

5.2 Singleton Types

Scala supports singleton types, which are types inhabited by a single value [Leontiev et al. 2014]. For
instance, the singleton type 1 denotes the type containing the integer value 1. The Scala standard
library contains several predefined match types to perform arithmetic operations at the type
level. For instance, type +[A <: Int,B <: Int] represents the addition of integer singleton types.
Internally, the compiler is special-cased to implement these arithmetic operations using constant
folding. Representing numbers with singleton types is desirable for practical purposes, but not
absolutely necessary for this case study (for instance, Peano numerals could be used instead).

5.3 Type-Level Array Shape

The shape of an ndarray is a list of dimension lengths; we say that the shape (a;, a,, ..., a,,) hasn
dimensions. For instance, a three-by-four matrix is a two-dimensional ndarray of shape (3,4). We
represent the shape of an ndarray at the type level using a heterogeneous type list, or HList for
short [Kiselyov et al. 2004]. We define an HList called Shape as an ADT with two constructors?, #:
and @.

enum Shape {
case #:[H <: Int, T <: Shapel(head: H, tail: T)
case @

3

This data type definition allows us to write lists of dimension sizes, both at the term level as
#:(3, #:(4, 9)), and at the type level as #:[3, #:[4, ¢1]. The HList type can equivalently be
written with #: in infix notation, as 3 #: 4 #: @.

To represent ndarrays, we define the NDArray type. This type is indexed by the ndarray element
type (T), and by the ndarray shape (S), represented as an HList:

trait NDArray[T, S <: Shapel]

%In the interest of clarity, our presentation omits type bounds that are necessary to guide type inference, for example in the
definition of the Shape data type.



Olivier Blanvillain, Jonathan Brachthiuser, Maxime Kjaer, and Martin Odersky

The goal of our presentation is to define type-safe operations on NDArrays. Since our focus is on
the type-level, we do not include value-level counterparts to T and S in the definition of NDArray,
but this would be necessary in a complete implementation.

To construct ndarrays, we define random_normal, which creates an ndarray of a given shape,
where all elements are random Floats:®

def random_normal[S <: Shape](shape: S): NDArray[Float, S] = 2?7

5.4 Computation on Shapes with Match Types

Encoding the types and shapes of ndarrays in the types allows us to readily provide type- and
shape-safety for simple ndarray operations. For instance, the element-wise Hadamard product,
written as np.multiply(x, y), requires the x and y ndarrays to have the same shape and element
types. This constraint does not require any match types, but can simply be expressed as:

def multiply[T, S <: Shapel(x: NDArray[T, S], y: NDArray[T, S1): NDArray[T, S] = ???

However, we will need the additional expressiveness of match types to implement more complex
constraints on array shapes, such as for reshapes (5.4.1) and reductions (5.4.2).

5.4.1 Reshape. An operation commonly used in NumPy is np.reshape, which changes the shape
of an ndarray, but does not change its values. A restriction imposed by the NumPy API is that the
output shape must have the same number of elements as the input shape. The number of elements
of a shape is the product of the sizes of its dimensions; an ndarray of shape 2 #: 3 #: 4 #: @ has
2 x 3 x 4 = 24 elements. Note that an ndarray of shape @ is a scalar, and thus has a single element.
This can be naturally expressed with a match type:

type NumElements[X <: Shape] <: Int =
X match {
case @ => 1
case head #: tail => head * NumElements[taill

3

To restrict reshaping to be applicable only on valid shapes, the type system must support encoding
type equality constraints. For this, we make use of Scala’s implicit parameters, and of the =: = type
equality constraint that is a part of Scala’s standard library.

def reshape[T, From <: Shape, To <: Shapel(array: NDArray[T, From], newshape: To)
(implicit ev: NumElements[From] =:= NumElements[Tol): NDArray[T, To]l = 2?7

With this definition of reshape, the compiler will only accept a usage of reshape if it is able to
prove that the number of elements in the old shape is the same as in the new shape. This example
illustrates how match types can be used in concert with existing features like singleton types and
implicit resolution to express powerful constraints.

5.4.2  Reduction. The NumPy API provides a variety of functions to reduce along a set of axes of
an ndarray, such as np.mean(ndarray, axes) or np.var(ndarray, axes). The axes parameter is a
list of indices of dimensions, listing exactly those dimensions that will no longer be present in the
output ndarray. The dimension indices can be unordered and repeated, and out-of-bounds indices
result in an error. In the Python API, passing the None value instead of a list of axes reduces along
all axes, meaning that the operation returns a scalar. Note that this is the opposite of passing @,
which means that we reduce over no axes (effectively a no-op).

3This snippet uses the triple question mark operator, Scala’s standard notation for missing or omitted implementations.
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This behavior is more complex than the previous examples, but can still be described accurately
by a match type. We use a match type called Reduce to compute the return shape of the operation.

def mean[T, S <: Shape, A <: Shape](array: NDArray[T, S], axes: A): NDArray[T,
Reduce[S, Al]l = 7?7

We implement reductions along a given list of indices with logic similar to two nested loops. The
outer loop, Loop, traverses the shape and counts the current index. The inner loops are implemented
using Contains and Remove, standard operations on HLists (omitted). When Loop reaches the end of
the list, if there are still axes to remove, these are out of bounds for the initial shape: the match
type intentionally gets stuck in such cases.

type Reduce[S <: Shape, Axes <: None | Shape] <: Shape =
Axes match {
case None => @
case Shape => Loop[S, Axes, 0]
}

type Loop[S <: Shape, Axes <: Shape, I <: Int] <: Shape =
S match {

case head #: tail => Contains[Axes, I] match {
case true => Loop[tail, Remove[Axes, I], I + 1]
case false => head #: Loop[tail, Axes, I + 1]

}

case @ => Axes match {
case @ => @
// otherwise, do not reduce further

}

5.5 Shape safety

Having defined random_normal, reshape and mean, we can rewrite our original Python example in
Scala:

val img_batch = random_normal (#: (25, #:(256, #:(256, #:(3, ©)))))
val avg_colors = mean(img_batch, #:(@, #:(1, #:(2, @))))
val avg_color_square = reshape(avg_colors, #:(5, #:(5, 9)))

As expected, the call to mean returns a tensor of shape 3 #: @. Therefore, the call to reshape does
not type-check since the input shape has 3 elements instead of 25. If we fix the off by one error to
reduce along the correct indices, 1 #: 2 #: 3 #: @, the call to reshape type-checks and avg_color
has shape 25 #: @, as expected.

6 RELATED WORK

In this section, we provide a review of existing work and relate match types to dependently typed
calculi with subtyping, intensional type analysis, type families and roles in Haskell, and conditional
types in TypeScript.
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6.1 Dependently Typed Calculi with Subtyping

There is a vast amount of literature on type systems combining subtyping with dependent types,
justifying a full survey to relate it appropriately. Instead, we offer a condensed summary of our
reading journey and explain what led us to decide on using System F_, as a foundation for our
formalization.

Dependently typed calculi typically use the same language to describe terms and types. This
unification is also commonly used in the presence of subtyping [Hutchins 2010; Yang and Oliveira
2017; Zwanenburg 1999]. For systems with a complete term/type symmetry, this is a natural design,
as it is concise and simplifies the meta-theory. Unfortunately, the lack of distinction between term
and type level renders these systems impractical for our purpose, given that our research takes
place in the context of an existing language with a clear term/type separation.

Singleton types provide an interesting middle ground between unified and separate syntax and
have also been studied in conjunction with dependent types and subtyping [Aspinall 1995; Courant
2003; Stone and Harper 2000]. Singleton types give a mechanism to refer to terms in types, usually
by means of a set-like syntax. This mechanism is appealing because it allows type system designers
to cherry-pick the term constructs that should be allowed in types. When multiple constructs
are shared between terms and types, singleton types provide a clear economy of concepts. In our
study of match types, a minimal use of singleton types would result in sharing a single constructor
between the term and the type languages: the constructor for matches. It is unclear if the benefits
in doing so would outweigh the additional complexity.

Dependent Object Types (DOT) are, to this day, the most significant effort in formalizing Scala’s
type system [Amin et al. 2016]. DOT does not directly support any form of type-level computation.
We considered using DOT as a starting point for our work, however, despite the recent effort
to simplify DOT’s soundness proof [Giarrusso et al. 2020; Rapoport et al. 2017], extending DOT
remains too big of a challenge to concisely describe language extensions.

After several attempts at formalizing match types within existing systems, we decided to pursue a
simpler route of adding new constructs to a system without dependent types. After all, the primary
purpose of System FM is to serve as a medium to concisely explain our type-checking algorithm
for match types. For this reason, we built our work on top of System F_., which we believe should
be the simplest, most familiar calculus among the systems cited in this section.

6.2 Intensional Type Analysis

In their work on intensional type analysis [Harper and Morrisett 1995], Harper and Morrisett
introduce the AMZ calculus that supports structural analysis of types. In AMZ, types are represented
as expressions that can be inspected by case analysis using a “typecase” construct, available both at
the term and at the type level. Match types can be seen as an extension of intensional type analysis
to work with object-oriented class hierarchies and subtyping. Whereas patterns in AM~ are limited
to a fixed set of disjoint types, match types need to deal with open class hierarchies, of which not
all members are known at compile-time. This means pattern types can overlap, and we need to
perform an analysis of disjointness between the scrutinee type and each pattern type. Disjointness
allows for sound reduction in the presence of overlapping patterns and abstract scrutinee types,
while retaining the natural sequential evaluation order of pattern matching.

6.3 Type Families in Haskell

Haskell’s type families allow programmers to define type-level functions using pattern match-
ing [Chakravarty et al. 2005; Schrijvers et al. 2008]. By default, type families are open, which
means that a definition can spread across multiple files and compilations. This flexibility induces a
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substantial restriction on type family definitions: patterns must not overlap. One benefit of this
restriction is that it prevents any ambiguity in the reduction of type families (patterns are pairwise
disjoint), which is required given the distributed nature of definitions. Open type families are
well-suited to be used in conjunction with type classes, since both constructs have open-ended
definitions with non-overlapping constraints.

Closed type families (CTFs), as introduced by Eisenberg et al. [2014], allow for overlapping cases
in type family definitions. Unlike the open variant, CTF reduction is performed sequentially, based
on unification and apartness checks. In this regard, CTFs are closely related to match types. In
fact, if we replace unification checks with subtyping and apartness checks with disjointness, their
reduction algorithm is practically identical to ours, from a high-level perspective.

By default, Haskell checks for termination of recursive type families, but this check can be disabled
to increase type families’ expressiveness. Although the formalization presented in [Eisenberg et al.
2014] does not cover non-terminating families, the paper discusses a soundness problem caused by
non-termination. The problem only occurs in the presence of repeated type bindings in patterns.
In Scala, match types (and pattern matching in general) do not allow repeated bindings and are
therefore not affected by this problem.

6.4 Roles in Haskell

Haskell’s roles were introduced by Weirich et al. [2011] to fix a long-standing unsoundness caused
by the interaction of open type families and the newtype construct. We understand roles as type
annotations which specify whether a given type can safely be nominally compared to other types,
or if representational equality (RE) should be used instead. The word representation in RE refers to
the runtime representation of a type. In particular, RE dealiases newtype constructs.

In their introductory example, Weirich et al. show how type family reduction can lead to
unsoundness in the absence of role annotations. Their presentation also includes a hypothetical
translation of their example to Standard ML, which translates directly to Scala as follows:

trait AgeClass {
type Age
def addAge(a: Age, i: Int): Int
}
object AgeObject extends AgeClass {
type Age = Int
def addAge(a: Age, i: Int): Int = a + i
3

In this example, type Age is abstract in AgeClass and concrete in AgeObject. In the pre-role Haskell
equivalent of this example, the unsoundness comes when the above definitions are combined with
a type family that discriminates Age and Int. Such type family would reduce differently in AgeClass,
where the types are different, and in AgeObject, where those two types are synonyms, which can
easily be exploited to obtain a runtime error.

Luckily, our design of match types is not affected by this issue. The reason comes from the use of
subtyping (and disjointness), which shields our implementation from incorrectly discriminating
Age from Int when Age is abstract. Consider the following match type definition (directly translated
from the Haskell example):

type M[X] = X match {
case Age => Char
case Int => Bool
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}

Our algorithm would not reduce M[Int] to Bool in AgeClass as this reduction would require evidence
that Age and Int are disjoint, which cannot be constructed when Age is an unbounded abstract type.

6.5 Conditional Types in TypeScript

TypeScript’s conditional types, briefly mentioned in the introduction, are a type-level ternary
operator based on subtyping. Conditional types can be nested into a sequence of patterns that
evaluate in order, making them similar to match types.

The TypeScript language specification briefly describes the algorithm used to reduce condi-
tional types in the presence of type variables [TypeScript development team 2020]. Given a type
S extends T ? Tt : Tf, the TypeScript compiler first replaces all the type parameters in S and T
by any (the top of TypeScript’s subtyping lattice). If the resulting types (after substitution) are not
subtypes, the overall condition is reduced to Tf. Unfortunately, this algorithm is both unsound and
incomplete.

The unsoundness is caused by the incorrect widening of type parameters in contravariant position.
Although TypeScript does not have syntax for variance annotations, function types are covariant in
their return type and contravariant in their arguments. The conditional type unification algorithm
wrongly approximates X => string to any => string and unifies the former with latter, which can
lead to a runtime errors.

The incompleteness comes from the fact that type parameter approximation does not account
for type parameter bounds. Consider the following example:

type M<X> = X extends string ? A : B
function f<X extends string>: M<X> = new A

Here, TypeScript’s reduction algorithm fails to recognize that new A can be typed as M<X>, even
though X is clearly a subtype of string in f’s body.

Although the situation is concerning, it might not be as bad as it seems given that soundness is a
non-goal of TypeScript’s type system [Bierman et al. 2014]. Nevertheless, we believe that the results
of this paper are directly applicable to conditional types and could be used to improve TypeScript’s
type checker.

7 CONCLUSION

In this paper, we introduced match types, a lightweight mechanism for type-level programming
that integrates seamlessly in subtyping-based programming languages. We formalized match types
in System FM, a calculus based on System F_., and proved it sound. Furthermore, we implemented
match types in the Scala 3 compiler, making them readily available to a large audience of pro-
grammers. A key insight for sound match types is the notion of disjointness, which complements
subtyping in the match type reduction algorithm. In the future, we plan to investigate inference of
match types to avoid code duplication in programs that operate both at the term and the type level.
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APPENDIX A: A TYPE SAFETY PROOF FOR SYSTEM FM

LEMMA

3.1 (PERMUTATION). IfI" and A are well-formed and A is a permutation of I, then:

1. IfTHdisj(S, T), then A+ disj(S, T).
2. IfT'+S<:T, then AF-S<:T.
3. If't:T, then AFt:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I" - disj(V, W) and

I'FS<:T.
1. '+

2. Tk

More precisely, the induction is done on the cumulative depth of both derivation tree.
disj(V, W)
CaseD-X: V=C;, W=C, (C;,Cy€=
Using D-X1 with context A directly leads to the desired result.
Case D-Pst: V. ={newC;} W=0C, (C,Cy)¢ 0T
Using D-Ps1 with context A directly leads to the desired result.
Case D-Sup: TI'FV<:U THFdisj(UW)
By the IH we get A+ disj(U, W). Using the 2nd part of the lemma we obtain AFV <:U.
The result follows from D-Sus.
Case D-ARrROW: V=V, =V, W=C
Using D-ArrRow with context A directly leads to the desired result.
Case D-ALL: V=VX<:V,.V, W=C
Using D-ALL with context A directly leads to the desired result.
S<:T.
Case S-REFL: T =S
Using S-ReFL with context A directly leads to the desired result.
Case S-Trans: I'FS<:U TI'FU<:T
The result follows directly from the IH and S-TrANS.
Case S-Top: T = Top
Using S-Top with context A directly leads to the desired result.
Case S-Sin: S={newC} T=C
Using S-SIN with context A directly leads to the desired result.
Case S-TVAR: S =X X<:Tel Since A is a permutation of I', X<: T € A, and the
result follows from S-TVAR.
Case S-ARrROW: S =5, =S, T=T, =T,
'FTy<:S; T'ESy<:T,

The result follows directly from the IH and S-Arrow.
Case S-ALL.: S =VX<:U;.S, T=VX<U;.T, I'X<:UjFS,<:T,
If A is a permutation of I, then A, X <: U, is a permutation of I', X <: U;. Therefore, we
can use the IH to get A, X <: U, IS, <: T,. The result follows from S-ALL.
CaseS-Ps: S=C; T=C, (C,Cy)eV
Using S-Ps1 with context A directly leads to the desired result.
Case S-Marcul/2: T, =T, Ty =T, match{S,=T,}orT,

[FT,<:S, Vm<n.Tkdisj(T,,S,,)
By the 1st part of the lemma we get Vm < n. At disj(Ty, S,,,). From the IH we obtain
AFT, <:S,,. The result follows from S-MATCH1/2.
Case S-Marcu3/4: S=T,; T=T, match{S,=T,}orT, Vn.Tkdisj(T,,S,)
The result follows from the 1st part of the lemma and S-MATcH3/4.
Case S-Matcu5: S =S, match{U; =S,}orS; T =T, match{U, =T, }orT,

'S, <:T, Vvn.I'tS, <T, THFS;<T,

The result follows directly from the IH and S-MATCHS5.
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3. By induction on a derivation of 'Ft: T

Case T-VAr: t=x x:Tel
Since A is a permutation of I', x : T € A, and the result follows from T-VAR.
Case T-ABs: t=Xx:Tit, T=T;,—=T, I,x:T;Fty:T,
If A is a permutation of I, then A, x: T, is a permutation of I', x : T;. Therefore, we can
use the IH to get A, x: Ty -ty : Ty. The result follows from T-ABs.
Case T-App: t=1t1t, T=T, I'Ft;:T;; =T, T'kty:Ty
The result follows directly from the IH and T-App.
Case T-TABs: t=XX<:U;.ty T=VX<U;.T, I'X<:Ujbkty:Ty
If A is a permutation of I, then A, X <: U, is a permutation of I', X <: U;. Therefore, we
can use the IH to get A, X <:U; Ft, : Ty. The result follows from T-TABs.
Case T-TApp: t=1,T, T=[XT,]Tqy
Ikt :(VX<:Uy. Tyy) THET,<: U,
By the IH we get A+t :(VX <:U;. Ty5). Using the 2nd part of the lemma we obtain A
FT, <:U;. The result follows from T-TAPPp.
Case T-Su: T'Ft:S T'FS<T
By the IH we get AF-t:S. Using the 2nd part of the lemma we obtain A+ S<:T. The
result follows from T-Sus.
Case T-Crass: t=newC T = {newC}
Using T-Crass with context A directly leads to the desired result.
Case T-MATcH: t =t, maich{x;:C,=t;}ort; T =T, match{C,=T,}orT,
I'tkt,: T, I',x,:C,Ht,:T, I'kt;:T,
If A is a permutation of I', then A, x, : C, is a permutation of I', x, : C,. Therefore the
result follows directly from the IH and T-MATcH.

]

LEMMA 3.2 (WEAKENING).

1. IfT'Hdisj(S, T) and I', X <: U is well formed,
then ', X <: Ut disj(S, T).

2. IfT'+S<:T andI', X <:U is well formed,
then') X <:UFS<:T.

3. fTFS<:T andT',x:U is well formed,
thenT',x:UFS<:T.

4. IfTHt:TandT',x:U is well formed,
then',x:UFt:T.

5 IfTFt: T and I', X <: U is well formed,
then' ) X <:Ukt:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I' - disj(V, W) and
I't=S <: T. More precisely, the induction is done on the cumulative depth of both derivation tree.

1. THdisj(V, W)

CaseD-X: V=C; W=C, (C;,Cy€=

Using D-X1 with context I', X <: U directly leads to the desired result.

Case D-Pst: V. ={newC;} W=0C, (C,Cy)¢ 0T

Using D-Ps1 with context I', X <: U directly leads to the desired result.

Case D-Sup: T'FV<:U THdisj(U,W)

By the IH we get I' - disj(U, W). Using the 2nd part of the lemma we obtain I', X <: U+
V <:U. The result follows from D-Sus.
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Case D-ARrROW: V=V, =V, W=C

Using D-ArRrRow with context I', X <: U directly leads to the desired result.
Case D-ALL: V =VX<:V,.V, W=C

Using D-ArL with context I', X <: U directly leads to the desired result.

2. 'FS<:T.

Case S-REFL: T =S
Using S-ReFL with context I', X <: U directly leads to the desired result.
Case S-Trans: I'S<:U T'FU<:T
The result follows from the IH and S-TraNs.
Case S-Top: T = Top
Using S-Top with context I', X <: U directly leads to the desired result.
Case S-Sin: S={newC} T=C
Using S-SIN with context I', X <: U directly leads to the desired result.
Case S-TVar: S=Y Y<Tel
IfY<:T€eT, thenY<:TeI',X<:U and the result follows from S-TVAR.
Case S-ARROW: S =85, =S, T=T, =T,
'FTy<:S; T'ESy<:T,
The result follows from the IH and S-ARrROw.
Case S-AL.: S =VY<:U;.S, T=VY<U.T, I Y<:UFS,;<:T,
Using the IH with context I';;; = I',Y<: Uy, we get I, Y<: Uy, X <: UF S, <: Ty. From
Lemma 3.1, I, X <: U, Y <: U; Sy <: Ty, The result follows from S-ALL.
CaseS-Ps: S=C; T=C, (C,CyeV
Using S-Ps1 with context I', X <: U directly leads to the desired result.
Case S-Marcul1/2: T, =T, Ty =T, match{S,=T,}orT,
FT,<:S, Vm<n.Tkdisj(T,,S,,)
From the IH we get I', X <:UFT, <:S,,. Using the 1st part of the lemma we obtain
Vm < n. I',X<: Uk disj(T,, S,,,). The result follows from S-MATcH1/2.
Case S-Marcu3/4: T, =T; Ty =T, match{S,=T,}orT, Vn.T+disj(T,,S,)
Using the 1st part of the lemma we get Vn. I', X <: Uk disj(T,, S,,). The result follows
from S-MATcH3/4.
Case S-Marcu5: S =S, match{S;=T,}orT; T =T, match{S,=U,}orU,
'S, <:T, vn.I'+T,<U, T'kFT;<:U,
We use the IH on each premise and the result follows directly from S-MATCH5.

3. By inspection of the subtyping rules, it is clear that typing assumbtions play no role in
subtyping derivations.
4. By induction on a derivation of I' -t : T.

Case T-VAr: t=y y:Tel
Ify:TeIl theny:TeTl', x:U and the result follows from T-VARr.
Case T-ABs: t=Xy: Tt T=T, =Ty, I,y:TFt;:T,
Using the IHwith 'y =T',y: T, weget ',y : T;,x: Uk t, : Ty. From Lemma 3.1, I', x :
U,y:T; Fty:T,. The result follows from T-Ass.
Case T-App: t=1tt, T=T;, TI'Ft;:T;; =Ty TI'Fty:Ty
We use the IH on each premise and the result follows from T-App.
Case T-TABs: t=XX<T{.t, T=VX<T.T, I'X<T Fty,:T,
Using the IHwith I';; = I', X <: T; we get I', X <: T, x: Uk t,: Ty. From Lemma 3.1,
I'x:U, X <: T, Fty: Ty The result follows from T-TABs.
Case T-TApp: t=1t,T, T=[X>T,|Ty,
MHt (VX< Ty;.Tyy) DETy< Ty
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Using the IH on the left premise we get I', x : Uk t; :(VX <: Ty;. T;,). Using the 3rd part

of the lemma on the right premise we obtain I', x : UF T, <: T, ;. The result follows from

T-TAPp.

Case T-Su: TI'Ft:S T'FS<:T

Using the IH on the left premise we get I', x : Ut : S. Using the 3rd part of the lemma

on the right premise we obtain I', x: UF S <: T. The result follows from T-Sus.

Case T-CrLass: t=newC T = {newC}

Using T-Crass with context I', x : U directly leads to the desired result.

Case T-MaTcH: t =t, match{x,:C,=t,}ort; T =T, match{C,=T,}orT,
't :T, I')x;:C,Ft;:T, TI'kt;:T,

We use the IH on each premise and the result follows directly from Lemma 3.1 and

T-MATcH.

5. By induction on a derivation of I'-t: T.

Case T-Var: t=x x:Tel
Ify:Tel theny:Tel',X<:U and the result follows from T-VaARr.
Case T-ABs: t=Xx:Tit, T=T;,—=T, I',x:T Fty:Ty
Using the IHwith 'y =T',x: T, wegetI', x: T{,X <: Uk t, : Ty. From Lemma 3.1, I', X
<:U,x: T, Fty:T,. The result follows from T-Ass.
Case T-App: t=tyt, T=T;, I'Ft;:T;; =T, TI'kty:Ty
We use the IH on each premise and the result follows from T-App.
Case T-TABs: t=XY<:T;.t, T=VY<T,.T, I, Y<T;Fty:T,
Using the IHwithI';;; =TI, Y<:T; we get I, Y<: T, X <: Ukt : Ty. From Lemma 3.1,
I''X<:U,Y<:Ty,Ft,y: Ty. The result follows from T-TABs.
Case T-TApp: t=tT, T=[YT,]Ty,
FHt:(VY<:Ty;. Tyy) THTy<:Tyy
Using the IH on the left premise we get I', X <: Uk t; :(VX <: T;;. T;5). Using the 2nd
part of the lemma on the right premise we obtain I', X <: UF T, <: Ty ;. The result follows
from T-TAPP.
Case T-SuB: I'Ft:S TI'FS<:T
Using the IH on the left premise we get I, S<: UFt: S. Using the 2nd part of the lemma
on the right premise we obtain I', X <: U S <: T. The result follows from T-Sus.
Case T-Crass: t=newC T ={newC}
Using T-Crass with context I', X <: U directly leads to the desired result.
Case T-MaTcH: t =t, match{x;:C,=t;}ort; T =T, match{C,=T,}orT,
I'tt,: T, I'x;:CHt,: T, I't;:T,
We use the IH on each premise and the result follows directly from Lemma 3.1 and
T-MATCH.

]

LEMMA 3.3 (STRENGTHENING). IfT',x:T,AFS<:T, then', AF-S<:T.

Proof: By inspection of the subtyping rules, it is clear that typing assumbtions play no role in
subtyping derivations.

]

LEMMA 3.4 (SUBSTITUTION).

1. IfT,X<:Q,AFdisj(S,T) andT'HP<: Q,
then T, [X - P]A F disj([X - P]S, [X - P|T).
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2. fT,X<:Q,AFS<:Tand'+P<:Q,
then T, [X - P]A F[X — P]S <:[X - PT.

3. I X<:Q,A+t: Tand'FP<:Q,
thenT', [X = P]AF[X > P]t:[X — P|T.

4. IfT,x:Q,AFt:TandI'Fq:Q,
thenT', AF[x+q]t:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I', X <: Q, A+
disj(V,W) and I", X <: Q, A S <: T. More precisely, the induction is done on the cumulative depth
of both derivation tree.

1. T, X< Q, Ak disj(V, W)
- CaseD-Xr: V=C; W=C, (C,Cy€=

Since [X+ P|C; = C; and [X+P]C, = C,, we can use D-X1 with context I', [X — P]A
to obtain the desired result.

Case D-Pst: V. ={newC;} W=0C, (C,Cy)¢0T

Since [X+ P]{newC,} = {newC, } and [X = P]C, = C,, we can use D-PsI with context
T, X+ P]A to obtain the desired result.

Case D-SuB: I''X<:Q,AFV<U TI,X<:Q, Al disj(U,W)

By the IH we get I, [X+— P]A b disj([X - P]U, [X + P]W). Using the 2nd part of the
lemma we obtain T, [X — P]A H[X - P]V <:[X = P]U. The result follows from D-Sus.
Case D-ARrROW: V=V, =V, W=C

Since X+ P](V; = V,) = X+ P]V; =X+ P]V, and [X+ P]C = C, we can use D-
Arrow with context I', [X — P]A to obtain the desired result.

Case D-ALL: V=VY<:V;.V, W=C

Since [X—P](VY<:V,.V,) = VY <:[X=P]V;. [X=P]V, and [X+— P]C = C, we can
use D-ALL with context T', [X — P]A to obtain the desired result.

2. ) X<:Q,AFS<:T.

Case S-REFL: T =S

The result follows directly from S-REFL.

Case S-Trans: I')'X<:Q,AFS<:U I''X<:Q,AFU<:T

The result follows directly from the IH and S-TrANs.

Case S-Top: T = Top

[X '+ P]Top = Top and the result follows from S-Top.

Case S-SIN:  S={newC} T=C

[X+>P]{new C} = {newC}, [X+ P]C = C, and the result follows from S-Sin.

Case S-TVAR: S=Y Y<Te([,X<:Q,A)

By context well-formedness, Y <: T €(I", X <: Q, A) can be decomposed into 3 subcases:
Subcase Y <:T €T
By context well-formedness X does not appear in I' consequently is also absent
from Y and T. Hence Y = [X+—P]Y, T = [X+—P]T and [X+—P]Y<:[X=P]T €
(T, [X+ P]A). The result follows from S-TVAR.
Subcase Y <: T € A:
[X - P]Y <:[X - P|T €[X  P]A and [X - P]Y <:[X — PT €(T, [X - P]A). The re-
sult follows from S-TVAR.
SubcaseY<:T=X<:Q(i.e. Y=Xand T = Q):
By context well-formedness, X doesn’t appear in Q, and [X+ P]T = [X+—P]Q = Q.
Also [X+P]S = [X+—=P]X =P and [X+— P|]T = Q. As a result, I' - P <: Q implies
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I'F[X > P]S <:[X+ P|T. Using Lemma 3.2 we get I, [X = P]JA F[X — P]S <:[X —
P]T, as required.
Case S-ARrROwW: S =8, S, T=T, T,
D X<:Q,AFT, <:S; DI''X<:Q,AFS,<:T,

[X+=P)(S; —S,) = [X—P]S; = [X+—=P|S, and [X— P](T; = T,) = [X—P]T; =X+

P]T,. The result follows from the IH and S-Arrow.

- Case S-ALL: S=VY<:U;.S, T=VY<U;.T, D[X<:Q A Y<:UFSy<:Ty
We instantiate the IH with A;; = (A,Y<:U;) to obtain I, [X+— P]A, Y <:[X - P|U;
F[X > P]S, <:[X + P|T,. Using S-ALL, we get ', [X = P]JA H(VY <:[X = P]U; . [X = P]S,)
<:(VY <:[X— PJU,. [X > P|T, ), thatis, T, [X = P]A F[X — P](VY <: U,.S,) <:[X - P| (VY
<:U;. Ty), as required.

- CaseSPs: S=C, T=C, (C;,C))eED

[X++P]C; = C; and [X— P]C, = C,. The result follows from S-Ps.

Case S-Marcul1/2: T, =T, Ty =T, match{S,=T,}orT,

I''X<:Q,AFT,<:S, Vm<nTI X<Q,AkFdisj(T,,S,,)

Using the 1st part of the lemma we get Vm < n. I', [X+ P]AFdisj([X + P|T,, X+

P]S,,)- By the[Hwe get T, [X = P]A F[X = P|T, <:S,,. [X— P]T = [X+ P]T, match{[X —

P]S, =X+ P|T, }or [X - P|T,, and the result follows from S-MATCH1/2.

- Case S-Matcu3/4: S=T,; T=T, match{S,=T,}orT,

vn. T, X<:Q,Adisj(T,,S,,)
By the 1st part of the lemma we get Vn. I, [X — P]A I disj([X + P|T,, [X+P]S,,) and
the result follows from S-MaTcu3/4.

- Case S-Matcu5: S =S, match{U, =S, }orS; T =T, match{U,=T,}orT,

'X<:QAFS, <:T, Vn.I''X<:Q,AFS, <:T,
I X<:Q,AFS;<:T,
The result follows directly from the IH.

3. By induction on a derivation of I', X <: Q, AFt: T.

- Case T-VArR: t=x x:Tel X<:Q,A
[X — P]x = x. T-VAR’s premise can be divided in two subcases:

Subcasex: TeT™:

Context well-formedness impiles that there is no occurence of X in T and [X
P]T =T. Also, x: T€ T, [X+> P]A and the result follows from T-VAR.

Subcase x: T € A:

Context well-formedness impiles that there is a unique occurence of x: T in A,
that is, there exists A;, A, suchthat A = A}, x: T,A;,x ¢ A, andx ¢ A,. Asa
result, [X—P]A = [X+=P]A,,x:[X+—=P|T, [ X+ P|A, and x:[X=P|TeT, X+
P]A. The result follows from T-VARr.

- CaseT-ABs: t=Xx:Tity T=T, =T, I'X<Q A x:TFty:T,
[X—=P](Ax:Tqty) = Ax:[X+—P]T;[X+ P]ty and [X—=P|(T; = Ty) = X+P]T; —
[X+ P]T,. We instantiate the ITH with A;;; = (A,x:T;) to obtain
I, [X+P]A,x:[X+ P]T; H[X > P]t, :[X > P|T,. The result follows from T-ABs.

- Case T-App: t=tt, T=T;, D[ X<QAFt;:T;—=Ty [X<Q AFty:
Ty,

[X = P](tyty) = [X+ Pl [X+—= PJt, and [X = P]Ty; = T1y = [X+P|T;; =X+ P]Tqs,.
The result follows directly from the IH and T-App.
- Case T-TABs: t=AY<T;.t, T=VY<T,.T, I'X<Q A Y<T Fty:Ty
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X5 PJ(AY <:T,. t,) = AY <:[X+=P|T,. [X=PJt, and [X > P](VY <:T,. T,) = VY <:
[X+ P]T,. [X+> P]T,. We instantiate the IH with A;; = (A, Y <:T;) to obtain ", [X
P]A,Y <:[X - P]T; F[X > Plt, :[X = P|T. The result follows from T-TABs.
- Case T-TApp: t=t,T, T=[Yr>T,|Ty,
[X<:Q ARt :(VY<:Ty;. Tyy) I, X<:Q,AFTy<:Tyy
BytheIH, T, [X = P]AF[X 5 Plt; :{[X = P](VY <: Tq;. Typ), ie, T, [X = PJAF[X Pty :
VY <:[X++P]Ty;. [X+> P]T;,. Using the second part of the lemma we get, I', [X+— P]A
X — P|T, <:[X - P|T,,. By T-TApp we get, T, [X = P]A-[X — P]t, X+ P|T, :[Y -
[X+P]T,|[X +P|Tyy,ie., T, [Xt=P]A X P|(t; Ty) :[X+ P]([Y = T5]T;5), as required.
- Case T-SuB: I''X<:Q,AFt:S I',X<:Q,AFS<:T
By the IH, T', [X = P]A F[X — P]t:[X = P]S. Using the second part of the lemma we get,
T, X+ PJAF[X - P]S <:[X - P]T. The result follows from T-Sus.
— Case T-Crass: t=newC T = {newC}
[X+> P]new C = new C and using T-Crass with context I, [X = P]A directly leads to
the desired result.
- Case T-MaTcu: t =t, match{x;:C;=t;}ort; T =T, match{C,=T,}orT,
I X<:Q,AFt,:T, I''X<:Q A x,:C;Ht;:T, I X<:QAlFt,;:
T,
[X '+ P](t, match{x;:C; =t,;} ort;) = [X+> P|t, match{x;: C;, =[X > PJt; }or [X — P]t,.
X+ P|(T, match{C, =T, }orT;) = [X+ P|]T, match{C, =X+ P|T,}or [X+> P|T,.
The result follows directly from the IH and T-App.
4. By induction on a derivation of I', x: Q, A-t: T.
- Case T-VArR: t=y vy:Tel\x:Q,A
By context well-formedness, the premise can be decomposed into 3 subcases:
Subcasey: T eI
[xqly =yandy:T€eT, A. The result follows from T-VAr.
Subcasey: T € A:
Ditto.
Subcasey: T=x:Q (le.y=xand T = Q):
Using I'Fq: Q and Lemma 3.2 we get I', A q: Q. Since [x>qly = qand T = Q,
', AF[x+>qly: T, as required.
- Case T-ABs: t=Ay:Tit, T=T;,—=Ty I x:Q,Ay:TFty:T,
We instantiate the IH with A;;; = (A,y:T;) toobtain T, A, y: Ty F[x > q]ty : Ty [x
q/(Ay: T ty) = Ay: Ty [x — q]t, and the result follows from T-ABs.
- Case T-Apr: t=1tt, T=T,, I[,x:Q AFt;:T;; =T, I,x:Q AFt,:T,
[xq](t;ty) = ([xq]t;)([x > q]ty) and the result follows from the IH and T-Ape.
- Case T-TABs: t=MX<:U;.t, T=VX<U;.Ty, I'x:Q A X<:UjkFty:T,
We instantiate the IH with A, = (A,X<:U;) to obtain I', A, X <: U; F[x > q]ty : Ts.
x> q](AX <:Uj. ty) = AX <:U;. [x> q]t, and the result follows from T-TABs.
— Case T-TApp: t=1tT, T=[X>Ty]Tq,
Ix:Q,AFt :(VX<:U;. Tyy) TNx:Q,AFT,<:U;
By Lemma 3.3, I', A+ T, <: U;. From the IH we get I', AF[x > q]t; :(VX <: Uy. Tqy).
[x+q](t;Ty) = [x+> q]t; Ty and the result follows from T-TApp.
- Case T-SuB: I''x:Q,AFt:S TI'x:Q,AFS<:T
By Lemma 3.3, I', AF S <: T. The result follows from the IH and T-Sus.
- Case T-Crass: t=newC T = {newC}
Since [x+> qJnew C = new C, using T-Crass with context I', A directly leads to the
desired result.
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- Case T-MaTcu: t=t, match{x;:C;=t;}ort; T =T, match{C,=T,}orT,
Ix:Q,AFt,:T, I'x:Q,Ax,:C,Ft;:T, I x:Q AFt;:T,
[x > q](t, match{x,:C;=t;}ort;) = [x>q]t, match{x,:C, =[xt qjt; }or [x q]t,,
and the result follows from the IH and T-MATCH.
O

LEMMA 3.5 (DISJOINTNESS/SUBTYPING EXCLUSIVITY).
The type disjointness and subtyping relations are mutually exclusive.

Proof: We prove mutual exclusivity of type disjointness and subtyping by first defining -], a
mapping from System FM types (in a given context I') into non-empty subsets of a newly defined
set P. We then show that the subtyping relation in FM corresponds to a subset relation in P, and
that the type disjointness relation in FM (disj) corresponds to set disjointness relation in P.

This set-theoretical view of subtyping and disjointness renders the proof trivial. Indeed, suppose
there exist two types S and T with 'S <: T and I' - disj(S, T). [S]- and [T] are two non-empty
sets which are both intersecting and disjoint, a contradiction.

We first define P as P = {A, V} UC. Elements of P can be understood as equivalence classes for
System FM values: A corresponds to all abstraction values, V corresponds to type abstraction value,
and elements of C correspond to their respective constructors. The definition of [-] makes this
correspondence apparent.

We define [-], a mapping of System FM types into subsets of P in a given context I':

[Top]; =P
[Xlr = [T]y whereX<:TeT
[T, = To]r = {A}
[VX<:U;. T = {V}
[{newCy}r = {Cy}
[Cilr ={ceC|(c,C)) eV}

[[Tn]]F if [[Ts]]F Cﬂsnﬂf

and Vm < n. [T, ] N[S,.Ir = {}

[Talr it V. [T, ] O[S, Ir = {}
P otherwise

[T, match{S,=T,}or T ] =

We show that the subtyping relation in FM corresponds to a subset relation in P, and that the
type disjointness relation in FM (disj) corresponds to set disjointness in P. In other words, we prove
the follows statements:

1. DFS<:Timplies [S]; C[T]r,
2. T+disj(S, T) implies [S]r N[T]r = {}.

Both statements are proved simultaneously by induction on derivations of T' - disj(V, W) and T
S <: T. More precisely, the induction is done on the cumulative depth of both derivation tree.

1. (TFS<:Timplies [S] C[T]r)
- Case S-ReErL.: T =S
[SIr = [T]r and the result is immediate.
— Case S-TrRans: I'-S<:U T'FU<T
By the IH, [S]; C[U]r and [U]r C[T]. From subset transitivity, [S]p C[T]p., as re-
quired.
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- Case S-Top: T = Top
[Top]r = P coincides with the codomain of [-]. Therefore, for any type T, [T] C
[Top]y, as required.
- CaseS-SIN: S={newC;} T=¢C,
[{newCyi}]pr = {Cy}and [Cq]r = {c€C| (c,C;) € U}. The result follows by reflexivity
of W.
- CaseS-TVar: S=X X<:Tel
By definition [X] = [T]r, and the result is immediate.
— Case S-ARrow: S =S5, =S, T=T; =T,
Ty <:S; TESy<:Ty
[S; = So]r = [T; = Ty = {A} and the result is immediate.
- CaseS-ALL: S =VX<:U;.S, T=VX<U.Ty I,X<:UFS;<:Ty
[VX <:U;. So]lp = [VX <:Uy. To] = {V} and the result is immediate.
- CaseSPs: S=C, T=C, (C;,C))EW
[Ci]r = {ceC| (c,Cy) €V} and [Cy]p = {c€C| (c,Cy) € ¥}. By transitivity of ¥,
[Ci]r CICs]p. as required.
- Case S-Matcul/2: T, =T, T,=T, match{S,=T,}orT,
I'-T,<:S, Vm<n.I'kdisj(T,,S,,)
Using the IH we get [T, ] C[S,.Jr. Vm < n. [T,]r N[S,.Jr = {} and [T, match{S,; =
T, or T, = [T,.]r- This last equality implies both [T, ] C[Ty] and [To]r C[T; ]
as required.
- Case S-Marcu3/4: T, =T; Ty =T, match{S;,=T,}orT,
Vn. I'tdisj(T,, n)
By the IH Vn. [T, ] N[S,,]r = {}. By definition, [T, match{S; = T,}or T;]r = [Tilr-
This equality implies both [T ] C[Ty]r and [Ty]r C[T,]r, the desired result for S-
MartcH3 and S-MATCH4 respectively.
- Case S-Matcu5: S =S, match{U, =S,}orS; T =T, match{U,=T,}orT,
I'=S,<:T, vn.I'tS,<T, TES;<:T,
By case analysis on [T]:
a. [[T]]l" = [[Tn]]l" and [[Ts]]l" C[[Unﬂl" and Vm < n. [[Tsl]l" m[[[Jm]]l" = {}
The IH gives [S,]r C[T,]r- Using Vm < n. [T,]r N[U,,Ir = {}, we get Vm <
n. [[Ss]]f‘ m[[Um]]F = {} USing [[TSHF C[[Un]]r’ we get [[Ss]]F C[[UnHF (by subset
transitivity). Therefore, [S] = [S,, ], and the result follows from the IH.
b. [T]r = [Ty]r and Vn. [T ] N[0, ] = {}:
The IH gives [S,]r C[T,]p. Using Vn. [T, ] N[U,Jr = {} we get Vn. [S,]rN
[U, I = {}. Therefore, [S] = [S,;]r, and the result follows from the IH.
c. [T]p =P:
P is the codomain of [-], therefore [S]p C[T]y, as required.
2. (I'+disj(S, T) implies [S]y N[T]r = {})
- CaseDX: S=C, T=C, (C,Cp)€EE
[Ci]r = {c€C| (c,Cq) €T} and [Cy]p = {c€C | (¢,Cy) € U}, By definition of =,
there is no class ¢ such that both (¢,C;) € ¥ and (c,C,) € ¥, and [C, ] N[C]r = {}.
- CaseD-Ps:: S={newC;} T=C, (C{,Cy)¢V
[{newCi}]r = C; and [Cy]p = {c€C | (¢, Cy) € ¥} Since (C;,Cy) €V, C; £[Cy]
and [C,]r N[Cy ] = {}.
- CaseD-Su: I'FS<:U TI'kdisj(U,T)
By the IH, [S]r C[U]r and [U]pr N[T]r = {}- [S]r N[T]r = {} follows directly.
- Case D-ArRrow: S=§5,—=S, T=C(C;
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S-MarcH1/2) S-Marcu3/4)

I'-S=:=T ( I'ES=:=T ( I'S=U TI'+FU=T
I'-S<=T I'-S=T I'-S+=T

Fig. 1. Definition of the auxiliary relation =, used to state inversion of subtyping.

[Ci]r = {c€C | (c,Cq) €V}, [S; =Syl = {A} and [Ci]-N[S; = So]r = {}, as
required.

— Case D-ALL: S =VX<:5,.5, T=C;
[Cilr = {ceC|(c,Cy) €W}, [VX<:Sy. Sy = {S} and [Cy [ N[VX <:S;. So]p =
{}, as required.

O

DerINITION. 'S =T (defined in Figure 1) represents evidence of the mutual subtyping between a
match type S and a type T with the additional constraint that this evidence was exclusively constructed
using pairwise applications of S-MATCcH1/2, S-MATCH3/4, and S-TRANS in both directions.

LEMMA 3.6 (INVERSION OF SUBTYPING).
1. IfT+S, match{U, =S, }orS, =T, then either:
a. I'tS,<:U,, Vm < n.T'+disj(S,,U,,) andS,, is a match type withT'+=S, =T,
b. I'FS, <:U,,, Ym < n.'kdisj(S,,U,,) andS,, =T,
c. Vn.'Hdisj(S,,U,,) and S is a match type with['FS,; =T,
d. Vn.T'kdisj(S,,U,,) andS,; = T.
2. IfTES<:X, orI'FS<: T where T is a match type withT' =T =X, then either
a. S is a match type with' =S =Y, for someY,
b. S is a type variable.
3. fTFS<:T; =Ty, orI'-S<: T where T is a match type with' =T =T,; — T,, then either
a. S is a match type withI'=S =S, —S,, for some S, Sy such thatI' T, <:S; andT'FS,
<:T,,
b. S is a match type with ' =S =X, for some X,
c. S is a type variable,
d. S has the formS; — S, with'FT| <:S; andI'F S, <: T,
4. IfTFS<:VX<:U;. Ty, orI'S<: T where T is a match type withI' T = VX <: U;. Ty, then
either
a. S is a match type withI'FS+= VX <:U,. Sy, for some Sy such thatI', X <:U; S, <: Ty,
b. S is a match type with' =S =X, for some X,
c. S is a type variable,
d. S has the form VX <:U;. Sy and I', X <: Uy Sy <t Ts.

Proof:
1. By induction on a derivationon I'-S<=T.
- Case S-Matcu1/2: S =S, match{U, =S,;}orS; T=S5,
'S, <:U, Vm<n I'kdisj(S,,U,,)

S,, = T and the result follows directly from the premises.

- Case S-Matcu3/4: S =S, match{U,=S,;}orS; T=S,; Vn.THdisjS,,U,)
S; = T and the result follows directly from the premises.

— Case S-TrRans: I'S=U T'FU=T
By definition of the = relation, I' - U = T implies that U is a match type. Using the IH
on the left premise we get 4 subcases:
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a. I'kS,<:U,,Vm < n.THdisj(S,,U,,) and S,, is a match type withT'+S,, = U:
Using S-TRaNs we get 'S, = T, as requiered.

b. T'FS,<:U,, YVm < n.T'Fdisj(S,,U,,) and S,, = U:
The result is immediate.

c. Vn.'Fdisj(S,,U,,) and S, is a match type with I' =S, = U:
Using S-Trans we get I'=S,; = T, as requiered.

d. vn.T'kHdisj(S,,U,,) and S; = U:

The result is immediate.

2. By induction on a derivation of 'S <: T.

Case S-REFL: S =T
If T is a type variable then so is S and the result is immediate. If T is a match type with T’
FT+=X, S is amatch type and ' FS =1, as required.
Case S-Trans: I'S<:U T'FU<:T
If T is a type variable we use the IH on the right premise to get that U is either a match
type with I' - U= X or a type variable. In either case, the result follows from using the
IH on the left premise.
If T is a match type with I'- T = X we can also use the the IH on the right premise to
get to the same result.
Case S-TVAar: S=Y Y<:Xel
S is a type variable and the result is immediate.
Case S-Marcul: S =T, match{U,=T,;}orT, T=T,
kT, <:U, Vm<n. I'kdisjT,,U,,)
If T = X, we use S-MATCH?2 to obtain I' - S = X, as required. If T is a match type with '~
T+=1X, we use S-MaTcH2 to get 'S = T, and S-TRANS to obtain I' - S = X, as required.
Case S-Matcu2: S=T, T=T, match{U;,=T,}orT,
'FT,<:U, Vm<n I'kdisj(T,,U,,)
In this case the first premise of the statement (I' - S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' =T = X, we get 4 subcases:
a I'FT,<:U,,Vm < n.T'kdisj(T,,U,,) and T,, is a match type with 'F T, =X:
S =T,, is a match type and I' - S = X, as required.
b. 'FT,<:U,, Vm < n.I'+disj(T,,U,,) and T,, = X:
S =T, = X s a type variable and the result is immediate.
c. Vm.T'Hdisj(T,,U,,) and T, is a match type with T +T,; = X:
This case cannot occur since I' - disj(T,, U,,) contradicts I' T, <: U,, (Lemma 3.5).
d. vm.T'+disj(T,,U,,) and T; = X:
This case cannot occur since I't disj(T,, U,,) contradicts ' T, <: U,, (Lemma 3.5).
Case S-Matcu3: S =T, maich{U,=T,}orT, T=T,
Vn. T+ disj(T,,U,,)
If T = X, we use S-MaTcH4 to obtain I' =S = X, as required. If T is a match type with '~
T =X, we use S-MaTcH4 to get I' =S =T, and S-TRANS to obtain I' - S = X, as required.
Case S-Matcu4: S=T,; T=T, match{U,=T,}orT,
Vn. I'Fdisj(T,, U,,)
In this case the first premise of the statement (I' - S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' =T = X, we get 4 subcases:
a I'tT,<:U,,Vm < n.T'kdisj(T,,U,,) and T,, is a match type with I'"F T, =X:
This case cannot occur since I' - disj(T,, U,,) contradicts I' T, <: U,, (Lemma 3.5).
b. 'FT,<:U,, Vm < n.I'+disj(T,,U,,) and T,, = X:
This case cannot occur since I' - disj(T,, U,,) contradicts I' - T, <: U,, (Lemma 3.5).
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c. Vm.T'Hdisj(T,,U,,) and T, is a match type with T +T, = X:
S is a match type and I' - S = X, as required.
d. vm.T'+disj(T,,U,,) and T; = X:
S =T, = X is a type variable and the result is immediate.
- Case S-Matcu5: S =S, match{U, =S,}orS; T =T, match{U,=T,}orT,
'S, <:T, VYm.I'S,,<T, T'FS;<T,
In this case the first premise of the statement (I'- S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' - T = X, we get 4 subcases:
a. I'tT,<:U,, Vm < n.T'Fdisj(T,, U,,) and T,, is a match type with ' T, = X:
Using D-SuB on Vm. I'FS,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
Vm < n.I'Fdisj(S,,U,,). From S-Trans we get I'S, <: U,,. Using S-MATCH1/2
we obtain '-S<=S,,. Since 'S, <: T, and I'T,, &= X, we use the IH to get
that either S,, is a match type with 'S, =Y, or S, is a type variable. If S, is a
type variable, we already proved ' FS<=S,,, as required. If I'-S,, =Y, then using
S-Trans with I'FS=S,, gives 'S =, as required.
b. I'+T,<:U,, Vm < n. I'+disj(T,,U,,) and T,, = X:
Using D-SuB on Vm. T'FS,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
vm < n.T'Fdisj(S,,U,,). From S-Trans we get I'F S, <: U,,. Using S-MATCH1/2
we obtain I'-S<=S§,,. Since I' - S,, <: X, we use the IH to get that either S,, is a
match type with 'S, =Y, or S,, is a type variable. If S, is a type variable, we
already proved 'S +=S,,, as required. f 'S, =Y, then using S-TraNs with I"
FS+=S,, givesI'FS=Y, as required.
c. Vm.'Fdisj(T,,U,,) and T, is a match type with T'+T,; = X:
Using D-SuB on Vm. I'FS,,, <: T,, and Vm. I disj(T,, U,,,) we obtain Vm. I'+
disj(S,,U,,). Using S-MATcH3/4 we obtain ' -S=1S,. Since 'S, <: T; and '
T, =X, we use the IH to get that either S, is a match type with 'S, =Y, or S
is a type variable. If S ; is a type variable, we already proved I' =S = S, as required.
IfI'+S; =Y, then using S-TRaANs with 'S =S gives 'S =, as required.
d. Vm.I'Fdisj(T,,U,,) and T; = X:
Using D-SuB on Vm. T'FS,, <: T, and Vm. I'Fdisj(T,,U,,,) we obtain Vm. '+
disj(S,, U,,). Using S-MATCH3/4 we obtain 'S <:S. Since I'-S; <: Ty and '
T, =X, we use the IH to get that either S, is a match type with 'S, =Y, or S
is a type variable. If S ; is a type variable, we already proved I' =S = S, as required.
IfI'S; =Y, then using S-TRaANs with 'S =S, gives 'S =, as required.
— Case S-Top, S-SIN, S-ARROW, S-ALL, S-PsI:
In those cases, T is neither a type variable nor a match type and the result is immediate.
3. By induction on a derivation of I' =S <: T.
- Case S-ReFL: T =S
If T is a match type with I' =T = T; — T, and the result follows directly from S-ReFrL. If
T =T, —T,, the result also follows directly from S-REFL.
— Case S-TrRans: I'-S<:U TI'FU<T
Using the IH on the right premise we get 4 subcases:
a. Uis a match type with I'-U = U; — U,, for some U, U, such that I' - T, <: U,
and I'F U, <: Ty:
The result follows directly from using the IH on the left premise (I' - T, <:S; is
obtained using S-TrRaNs with ' T, <: U; andI'+U; <:S;, 'S, <: T, is obtained
analogously).
b. U is a match type with I' U = X, for some X:
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Using the 2nd part of the lemma on the left premise leads to the desired result.
c. Uis a type variable:
The result follows from using the 2nd part of the lemma on the left premise.
d. U has the form U; -+ Uy withI'+T; <:U; and ' Uy <: Ty:
The result follows directly from using the IH on the left premise (I'+T, <:S; is
obtained using S-TrRaNs with'+T; <:U; andI'F U, <:S;, 'S, <: T, is obtained
analogously).
- Case S-Matcul: S =T, match{U,=T,}orT, T=T,
[FT,<:U, Vm <n.Ttdisj(T,,U,,)
If T =T, — T,, we use S-MATCH2 to obtain I' =S = T; — T,, as required. If T is a match
type with ' T =T, —T,, we use S-MATcH2 to get I'-S =T, and S-TRANS to obtain
I'-S+=T,; = T,, and the result follows from S-REFL.
- Case S-Matcu2: S=T, T=T, match{U;=T,}orT,
F'FT,<:U, Vm<n. I'kdisj(T,,U,,)
In this case the first premise of the statement (I' =S <: T; — T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; —T,, we get 4 subcases:
a I'FT,<:U,, Vm < n.T'+disj(T,,U,,) and T,, is a match type with TFT, =
T, —=T,:
S =T, is a match type and I' S = T; — T, and the result follows from S-REFL.
b. TFT,<:U,, Vm < n.T+disj(T,,U,,) and T,, = T, — Ty:
S=T,—=T, S =T;,S; =Ty, and the result follows from S-REFL.
c. Vm.T'kHdisj(T,,U,,) and T, is a match type with 'T,; = T; — Ty:
This case cannot occur since I' - disj(T,, U,,) contradicts I'+ T, <: U,, (Lemma 3.5).
d. Ym.T'Fdisj(T,,U,,) and T; = T; — Tyt
This case cannot occur since I'+-disj(T,, U,,) contradicts ' T, <: U,, (Lemma 3.5).
- Case S-Matcu3: S =T, match{U;,=T,}orT, T=T,
Vn. '+ disj(T,, U,,)
If T = T, = T,, we use S-MATCH2 to obtain I'S =T, — T,, and the result follows
from S-ReFrL. If T is a match type with ' T = T; — T,, we use S-MATCH2 to get I' -
S+=T, and S-TrANS to obtain I' S = T; —T,, and the result follows from S-REFL.
- Case S-Matcu4: S=T; T=T, match{U,=T,}orT,
Vn. 'Fdisj(T,, U,,)
In this case the first premise of the statement (I' =S <: T; —T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; —T,, we get 4 subcases:
a I'tT,<:U,, Vm < n.I'kdisj(T,,U,,) and T, is a match type with '"FT, =
T, =T,
This case cannot occur since I' - disj(T,, U,,) contradicts I' - T, <: U,, (Lemma 3.5).
b. PFT,<:U,, Vm < n.T'Fdisj(T,,U,,) and T,, = T; — Ty:
This case cannot occur since I' - disj(T,, U,,) contradicts I'+ T, <: U,, (Lemma 3.5).
c. Vm.T'Fdisj(T,,U,,) and T, is a match type with ' T; = T; — Ty:
S =T, is a match type and I' =S = T; — T,, and the result follows from S-REFL.
d. Vm.I'kdisj(T,,U,,) and T; = T; — Ty:
S=T, =T, S; =T;,S, =T, and the result follows from S-REFL.
- Case S-Matcu5: S =S, match{U, =S, }orS; T =T, match{U,=T,}orT,
I'=S,<:T, Vvn.I'S,<T, TES;<:Ty
In this case the first premise of the statement (I'-S <: T; — T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; —T,, we get 4 subcases:
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a I'FT,<:U,, Vm < n.T'+disj(T,,U,,) and T,, is a match type with TFT, =
T, —=T,:
Using D-SuB on Vm. I'FS,,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
Vm < n.T'Fdisj(S,,U,,). From S-Trans we get I'S, <: U,,. Using S-MATCH1/2
we obtain I'-S+=S,,. Since 'S, <:T,, and I' =T, &= T; —T,, the IH gives 4
subsubcases:
(@) S,, is amatch type withI'-S, =S, — S, for some S;, S, such that I' - T <:
S;and I'F S, <: Ty:
The result follows directly from S-TrANS.
(ii) S,, is a match type with I'-S,, = X:
The result follows directly from S-TrANS.
(iii) S,, is a type variable:
We already proved I' =S =S,,, as required.
(iv) S,, has the form S; — S, withI'FT; <:S; and 'S, <: Ty:
We already proved I'-S+=S,,, as required.
b. I'FT,<:U,, Vm < n. 'k disj(T,,U,,) and T,, = T; — Ty:
Using D-SuB on Vm. T'FS,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
vm < n.T'Fdisj(S,,U,,). From S-Trans we get I'F S, <: U,,. Using S-MATCH1/2
we obtain I'FS<=S,,. Since 'S, <: T,,, the IH gives 4 subsubcases:
(i) S,, is a match type withI'FS,, =S; — S, for some S;, S, such that I' =T, <:
S;and 'Sy <: Ty:
The result follows directly from S-TrANS.
(ii) S,, is a match type withI'-S,, = X:
The result follows directly from S-TRANs.
(iii) S,, is a type variable:
We already proved I'-S+=S,,, as required.
(iv) S,, has the form'S; =S, withI'F T, <:S; and 'S, <: Ty:
We already proved I'-S = S,,, as required.
c. Vn.T'Hdisj(T,,U,,) and T, is a match type with T'-T; = T; — Ty
Using D-SuB on Vn. I'S, <: T, and Vn. I'+disj(T,,U,,) we obtain Vn. '
disj(S,, U,,). From S-Trans we get I' S, <: C,;. Using S-MATCH3/4 we obtain I'+-
S+=S,.SinceI'FS; <:T; and I' T, = T; — T, the IH gives 4 subsubcases:
(i) S, is a match type withI'-S; =S, — S, for some S;, S, such that I' - T <:
S;and 'S, <: Ty:
The result follows directly from S-TRANs.
(if) S, is a match type with 'S, = X:
The result follows directly from S-TRANS.
(iii) S, is a type variable:
We already proved I' =S =S, as required.
(iv) S, hasthe formS; =S, withI'FT; <:S; and I' Sy <: Ty:
We already proved I'-S =S, as required.
d. Vn.T'Fdisj(T,,U,,) and T, = T; — Ty
Using D-SuB on Vn. I'FS, <:T,, and Vn. I'tdisj(T,, U,,) we obtain Vn. '
disj(S,, U,,). From S-TraNs we get I' S, <: C,;. Using S-MATCH3/4 we obtain I' -
S=S,. Since I'-S; <: T, the IH gives 4 subsubcases:
(i) S, is a match type withI'-S; = S; — S, for some S;, S, such that I' - T <:
S;and 'Sy <: Ty:
The result follows directly from S-TRANS.
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(i) S, is a match type withI'FS; = X:
The result follows directly from S-TrANS.
(iii) S, is a type variable:
We already proved I'-S =S, as required.
(iv) S, hasthe formS; =S, withI'FT; <:S; and 'S, <: Ty:
We already proved I' =S =S, as required.
- CaseS-TVar: S=Y Y<Tel
S is a type variable and the result is immediate.
— Case S-ARrow: S =S5, =S, T=T; =T,
Ty <:S; TESy<:Ty
S has the form S; — S,, with I' T, <:S; and 'S, <: T,, as required.
— Case S-Top, S-SIN, S-A1L, S-Ps1:
In those cases, T is neither a type variable nor a function type and the result is immediate.
4. By induction on a derivation of 'S <: T.
— Case S-ReFL: T =S
If T is a match type with I'- T = VX <: U, . T, the result follows directly from S-RerL. If
T =VX<:U;.T,, Sy = Ty, and the result also follows from S-REFL.
- CaseS-TRans: I'S<:U T'FU<T
Using the TH on the right premise we get 4 subcases:
a. Uis a match type with I' U= U; — U, for some U, such that I', X <: U; - U, <:
Ty:
The result follows directly from using the IH on the left premise (I', X <: U; - S, <:
T, is obtained using S-TRANs with I', X <:U; 'S, <: Uy and I', X <: U; U, <: T,).
b. Uis a match type with 'FU=X:
Using the 2nd part of the lemma on the left premise leads to the desired result.
c. Uis a type variable:
The result follows from using the 2nd part of the lemma on the left premise.
d. Uhas the form VX <:U,. U, with I', X <: U; F U, <: Ty:
The result follows directly from using the IH on the left premise (I', X <: U; S, <:
T, is obtained using S-Trans with I', X <: U; FS, <: Uy and I', X <: Uy F Uy <: T).
- Case S-Matcul: S =T, match{U;,=T,;}orT, T=T,
I'FT,<:U, Vm <n.I'kdisj(T,,U,,)
IfT = VX<:U;. T,, we use S-MATCH2 to obtain I' - S = VX <: U, . Ty, as required, and
the result follows from S-ReFL. If T is a match type with ' =T = VX <: U;. T,, we use
S-MatcH2 to get 'S =T, and S-TRANS to obtain 'S = VX <: U;. T,, and the result
follows from S-REFL.
- Case S-Matcu2: S=T, T=T, match{U;=T,}orT,
I'FT,<:U, Vm <n.I'kdisj(T,,U,,)
In this case the first premise of the statement (I'FS <:(VX <: U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on I'T = VX <: U;. T,, we get
4 subcases:
a. I'FT,<:U,,Vm < n.I'Fdisj(T,,U,,) and T,, is amatch type with ' - T,, = VX
<:U;. Ty:
S = T, is a match type and I'FS+= VX <:U;. Ty, and the result follows from
S-REFL.
b. P'FT,<:U,, Vm < n.T'Fdisj(T,,U,,) and T,, = VX <:U;. Ty:
S =VX<:U;. Ty, Sy = Ty, and the result follows from S-REFL.
¢. Vm.I'Fdisj(T,,U,,) and T, is a match type withI'F T; = VX <: U;. Ty:
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This case cannot occur since I' - disj(T,, U,,) contradicts T'+ T, <: U,, (Lemma 3.5).
d. Ym.T'kdisj(T,,U,,) and T, = VX <:U;. Ty:
This case cannot occur since I' - disj(T,, U,,) contradicts I' T, <: U,, (Lemma 3.5).
- Case S-Matcu3: S =T, match{U;=T,}orT, T=T,
Vn. I'Fdisj(T,, U,,)
If T = VX<:U,. Ty, we use S-MATCH2 to obtain I'S = VX <: U;. Ty, and the result
follows from S-ReFL. If T is a match type with I' =T = VX <: U;. T,, we use S-MATCH2
to get I'FS+=T, and S-TRANs to obtain I'S = VX <:U;. T,, and the result follows
from S-REFL.
- Case S-Matcu4: S=T; T=T, match{U,=T,}orT,
Vn. I'Fdisj(T,, U,,)
In this case the first premise of the statement (I' S <:(VX <: U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on I'-T = VX <: U;. T,, we get
4 subcases:
a. 'FT,<:U,,Vm < n.I'+disj(T,, U,,,) and T,, is a match type with ' - T,, = VX
<:U;. Ty:
This case cannot occur since I' - disj(T,, U,,) contradicts T'+ T, <: U,, (Lemma 3.5).
b. T'FT, <:U,, Vm < n.I'Fdisj(T,,U,,) and T,, = VX <:U;. Ty:
This case cannot occur since I' - disj(T,, U,,) contradicts I'- T, <: U,, (Lemma 3.5).
¢. Vm.T'kFdisj(T,,U,,) and T, is a match type with'F T, = VX <: U;. Ty:
S = T, is a match type and I'FS+= VX <:U;. T,, and the result follows from
S-REFL.
d. Ym.T'kdisj(T,,U,,) and T, = VX <:U;. Ty:
S =VX<:U;. Ty, Sy = Ty, and the result follows from S-REFL.
- Case S-Matcu5: S =S, match{U, = S,}orS; T =T, match{U, =T, }orT,
'S, <:T, Vvn.I'tS, <T, TFS;<T,
In this case the first premise of the statement (I'F S <:(VX <:U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on I'-T = VX <: U;. Ty, we get
4 subcases:
a I'tT,<:U,,Vm < n.TFdisj(T,,U,,) and T,, is a match type with ' T,, = VX
<:U;. Ty
Using D-SuB on Vm. I'FS,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
vm < n. T Fdisj(S,,U,,). From S-Trans we get 'S, <: U,,. Using S-MATCH1/2
we obtain I'-S<=S,,. Since I'-S,, <:T,, and ' - T,, &= VX <: U;. Ty, the IH gives
4 subsubcases:
(i) S,, is a match type with 'S, = VX <:U;. S, for some S, such that I', X <:
U; FSy<:Ty:
The result follows directly from S-TrANS.
(ii) S,, is a match type withI'-S,, = X:
The result follows directly from S-TRANs.
(iii) S,, is a type variable:
We already proved 'S+ S,,, as required.
(iv) S,, has the form VX <:U;. S, with I', X <: U; S, <: Ty:
We already proved I'-S<=S,,, as required.
b. T'FT, <:U,, Vm < n.I'Fdisj(T,,U,,) and T,, = VX <:U;. T,:
Using D-Sus on Vm. I'FS,,, <:T,, and Vm < n. I'kdisj(T,,U,,) we obtain
Vm < n.T'Fdisj(S,,U,,). From S-Trans we get I'-S, <: U,,. Using S-MATCH1/2
we obtain 'S+=S,,. Since I'+S,, <: T,,, the IH, the IH gives 4 subsubcases:
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(@) S,, is a match type with I'-S,, = VX <:U;. S, for some S, such that I', X <:
U; FSy <:Ty:
The result follows directly from S-TRANs.
(ii) S,, is a match type withI't-S,, =X:
The result follows directly from S-TRANS.
(iii) S,, is a type variable:
We already proved I' =S =S,,, as required.
(iv) S,, has the form VX <:U;. S, with ', X <:U; S, <: Ty:
We already proved 'S+ S,,, as required.
¢. Vm.'Fdisj(T,,U,,) and T, is a match type withI'F T, = VX <: U;. Ty:
Using D-SuB on Vm. I'FS,, <: T, and Vm. I' - disj(T,, U,,,) we obtain Vm. '+
disj(S,, U,,,). From S-TraNs we get 'S, <: C,. Using S-MATcH3/4 we obtain '
S=S5,. SinceI'-S;<:T;and I' - T; = VX <:U;. Ty, the IH gives 4 subsubcases:
(i) S, is a match type with I' =S, = VX <:U;. S, for some S, such that I', X <:
U, =Sy <: Ty
The result follows directly from S-TRANS.
(i) S, is a match type withI'FS,; = X:
The result follows directly from S-TrANS.
(iii) S, is a type variable:
We already proved I'-S =S, as required.
(iv) S, has the form VX <:U;. S, with I, X <: Uy S, <: Ty:
We already proved I' =S =S, as required.
d. Ym.T'kdisj(T,,U,,) and T, = VX <:U;. Ty:
Using D-SuB on Vm. I'FS,,, <: T,, and Vm. I disj(T,, U,,,) we obtain Vm. I'+
disj(S,,U,,,). From S-TraNs we get 'S <: C,. Using S-MATcH3/4 we obtain '+
S+=S,.Since 'S, <: T,, the IH gives 4 subsubcases:
(i) S, is a match type with I'-S; = VX <:U;. S, for some S, such that I', X <:
U; FSy <: Ty
The result follows directly from S-TRANs.
(if) S, is a match type withI'FS; = X:
The result follows directly from S-TRANS.
(iii) S, is a type variable:
We already proved I' =S =S, as required.
(iv) S, has the form VX <:U;. S, with I', X <: Uy S, <: Ty:
We already proved I' =S = S, as required.
- CaseS-TVArR: S=Y Y<Tel
S is a type variable and the result is immediate.
- CaseS-AlL: S =VX<:U;.S, T=VX<U;.Ty
' X<:Uj Sy <: Ty
S has the form VX <:U;. Sy, with I', X <: U; I S, <: T, as required.
— Case S-Top, S-SIN, S-ARROW, S-PsI:
In those cases, T is neither a type variable nor a universal type and the result is immediate.

]

LEMMA 3.7 (CANONICAL FORMS).

1. IfT't: T, where either T is a type variable, or T is a match type withI'FT =X, thent is not
a closed value.
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2. Ifv is a closed value with I' v : T where either T = T, — Ty, or T is a match type and I' -
T=T, — Ty, thenv has the form A\x:S;. t,.

3. Ifv is a closed value with I' v : T where either T = VX <:U;. Ty, or T is a match type and I"
FT=VX<:U;. Ty, thenv has the form AXX <:U;. t,.

Proof:

1. By induction on a derivation of ' -t: T
— Case T-VAR, T-TArp, T-Aprp, T-MATCH:
In those cases, t is not a value and the result is immediate.
— Case T-ABs, T-TABs, T-CLASS:
In those cases, T is neither a match type nor a type variable and the result is immediate.
- Case T-SuB: I't:S TI'FS<T
By Lemma 3.6, either S is a match type with 'S =Y, or S is a type variable. In both
cases, we use the IH to show that t is not a closed value, as required.
2. By induction on a derivation of I'-t: T.
— Case T-Var, T-TArp, T-Arp, T-MATCH:
In those cases, t is not a value and the result is immediate.
Case T-ABs: t=Xx:Tit, T=T;,—T, I,x:T;Fty:T,
t = Ax:T;ty and the result is immediate.
Case T-TABs, T-CLASS:
T is neither a function type nor a match type and the result is immediate.
Case T-Su: T'+t:S T'FS<:T
Using Lemma 3.6 we get 4 subcases:
a. Sisamatch type withI'FS+=S; —S,:
The result follows from the IH.
b. S is a match type with['FS=X:
This case cannot occure since the 1th part of the lemma would lead to a contradiction
on the fact that v is a closed value.
c. Sisa type variable:
Similarly, this case cannot occure since the 1st part of the lemma would lead to a
contradiction.
d. Shasthe formS; =S, withI'F T, <:S; and 'S, <: Ty:
The result follows from the IH.
3. By induction on a derivation of I'-t: T.
— Case T-VAR, T-TAprp, T-Aprp, T-MATCH:
In those cases, t is not a value and the result is immediate.
— Case T-ABs, T-CLASS:
T is neither a universal type nor a match type and the result is immediate.
- Case T-TABs: t=AY<T.t, T=VY<T,.Ty I, Y<T;Ft;:Ty
t =AY <:T;. t, and the result is immediate.
- CaseT-Sup: T'kt:S T'FS<T
Using Lemma 3.6 we get 4 subcases:
a. Sisamatch type withI' S = VX <:U;. S,, The result follows from the TH.
b. Sis a match type with I' - S = X, This case cannot occure since the 1th part of the
lemma would lead to a contradiction on the fact that v is a closed value.
c. Sis a type variable, Similarly, this case cannot occure since the 1st part of the
lemma would lead to a contradiction.
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d. S has the form VX <:U;. S, and I', X <: U; IS, <: T,. The result follows from the
IH.

]

LEMMA 3.8 (INVERSION OF TYPING).

1. IfT'EAx:Sy.s9:Tand '-T<:U; = U,, then ' -U, <:S; and there is some Sy such that
I'x:S;Fsy:Sy and 'S, <: U,

2. IfTFAX<:S;.85: TandT'HT<:(VX<:U,.U,), thenU; =S, and there is some S, such that
I X<:S;Fsy:Sy and T, X <:S; Sy <t U,

Proof:
1. By induction on a derivation of I'-t: T.

- Case T-ABs: t=MAx:S;sy T=8 =Ty Ix:SFsy:Ty
Given I'FS; — T, <: U; — U,, we use Lemma 3.6 to obtain I'FU; <:S; and ' T, <:
U,. We pick S, to be T, to obtain the desired result.

- CaseT-Su: T'Ft:S TEFS<T
Using S-TRANs withI'FS<: Tand I' T <: U; — U, we get I' =S <: U; — U,. The results
follows directly from the IH.

— Case T-VAR, T-Arp, T-TABs, T-TArp, T-CrAss, T-MATCH:

In those cases, t is not of the form Ax: S;. sy and the result is immediate.
2. By induction on a derivation of 't : T.

- Case T-TABs: t=AX<:5;.5y T=VX<:5.Ty I,X<:S;Fsy:Ty
Given'H(VX <:S;. Ty) <:(VX <:U;. U,), we use Lemma 3.6 to obtain U; = S; and I', X
<:§; F Ty <:U,. We pick S, to be T, to obtain the desired result.

- Case T-SuB: I't:S TI'FS<T
Using S-TrRaNs withI'FS<: Tand ' T<:(VX <:U;. U,y) we get I'F S <:(VX <: U;. U,).
The results follows directly from the TH.

— Case T-VAR, T-ABs, T-Arp, T-TAppr, T-CrASS, T-MATCH:

In those cases, t is not of the form AX <:S;. s, : T and the result is immediate.

LEMMA 3.9 (MINIMUM TYPES).

1. IfT+newC:T thenT H{newC} <:T.
2. IfT'FAx:Ty. ty: T then there is some Ty such thatI'-T; =Ty <: T.
3. IfI'-AX <:Uy. ty : T then there is some Ty such thatI' VX <:U;. Ty <: T.

Proof:
1. By induction on a derivation of I'Ft: T.
— Case T-VAR, T-ABs, T-Arp, T-TABs, T-TAprp, T-MATCH:
In those cases, t is not a constructor call and the result is immediate.
— Case T-Crass: t=newC T = {newC}
The result follows directly from S-REFL.
— Case T-SuB: TI'Ft:S T'FS<:T
By the IH, ' H{new C} <: S. The result follows from S-TRANS.
2. By induction on a derivation of I'-t: T.
— Case T-VARr, T-Arp, T-TABs, T-TAprpr, T-CLASS, T-MATCH:
In those cases, t is not an abstraction and the result is immediate
- CaseT-ABs: T=T; =Sy TI,x:T{Ft;:S,
Ty = S, and the result is immediate using S-REFL.
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- CaseT-Sup: T'kt:S TI'kFS<T
Using the IH, there is some T, such that I'-T; — T, <:S. The result follows from S-
TRANS.

3. By induction on a derivation of I'-t: T.

— Case T-VAR, T-Ass, T-Aprp, T-TAppr, T-CLASS, T-MATCH:
In those cases, t is not a type abstraction and the result is immediate

- Case T-TABs: T=VX<:U;.Sy I'X<:U;Fty:5,
T, = S, and the result is immediate using S-REFL.

- Case T-SuB: I't:S TI'FS<T
Using the IH, there is some Ty such that I' - VX <: U;. T, <: S. The result follows from
S-TRANS.

]

THEOREM 3.10 (PRESERVATION).
IfTHt:Tandt—t thenTHt : T.

Proof: By induction on a derivation of I't: T.

— Case T-VAR, T-ABs, T-TABs, T-CLASS:
These cases cannot arise since we assume t—>t’ but there are no evaluation rules for
variables, abstractions, type abstractions and class instantiations.
- Case T-App: t=tty, T=T;, I'Ft;:T;; =Ty I'Fty:Tyy
By definition of the evaluation relation, there are 3 subcases:
Subcase E-Aprl:  t; —t] t' =tit,
By the IH and the 1st premise we get I' -t} : T;; — T;5. We use T-App with that result
and the 2nd premise to obtain I' -t t, : T4, as required.
Subcase E-App2:  t,—t;, t;=v; t =t
Analogously, the IH gives It} : T, and the result follows from T-App.
Subcase E-ApPABs:  t; = Ax:Ujj.uy  t/ =[x ty]ugs
By Lemma 3.8 (with S; = Uy, sy = u;5, U; = T;; and U, = T,,), there is some S,
such that I, x: U Fuyg: Sy, 'FSy <: Ty and I' T <: Uy;. Using T-SuB with 't :
T,; and "'+ Ty, <:Uy; we obtain I'Ft, : U;;. By Lemma 3.4 we get I'H[x > ty]u;5 : Ss.
Using T-SuB we obtain I'H[x > ty]u;5 : Ty o, as required.
- Case T-TApp: t=t;T, T=[X>T,]|T;,
PHty(VX<:Up. Tyy) THETy<:U
The proof for case T-TAPpP is analogous to the one for T-App. By definition of the evaluation
relation, there are 2 subcases:
Subcase E-TApp:  t, —t; t' =1]T,
By the IH and the 1st premise we get I' -t} :(VX <: U;. T;5). We use T-TApp with that
result and the 2nd premise to obtain I" -t} T, :[X > Ty] Ty, as required.
Subcase E-TAPPTABs:  t; = AX<:Ujj.uyy  t = [X=Tylug,
By Lemma 3.8 (with S; = U;4, s, = u;5 and U, = T,,), there is some S, such that
I X<:Uj;Fuyg:S,, Uy =Upp,and I', X <: Uy Sy <: Ty Since I'- T, <: Uy, we use
Lemma 3.4 twice to get I'H[X > Ty]uyq :[ X+ Ty]Sy and I'H[X - To Sy <:[X = Ty Tyy-
By T-SuB I'H[X — Ts]uyy :[X = Ty] T, as required.
- Case T-Sup: I't:S TI'+S<:T
By the IH, I'Ft’ : S. The result follows directly from T-Sus.
- Case T-MaTcH: t =t  match{x;:C,=t,}ort; T =T, match{C,=T,}orT,
'-t,: T, I,x,:C;Ht;:T, TI'kt;:T,
By definition of the evaluation relation, there are 5 subcases:
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Subcase E-Matrcul: t,—t, t' =t, match{x;:C, =1t }ort,
By the IHT'Ft/ : T,. The result follows directly from T-MATcH.
Subcase E-Marcu2: t, =newC (C,C,) €W
vm < n.(C,C,,) ¢V t =[x, newClt,

By S-Pst, S-Sin and S-Trans, I' {new C} <: C,,. From D-Ps1, Vm < n. '+ disj({new C},
C,,,)- By Lemma 3.9 we get ' -{new C} <: T,. Let T; be {new C} match{C, = T,}orT,.
From S-Marcul, I'=T,, <:T,. Using S-MaTcu5, I' =T, <: T. By S-Trans, ' T, <: T.
Using T-Crass, T-Su, S-SIn and S-Ps1 (with (C, C,,) € ) we get I'- new C: C,,. From
the case premises, we have I', x,, : C,, -t : T, . By Lemma 3.4, we get I" H[x,, — newC]t,, :
T,,. Finally, using T-SuB we get , I'-[x,, > new C]t,, : T, as required.
Subcase E-Marcu3:  t, =newC Vn.(C,C,)¢¥ t' =ty
The proof for subcase E-MATCH3 is analogous to the one for E-MatcH2. From D-
Psi, Vn. I'tdisj({new C},C,,). By Lemma 3.9 we get I'{new C} <: T,. Let T; be
{new C} match{C, = T,}orT,. From S-Marcu2, I'- T, <: T;. Using S-MarcH5, I'- T
<:T.By S-TRaNs I' =T <: T. Using T-SuB, I' -t ; : T, as required.
Subcase E-Marcu4: t,=Xx:U.u t' =ty
By Lemma 3.9, there exists a V such that I'-U— V <:T,. Using D-Arrow, Vn. I' -
disj(U—V,C,,). Let T; be U—V match{C, =T, }or T,. From S-MaTrcu2,I' T, <: T;.
Using S-Matcn5,'-T; <: T. By S-TRans I' - T; <: T. Using T-SuB, I' - t,; : T, as required.
Subcase E-Marcu5: t, =VX<:U.u t =t,
The proof for subcase E-MATcHS5 is analogous to the one for E-MaTcH4. By Lemma 3.9,
there exists a V such that I' H(VX <: U. V) <: T,. Using D-ArRROW, we get Vn. ' F disj (VX
<:U.V,C,). Let T; be (VX <:U. V) match{C, =T, }or T;. From S-Marcu2, I' T <:
T,. Using S-MarcH5, I' =T, <: T. By S-TRans I'=T, <: T. Using T-Sus, I'*-t,;: T, as
required.

]

THEOREM 3.11 (PROGRESS).
Ift is a closed, well-typed term, then eithert is a value or there is somet’ such thatt—t’.

Proof: By induction on a derivation of I' -t : T.

Case T-Var: t=x x:Tel
This case cannot occure because t is closed.
Case T-ABs, T-TABs, T-CLASS:
In those cases, t is a value and the result is immediate.
Case T-App: t=t3t, T=T;, I't;:T;; =T, I'kty:Ty;
By the IH, either t, is a value or t; can take a step (there is some t] such that t; —t}). If t;
can take a step, then E-App1 applies to t. If t; is a value, we use Lemma 3.7 to get that t; has
the form Ax:S;. t,. Therefore, E-APPABS applies to t, as required.
Case T-TApp: t=t;T, T=[Xt>Ty|Ts
IHty:(VX<:Uy. Tyy) THET,< U
The proof for case T-TAPP is analogous to the one for T-App.
By the IH, either t; is a value or t; can take a step. If t; can take a step, then E-TApp applies
to t. If t; is a value, we use Lemma 3.7 to get that t; has the form AX <: T, . t,. Therefore,
E-TAppTABs applies to t, as required.
Case T-Su: TI't:S TI'+S<:T
The result follows directly from the IH.
Case T-MaTcH: t =t, match{x,;:C,=t,}ort; T =T, match{C,=T,}orT,
't,: T, I')x;:C,Ht;:T, TI'kt;:T,

S
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By the IH, either t, is a value or t, can take a step. If t, can take a step, then E-MATCcH1
applies to t, as required. If t, is a value, t, can take 3 different forms:
Subcase t, is of the form new C:
If Vm. (C,C,,) ¢ ¥, then E-Matcu3 applies to t. Otherwise, let C; be the first class
such that (C, C;,) € U. By construction we know that Vm < k. (C,C,,) ¢ V. Therefore
E-MATcH?2 applies to t, as required.
Subcase t is of the form Ax : T ty:
E-MaTtcH4 applies to t and the result is immediate.
Subcase t, is of the form VX <:U;. Ty:
E-MaTcHS5 applies to t and the result is immediate.



APPENDIX B: A TYPE SAFETY PROOF FOR SYSTEM FMB
LEmMA 3.1 (PERMUTATION). IfT" and A are well-formed and A is a permutation of I, then:
1. IfT'Fdisj(S, T), then A+ disj(S, T).
2. IfT'S<:T, then A-S<:T.
3. IfT'Ft:T, then AFt:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I' F disj(V, W) and
I'S <: T. More precisely, the induction is done on the cumulative depth of both derivation tree.

1. THdisj(V, W)

CaseD-X1: V=C;, W=C, (C;,Cy)€E=E

Using D-X1 with context A directly leads to the desired result.
Case D-Pst: V. ={newC;} W=0C, (C,Cy)¢ 0T

Using D-Psr with context A directly leads to the desired result.
Case D-Sup: TI'FV<:U THFdisj(U,W)

By the IH we get A+ disj(U, W). Using the 2nd part of the lemma we obtain AFV <:U.
The result follows from D-Sus.

Case D-ARrROW: V=V, =V, W=C

Using D-ArrRow with context A directly leads to the desired result.
Case D-ALL: V =VX<:V,.V, W=C

Using D-ALL with context A directly leads to the desired result.

2. 'FS<:T.

Case S-REFL: T =S
Using S-ReFL with context A directly leads to the desired result.
Case S-Trans: I'S<:U TI'FU<:T
The result follows directly from the IH and S-TrRANs.
Case S-Top: T = Top
Using S-Top with context A directly leads to the desired result.
Case S-SiN:  S={newC} T=C
Using S-SIN with context A directly leads to the desired result.
Case S-TVAR: S=X X<:Tel Since A is a permutation of I', X <: T € A, and the
result follows from S-TVAR.
Case S-ARROW: S =85, =S, T=T, =T,
I'ET,<:S; TES;<:Ty
The result follows directly from the IH and S-Arrow.
Case S-ALL: S =VX<:U;.S, T=VX<U;.T, I'X<:UFS,<T,
If A is a permutation of I, then A, X <: U, is a permutation of I', X <: U;. Therefore, we
can use the IH to get A, X <:U; IS, <: T,. The result follows from S-ArL.
CaseS-Ps: S=C; T=Cy, (C,Cy)ET
Using S-Ps1 with context A directly leads to the desired result.
Case BS-Matcul1/2: T, =T, T, =T, match[X|{S,=T,}orT,
I''X<:UFT,<:S,
Vm < n. T, X<:Toptdisj(T,,S,,)
By the 1st part of the lemma we get Vm < n. A, X <: Top+ disj(T,, S,,,). From the IH
we obtain A, X <: U T, <:S,,. The result follows from BS-MATcH1/2.
Case BS-Matcu3/4: S=T,; T=T, match[X|{S;,=T,}orT,
Vn. ', X <: Top +disj(T,, S,,)
The result follows from the 1st part of the lemma and BS-MaTcH3/4.
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- CaseBS-Marcu5: S =S, match[X|{U, = S,}orS; T =T, match[X|{U,=T,}orT,
'S, < T,
vn.I',X<:TopFS, <:T,
IES;<:T,
The result follows directly from the IH and BS-MATcHS5.
3. By induction on a derivation of I'Ft: T
- CaseT-Var: t=x x:Tel
Since A is a permutation of I', x : T € A, and the result follows from T-VAR.
- CaseT-ABs: t=Xx:Tity T=T,—>Ty I x:TiFty:Ty
If A is a permutation of I, then A, x: T, is a permutation of I', x : T;. Therefore, we can
use the IH to get A, x: Ty -ty : Ty. The result follows from T-ABs.
- Case T-App: t=1tt, T=T;, T'Ft;:T;; =T, TIFty:Ty
The result follows directly from the IH and T-App.
— Case T-TABs: t=MX<:U;.t, T=VX<U;.T, I'X<:U Fty:Ty
If A is a permutation of I, then A, X <: U, is a permutation of I', X <: U;. Therefore, we
can use the IH to get A, X <:U; Ft, : Ty. The result follows from T-TABs.
- Case T-TApp: t=1t;T, T=[Xt>T,yT;
Ikt :(VX<:Uy. Tyy) THETy<: U,
By the IH we get A+t :(VX <:U;. T5). Using the 2nd part of the lemma we obtain A
FT, <:U;. The result follows from T-TAPp.
- CaseT-Su: T'Ft:S T'FS<T
By the IH we get AF-t:S. Using the 2nd part of the lemma we obtain A+ S<:T. The
result follows from T-Sus.
— Case T-Crass: t=newC T = {newC}
Using T-Crass with context A directly leads to the desired result.
- CaseBT-MaTcH: t =t maich[X]{x;:C;=t;}ort, T =T, match[X]{C;=T,}orT,
't : T,
I'' X <:Top,x;:C; -t;: T,
I'-t;: T,
If A is a permutation of I, then A, X <: Top, x; : C; is a permutation of I', X <: Top, x; :
C,. Therefore the result follows directly from the IH and BT-MATcH.

]

LEMMA 3.2 (WEAKENING).

1. IfT'Hdisj(S, T) and I', X <: U is well formed,
thenT', X <: Ut disj(S, T).

2. IfT'-S<:T andI', X <: U is well formed,
then', X<:UFS<:T.

3. fTES<:T andT',x:U is well formed,
then',x:UFS<:T.

4. IfT-t:Tand ', x: U is well formed,
thenT',x:Ukt:T.

5. IfTFt: T and I', X <: U is well formed,
thenT', X <:Ukt:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of T' - disj(V, W) and
I'S <: T. More precisely, the induction is done on the cumulative depth of both derivation tree.

1. THdisj(V, W)
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- CaseD-Xi: V=C; W=C, (C,Cy)€E
Using D-X1 with context I', X <: U directly leads to the desired result.
- CaseD-Pst: V={newC;} W=0C, (C;,Cy)¢ WU
Using D-Ps1 with context I', X <: U directly leads to the desired result.
- CaseD-Su: TI'FV<:U TI'Fdisj(U,W)
By the IH we get I' - disj(U, W). Using the 2nd part of the lemma we obtain I', X <: U+
V <:U. The result follows from D-Sus.
- Case D-ARrOow: V=V, =V, W=C
Using D-Arrow with context I', X <: U directly leads to the desired result.
- Case D-ALL: V=VX<:V;.V, W=C
Using D-ALL with context I', X <: U directly leads to the desired result.
2. 'FS<:T.
— Case S-RerL.: T =S
Using S-ReFL with context I', X <: U directly leads to the desired result.
— Case S-TRans: I'S<:U TI'FU<:T
The result follows from the IH and S-TraNs.
- Case S-Top: T = Top
Using S-Top with context I', X <: U directly leads to the desired result.
- CaseS-Sin: S={newC} T=C
Using S-Sin with context I', X <: U directly leads to the desired result.
- CaseS-TVar: S=Y Y<Tel
IfY<:Tel, thenY<:TeI',X<:Uand the result follows from S-TVAR.
- Case S-ARrROW: S=5,—=S, T=T; =T,
I'ET,<:S; T'ES;<:Ty
The result follows from the IH and S-ARROw.
- CaseS-AlL: S=VY<:U;.S, T=VY<U.Ty I,Y<:U FSy<:T,
Using the IH with context I';;; = I',Y<: U, we get I, Y<: U, X <: UFS, <: Ty. From
Lemma 3.1, ', X <: U, Y <: U; IS, <: Ty The result follows from S-ALL.
- CaseS-Ps: S=C;, T=C, (C{,CyeV
Using S-Ps1 with context I', X <: U directly leads to the desired result.
- Case BS-Marcul/2: T, =T, T,=T, match[Y|{S;,=T,}orT,
IY<:VET, <:S,
VYm < n.T,Y<:Toptdisj(T,,S,,)
FromtheIHweget ', Y<:V,X <:UFT, <:S,,. Using the 1st part of the lemma we obtain
vm < n. I',Y<:Top,X<:UkFdisj(T,,S,,). The result follows from Lemma 3.1 and
BS-MATCH1/2.
- Case BS-Marcu3/4: T, =T, T, =T, match[Y|{S,=T,}orT,
Vn.T,Y <: Toptdisj(T, S,,)
Using the 1st part of the lemma we get Vn. T',Y <: Top, X <: Ut disj(T,, S,, ). The result
follows from Lemma 3.1 and BS-Matcu3/4.
- Case BS-Marcu5: S =S, match[Y|{S; =T, }orT; T =T, match[Y/{S,=U,}orU,
IES,<:T,
vn.I,Y<:Top-T, <:U,
I'+T,;<:U,
We use the IH on each premise and the result follows directly from Lemma 3.1 and
BS-MArtcH5.
3. By inspection of the subtyping rules, it is clear that typing assumbtions play no role in
subtyping derivations.
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4. By induction on a derivation of I' -t : T.

Case T-VAr: t=y vy:Tel
Ify: Tel theny:T&TI',x:U and the result follows from T-VAR.
Case T-ABs: t=Ay:Tit, T=T; =Ty TI,y:TiFty:Ty
Using the IHwith I';; =T, y:T; weget',y:T;,x:UkFt,:Ty. From Lemma 3.1, I, x :
U,y:T; Fty: Ty. The result follows from T-Ass.
Case T-App: t=1t1t, T=T, I'Ft;:T;; =T, Tkty:Tq,
We use the IH on each premise and the result follows from T-App.
Case T-TABs: t=XX<:T;.ty T=VX<T;. Ty I'X<TjFty:Ty
Using the IHwith I';; =TI, X <: T} we get I', X <: T, x: Uk ty: Ty. From Lemma 3.1,
I'x:U,X<:T; Fty:T, The result follows from T-TABs.
Case T-TApp: t=1,T, T=[XT,]Tqy

PEt; (VX<:Ty;.Tyy) THET,<Tpy
Using the IH on the left premise we get I', x : Ut t; :(VX <: Ty;. Ty5). Using the 3rd part
of the lemma on the right premise we obtain I', x : U T, <: T;;. The result follows from
T-TApp.
Case T-Su: T'Ft:S T'FS<T
Using the IH on the left premise we get I', x : Ut t: S. Using the 3rd part of the lemma
on the right premise we obtain I', x : UF S <: T. The result follows from T-Sus.
Case T-Crass: t=newC T = {newC}
Using T-Crass with context I', x : U directly leads to the desired result.
CaseBT-Marcu: t =t, match|Y|{x,:C, =t;}ort; T =T, match[Y|{C,=T,}orT,

I't,: T, TI,Y<:Top,x;:C;kt;:T, T'kFt;:T,

We use the IH on each premise and the result follows directly from Lemma 3.1 and
BT-MATCH.

5. By induction on a derivation of 't : T.

Case T-VAr: t=x x:Tel
Ify:Tel theny:Tel', X <:U and the result follows from T-VAR.
Case T-ABs: t=XMx:Tt, T=T, =T, D[x:T;Fty:T,
Using the [Hwith I';; =T, x: Ty weget I, x: T;, X <: Uk ty: Ty. From Lemma 3.1, I', X
<:U,x: Ty Ft,: Ty. The result follows from T-Ass.
Case T-App: t=t1t, T=T;, TI'Ft;:T;; =T, I'Fty:Ty,
We use the IH on each premise and the result follows from T-App.
Case T-TABs: t=AY<T;.t, T=VY<T|.T, I ,Y<T Fty;:Ty
Using the IHwith I';;; =", Y<:T; weget ', Y<:T;,X<: Uk t, : Ty. From Lemma 3.1,
I')X<:U,Y<: Ty, Fty : Ty. The result follows from T-TABs.
Case T-TApp: t=t;T, T=[Y—T,|T;,
Mkt :(VY<:Ty;. Tyy) THETy<Tyy
Using the IH on the left premise we get I', X <: Uk t; :(VX <: Ty;. Ty,). Using the 2nd
part of the lemma on the right premise we obtain I', X <: UF T, <: T, ;. The result follows
from T-TAPp.
Case T-Su: T'Ht:S T'FS<T
Using the IH on the left premise we get I, S<: Ut : S. Using the 2nd part of the lemma
on the right premise we obtain I', X <: UF S <: T. The result follows from T-Sus.
Case T-CrLass: t=newC T = {newC}
Using T-Crass with context I', X <: U directly leads to the desired result.
CaseBT-MarcH: t =t, match[Y|{x,:C, =t,}ort; T =T, match[Y{C,=T,}orT,
't,: T, I, Y<:Top,x,:C;Ft;: T, T'kFt;:T,

S
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We use the IH on each premise and the result follows directly from Lemma 3.1 and
BT-MATcH.

]

LEMMA 3.3 (STRENGTHENING). IfT,x:T,AFS<:T, then', AF-S<:T.

Proof: By inspection of the subtyping rules, it is clear that typing assumbtions play no role in
subtyping derivations.

]

LEMMA 3.4 (NARROWING).
1. IfT,X<:Q,Atdisj(S,T) andTHP<: Q, thenT', X <: P, A+ disj(S, T).
2. fI,X<:Q,AFS<:TandT'H-P<:Q, then', X<:P,AFS<:T.
3. I X<:Q,A+t: Tand'FP<:Q, then ', X <:P, A t:T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I', X <: Q, A+
disj(V,W) and I', X <: Q, A+ S <: T. More precisely, the induction is done on the cumulative depth
of both derivation tree.

1. [,X<:Q, A+disj(V, W)

CaseD-Xi: V=C, W=C, (C,C))e=

Using D-X1 with context I', X <: P, A directly leads to the desired result.
CaseD-Ps: V=C, W=C, (C,C)¢V¥

Using D-Ps1 with context I', X <: P, A directly leads to the desired result.
Case D-Su: T'X<:Q,AFV<U T,X<:Q,AFdisj(U,W)

By the 2nd part of the lemma we get I', X <: P, A+ V <: U. From the IH we obtain I', X <:
P, A+ disj(U, W). The result follows from D-Sus.

Case D-ARRow: V=T, »T, W=C

Using D-ArrRow with context I', X <: P, A directly leads to the desired result.
Case D-ALL: V=VX<:V;.V, W=C

Using D-ArL with context I', X <: P, A directly leads to the desired result.

2. I'X<:Q,AFS<:T

Case S-RErL: T =S
Using S-ReFL with context I', X <: P, A directly leads to the desired result.
Case S-Top: T = Top
Using S-Top with context I', X <: P, A directly leads to the desired result.
Case S-SIn:  S={newC} T=C
Using S-SIN with context I', X <: P, A directly leads to the desired result.
CaseS-Ps: S=C; T=C, (C,Cy)EV
Using S-Ps1 with context I', X <: P, A directly leads to the desired result.
Case S-Trans: ['X<:Q,AFS<:U I''X<:Q,AFU<:T
The result follows directly from the IH and S-TrANS.
Case S-ARrROW: S =5, =S, T=T;, =T,
I''X<:Q,AFT,; <:S; I''X<:Q,AFS,<:T,
The result follows directly from the IH and S-ArRrow.
Case S-TVAar: S=Y Y<:Te([,X<:Q,A)
By context well-formedness, Y <: T €(I", X <: Q, A) can be decomposed into 3 subcases:
Subcase Y <: T €T
Y<:Te(I',X<:P,A) and the result follows from S-TVAR.
Subcase Y <: T € A:
Ditto.
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SubcaseY<:T=X<:Q(i.e. Y=Xand T = Q):
Y<:Pe(I',Y<:P,A). Using S-TVAR we obtain I, Y<: P, AF-Y <:P. Using T'F P <:
Qand Lemma 3.2 we get I', Y <: P, A+ P <: Q. From S-TrRANs we obtain I, Y <: P, A
FY <: Q. Finally, we use the subcase assumption to substitute Y by X, Y by S and Q
by T to obtain the desired result.
Case S-ALL: S=VY<:U;.Sy T=VY<:U. Ty, I X<:Q A Y<U;FS,<:T,
We instantiate the induction hypothesis with A;; = (A,Y<:U;) to obtain I', X <:
P,A,Y <:U; S, <: T,. The result follows from S-ArL.
Case BS-Matcu1/2: T, =[Y—U|T, T, =T, match[Y|{S,=T,}orT,
INX<:Q,AY<:UFT,<:S,
Vm <n. I, X<:Q,A,Y<:Topt disj(T,,S,,)
By the 1st part of the lemma (with A, = A, Y <: Top) we get Vm < n.I', X <:P, A)Y
<: Top +disj(T,, S,,,). From the IH (with A;;; = A, Y <:U) we obtain I, X <:P, A, Y<:U
FT, <:S,,. The result follows from BS-MAaTcH1/2.
Case BS-Matcu3/4: T, =T; Ty =T, match[Y|{S,=T,}orT,
Vn. I, X<:Q,A,Y <: Topt+disj(T,,S,,)
The result follows from the 1st part of the lemma (with A,,, = A,Y <:Top) and BS-
MatcH3/4.
Case BS-MatcH5: S =S, match[Y{U, =S,}orS; T =T, match[Y|{U,=T,}orT,
I'X<:Q,AFS, < T,
vn. I'X<:Q,A, Y<:ToptS,, <:T,
I''X<:Q,AFS;<: Ty
The result follows directly from the IH (with A;; = A,Y <: Top) and BS-MATCHS5.

3. By induction on a derivation of I', X <: Q, A t: T.

Case T-ABs: t=XMx:Tt, T=T,—->T, D[ X<QAx:T;Fty:Ty
We instantiate the IH with A;;; = (A,x:T;) to obtain I', X <: P, A x: Ty Ft, : Ty. The
result follows from S-ALL.
Case T-App: t=1t;t, T=T;, I'X<QAFt;:T;; =T, I, X<Q AFty:
Ty
The result follows directly from the IH and T-App.
Case T-TABs: t=AY<:T;.t, T=VY<T. T, I'X<QAY<T, Fty:Ty
We instantiate the IH with A;;; = (A, Y<:T;) to obtain I', X <: P, A Y <: T Fty : Ts.
The result follows from T-TABs.
Case T-TApp: t=1t,T, T=[YrT,]Tq,
[ X<:Q ARt :(VY<:Ty;. Tyy) I, X<:Q,AFTy<:Tyy

The result follows directly from the IH and T-TApp.
Case T-Var: t=x x:Tel,X<:Q,A
Either x: T€T or x: T € A. In both cases we have x: T €', X <: P, A. The result follows
from T-VAR.
Case T-SuB: I',X<:Q,AFt:S T 'X<:Q AFS<:T
By the second part of the lemma we get I', X <: P, A S <: T. From the IH we obtain I', X
<:P, AFt:S. The result follows from T-SuB.
Case T-CrLass: t=newC T ={newC}
Using T-Crass with context I', X <: P, A directly leads to the desired result.
CaseBT-Marcu: t =t, match|Y|{x,:C, =t,}ort; T =T, match[Y|{C,=T,}orT,

IX<:Q,AFt,:T,

I X<:Q,AY<:Top,x;:C,Ft;: T,

D X<:Q,Abt,;:Ty
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The result follows directly from the IH and BT-MATcH.

LEMMA 3.5 (SUBSTITUTION).
1. IfT,X<:Q,AFdisj(S,T) andT'HP<: Q,
then T, [X - P]A I disj([X — P]S, [X - P]T).
2. I X<:Q,AFS<:Tand'+P<:Q,
then T, [X— P]A X+ P]S <:[X+ P]T.
3. fT', X<:Q,AFt: Tand'FP<:Q,
thenT', [X = P]AF[X - P|t:[X — P]T.
4. IfT,x:Q,AFt:TandT'Fq:Q,
thenT' AF[x > qjt: T.

Proof: We prove 1. and 2. simultaneously by induction on two derivations of I', X <: Q, A+
disj(V,W) and I", X <: Q, A S <: T. More precisely, the induction is done on the cumulative depth
of both derivation tree.

1. I,X<:Q, A+disj(V, W)

CaseD-X: V=C; W=C, (C;,Cy€=

Since [X — P]C; = C; and [X+ P]C, = C,, we can use D-X1 with context I, [X — P]A
to obtain the desired result.

Case D-Pst: V. ={newC;} W=C, (C,Cy)¢ 0T

Since [X = P]{newC;} = {newC, } and [X+ P]C, = C,, we can use D-Ps1 with context
T, [X+ P]A to obtain the desired result.

Case D-SuB: I''X<:Q,AFV<U TI,X<:Q,Aldisj(U,W)

By the IH we get T, [X+— P]A b disj([X - P]U, [X + P]W). Using the 2nd part of the
lemma we obtain I, [X — P]A F[X - P]V <:[X - P]U. The result follows from D-Sus.
Case D-ARrROW: V=V, =V, W=C

Since [X—P](V; = V,) = [X—P]V; =[X+— P]V, and [X+P]C = C, we can use D-
ARrrROW with context I", [X - P]A to obtain the desired result.

Case D-ALL: V=VY<:V,.V, W=C

Since X+ P](VY<:V;.V,) = VY <:[X+>P]V;. [X+—P]V, and [X+P]C = C, we can
use D-ALL with context T', [X — P]A to obtain the desired result.

2. ) X<:Q,A+S<:T.

Case S-REFL: T =S

The result follows directly from S-REFL.

Case S-Trans: ['X<:Q,AFS<:U I'X<:Q,AFU<:T

The result follows directly from the IH and S-TrANs.

Case S-Top: T = Top

[X '+ P]Top = Top and the result follows from S-Top.

Case S-SIN:  S={newC} T=C

[X+>P]{new C} = {newC}, [X+ P]C = C, and the result follows from S-Sin.

Case S-TVAR: S=Y Y<Te([,X<:Q,A)

By context well-formedness, Y <: T €(I", X <: Q, A) can be decomposed into 3 subcases:
Subcase Y <: T el
By context well-formedness X does not appear in I' consequently is also absent
from Y and T. Hence Y = [X+—P]Y, T = [X+—P]T and [X+—P]Y<:[X»P]T €
(T, [X+>P]A). The result follows from S-TVAR.
Subcase Y <: T € A:
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[X - PJY <:[X > P|T €[X > P]A and [X - P]Y <:[X i P|T (T, [X > P]A). The re-
sult follows from S-TVAR.
SubcaseY<:T=X<:Q(i.e. Y =Xand T = Q):
By context well-formedness, X doesn’t appear in Q, and [X+ P]T = [X+—P]Q = Q.
Also [X+P]S = [X=P]X =P and [X+— P]T = Q. As a result, I' - P <: Q implies
I'F[X > P]S <:[X+ P|T. Using Lemma 3.2 we get I, [X = P]JA F[X — P]S <:[X
P]T, as required.
- Case S-ARrROW: S =5, =S5, T=T; =T,
I X<:Q,AFT, <:S; DX<:Q,AFS,<:T,

[X+=P)(S; —S,) = [X+P]S; =X+ P|S, and [X— P](T; = T,) = [X—P]T; =X+

P]T,. The result follows from the IH and S-Arrow.

- CaseS-Al: S=VYY<:U.S, T=VYY<U.T, I X<QAY<UFS,<T,
We instantiate the IH with A;; = (A,Y<:U;) to obtain I, [X+— P]A, Y <:[X  P|U;
[X - P]S, <:[X - P|T,. Using S-ALL, we get T, [X - P]A (VY <:[X — P]U, . [X - P]S,)
<:(VY <:[X— PJU,. [X > P|T, ), thatis, T, [X - P]A F[X — P] (VY <: U,.S,) <:[X — P] (VY
<:U;. Ty), as required.

- CaseSPs: S=C, T=C, (C;,C))eED
[X+—P]C; = C; and [X+ P]Cy = C,. The result follows from S-PsI.

- Case BS-Marcul/2: T, =T, T,=T, match[Y|{S;=T,}orT,

N X<:Q,AY<:UFT,<:S,
Vm < n.T',X<:Q,A,Y <:Top+disj(T,, S,,)
Using the 1st part of the lemma we get Vm < n. I, [X = P]A, Y <:[X+ P]UF disj([X
P|T,,[X+P|S,,). By IH, T, [X = P]A, Y <:[X 5 PJUF[X - PIT, <:S, . [X > P|T = [X —
P]T, match[Y]{[X - P]S, =[X +> P]T; }or [X = P|T,. The result follows from BS-MarcH1/2.
- Case BS-Matcu3/4: S=T; T=T, match[Y|{S,=T,}orT,
Vn. [, X <:Q, At disj(T,,S,,)
By the 1st part of the lemma we get Vn. I', [X+—P]A, Y <: Top - disj([X — P| T, [X
P]S,,) and the result follows from BS-MatcH3/4.
— Case BS-Marcu5: S =S, match[Y|{U, = S,;}orS; T =T, match[Y|{U,=T,}orT,
I''X<:Q,AFS, < T,
vn. ' X<:Q,A, Y<:ToptS,, <: T,
D X<:Q,AFS;<:T,
The result follows directly from the IH.
3. By induction on a derivation of I', X <: Q, AFt: T.

- Case T-Var: t=x x:Tel' X<Q A

[X+P]x = x. T-VAR’s premise can be divided in two subcases:
Subcasex: Tel™
Context well-formedness impiles that there is no occurence of X in T and [X —
P]T =T. Also, x: TeT, [X+»P]A and the result follows from T-VAR.
Subcase x: T € A:
Context well-formedness impiles that there is a unique occurence of x: T in A,
that is, there exists Ay, A, suchthat A = Ay, x:T,A,,x ¢ Ay andx ¢ A,. Asa
result, [X—P]A = [X+=P]A;,x:[X—=P|T, [X+=P]A, and x:[X—=P|TeT, X+
P]A. The result follows from T-VAR.

- CaseT-ABs: t=Xx:Tit, T=T;—-Ty I[X<Q A x:TFty:Ty
[X+=>P](Ax:T;ty) = Ax:[X+P|T;[X+PJty and X+—P|(T; = T,) = X+—P|T; —
[X+ P]T,. We instantiate the IH with A;;; = (A,x:T;) to obtain
T, [X+PJ]A,x:[X+ P|T; F[X P]t, :[X > P]T,. The result follows from T-Ass.
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Case T-App:  t=1t;t, T=T;, I'X<QAFt;:T;; =T, I ,X<Q AFty:
Ty
[X+P](t;ty) = [X+PJt;[X =Pty and [X = P|T{; = Ty = [X+=P]Ty; =X+ P|Ty,.
The result follows directly from the IH and T-App.
- Case T-TABs: t=AY<:T;.ty, T=VY<T;. Ty I X<:QA Y<T Fty:Ty
[X+=P)(AY <:T;. ty) = AY <:[X+=P|T;. [X Pty and [X+—=P)(VY<:T;. Ty) = VY <:
[X — P]Ty. [X+> P]T,. We instantiate the IH with A;; = (A, Y <:T;) to obtain I, [X
P]A,Y <:[X - P]T; F[X > Plt, :[X = P]T. The result follows from T-TABs.
Case T-TApp: t=1t;T, T=[Y+>Ty Ty,
[X<:Q ARt :(VY<:Ty;. Tyy) I X<:Q,AFTy<:Tyy
BytheH, T, [X—P]AF[X+ Plt; :{[X=P](VY <: Tq;. Typ), e, I, [X = PJAF[X Pty :
VY <:[X+>P]Ty;. [X+> P]T;,. Using the second part of the lemma we get, I', [X+- P]A
F[X - P]T, <:[X > P|T,. By T-TApp we get, I', [X > PJA F[X i PJt; [X > P| T, :[Y i+
[X+P]T,|[X = P]Ty5,ie., T, [Xt=P]A X P|(t;Ty) :[X+ P]([Y = T5]T;5), as required.
- Case T-SuB: I''X<:Q,AFt:S I',X<:Q,AFS<:T
By the IH, T', [X = P]A F[X  P]t:[X = P]S. Using the second part of the lemma we get,
T, X+ P]A F[X - P]S <:[X = P]T. The result follows from T-Sus.
Case T-Crass: t=newC T = {newC}
[Xt+> P]new C = new C and using T-Crass with context I', [X = P]A directly leads to
the desired result.
CaseBT-Marcu: t =t, match|Y|{x,:C, =t,}ort; T =T, match[Y|{C,=T,}orT,
D X<:Q,Abt,: T,
I''X<:Q,A,Y<:Top,x,;:C; Ft;: T;
I'X<:Q,AkFt;: T,
[X = P](t, match[Y|{x,:C, = t; }ort,;) = [X+>P|t, match[Y|/{x, : C, =[X Pt }or[X >
P]t,. [X = P)(T, match[Y]{C, = T,}orT,) = [X+P|T, maich[Y]{C; =[X+> P|T, }or[X
P]T,;. The result follows directly from the IH and T-App.
4. By induction on a derivation of I', x : Q, A-t: T.
- Case T-VArR: t=y vy:Tel\x:Q,A
By context well-formedness, the premise can be decomposed into 3 subcases:
Subcasey:Tel":
[x>qly =yandy:TeT, A. The result follows from T-VAR.
Subcasey: T € A:
Ditto.
Subcasey:T=x:Q (le.y=xand T = Q):
Using I'Fq: Q and Lemma 3.2 we get I', A q: Q. Since [x>qly = qand T = Q,
I, AF[x+ qly: T, as required.
Case T-ABs: t=Ay:Tity T=T, =T, I'x:Q A y:T;Fty:Ty
We instantiate the IH with A;;; = (A,y:T;) toobtain T, A, y: Ty F[x > q]ty : Ty [x
ql(Ay: T ty) = Ay: Ty [x  q]t, and the result follows from T-ABs.
Case T-App: t=1t1t, T=T;, D[ x:Q AFt;:T;; =T, I[x:Q AFt,:T,
[xq](t;ty) = (x> q]t;)([x > q]ty) and the result follows from the IH and T-App.
- Case T-TABs: t=MX<:U;.t, T=VX<U;.Ty I x:Q A X<:UjkFty:T,
We instantiate the IH with A;; = (A, X <:Uy) to obtain I', A, X <: U; F[x > q]ty : T.
[x q(AX <:Uy. ty) = AX <:U;. [x gty and the result follows from T-TABs.
Case T-TApp: t=1t,T, T=[Xr>T,|T}
x:Q,AFt :(VX<:U;. Tyy) TINx:Q,AFT,<:U;
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By Lemma 3.3, I, AF T, <: U;. From the IH we get I', AF[x > q]t; :(VX <:U;. Tqy).
[x+ q](t;Ty) = [x+> q]t; Ty and the result follows from T-TArpp.
- Case T-SuB: I')x:Q,AFt:S T'x:Q,AFS<:T
By Lemma 3.3, I, A S <: T. The result follows from the IH and T-Sus.
- Case T-Crass: t=newC T={newC}
Since [x+> qlnew C = new C, using T-Crass with context I'; A directly leads to the
desired result.
- CaseBT-MaTcH: t=t, match[Y|{x,:C,=1t;}orty T =T, match[Y]{C,=T,}orT,
Dx:Q,AFt,:T,
INx:Q,A, Y<:Top,x,;:C;Ft,: T;
Nx:Q,AFt;: T,
[x+> q](t, match[Y]{x;:C, =t} ort;) = [xt>q|t, match[Y|{x,:C; =[x q]t; }or [x =
qJt,, and the result follows from the IH and BT-MATcH.
]

LEMMA 3.6 (DISJOINTNESS/SUBTYPING EXCLUSIVITY).
The type disjointness and subtyping relations are mutually exclusive.

Proof: We prove mutual exclusivity of type disjointness and subtyping by first defining [-]-, a
mapping from System FM types (in a given context I') into non-empty subsets of a newly defined
set P. We then show that the subtyping relation in FM corresponds to a subset relation in P, and
that the type disjointness relation in FM (disj) corresponds to set disjointness relation in P.

This set-theoretical view of subtyping and disjointness renders the proof trivial. Indeed, suppose
there exist two types S and T with 'S <: T and I - disj(S, T). [S] and [T] are two non-empty
sets which are both intersecting and disjoint, a contradiction.

We first define P as P = {A, V} UC. Elements of P can be understood as equivalence classes for
System FM values: A corresponds to all abstraction values, V corresponds to type abstraction value,
and elements of C correspond to their respective constructors. The definition of -], makes this
correspondence apparent.

We define [-], a mapping of System FM types into subsets of P in a given context I':

[Top]r =P
[X]r = [T]y whereX<:TeTl
[T, =Tl = {A}
[VX<:U;. Tp]p = {V}
[{newCy}r = {Cy}

[Ci]r ={ceC|(c,Cy) €V}

[X=UT, 0 if [Torx<v ClSalrx<u

and Vm < n. [T,]r x<mop N
[[SmHF7X<:T0p = {}

[[Td]]f‘ if Vm. [[Ts]]F,X«Um[[Sm]]F,X«Top = {}
P otherwise

[T, match[X|{S, = T,}or T ]

We show that the subtyping relation in FM corresponds to a subset relation in P, and that the
type disjointness relation in FM (disj) corresponds to set disjointness in P. In other words, we prove
the follows statements:
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1. T'+S<:T implies [S] C[T]r,
2. Tk disj(S, T) implies [S]r N[T]r = {}.

Both statements are proved simultaneously by induction on derivations of I' - disj(V, W) and T
S <: T. More precisely, the induction is done on the cumulative depth of both derivation tree.

1. (TFS<:Timplies [S]; C[T]r)
- Case S-ReFL: T =S
[SIr = [T]r and the result is immediate.
- Case S-Trans: I'S<:U TI'FU<:T
By the IH, [S]; C[U] and [U]r C[T]. From subset transitivity, [S] C[T]r, as re-
quired.
— Case S-Top: T = Top
[Top] = P coincides with the codomain of [-]p. Therefore, for any type T, [T] C
[Top]r, as required.
- CaseS-SIN: S={newC;} T=0C,
[{newC;}]r = {C;}and [C ] = {c€C]| (¢, C;) € U}. The result follows by reflexivity
of U.
- CaseS-TVarR: S=X X<Tel
By definition [X] = [T], and the result is immediate.
- Case S-ARrROW: S=§5,—=S, T=T;, =T,
I'ETy<:S; T'ES;<:Ty
[S; = Ss]r = [T; = Ty = {A} and the result is immediate.
- Case S-A1L: S =VX<:U;.S, T=VX<U.Ty I, X<:UFS,<:T,
[VX<:U;. So]pr = [VX <:Uy. To]r = {V} and the result is immediate.
- CaseSPs: S=C, T=C, (C;,Cp)ET
[Ci]r = {ceC| (c,C;) €¥} and [Cy]r = {c€C| (c,Cy) € ¥}. By transitivity of ¥,
[Cy]r ClCs]rs as required.
- Case BS-MarcH1/2: T, = [X+=U]T,, T, =T, match[X|{S,=T,}orT,
I'N'X<:UFT,<:S,
Vm < n.T',X<:Toptdisj(T,,S,,)
USing the IH we get [[Ts]]F,X<:U CHSnHF,X<:U’ vm < n. [I:TS:”F,X<!TOP ﬁ[[Sm]]l—‘,X«Top =
{} and [T, match[X]{S, = T,}or T, = [[X+ U]T, ] (by definition of [-]). This last
equality implies both [T; ] C[T,]r and [To] C[T; ], as required.
- Case BS-Marcu3/4: T, =T, T, =T, match[X]{S,=T,}orT,
Vn. T, X <: Topt disj(T,,S,,)
By the IH Vn. [T, ]t x <. top N[Sylr x <. 1op = {}- By definition of [-], [T, match[X|{S; =
T, or Tyllr = [T4]p- This equality implies both [T, ] C[Ty]r and [Ts]r C[Ty ]y, the
desired result for BS-MaTcH3 and BS-MATcH4 respectively.
— Case BS-Marcu5: S =S, match[X|{U, = S,}orS; T =T, match[X]{U,=T,}orT,
'S, <:T,
vn.I',X<:TopkS, <:T,
I'ES,;<:Ty
By case analysis on [T]:
a. [T]p = [[X+=UJT, ] and [T ] x..u C[U,]p x<u
and Vim < n. [[Tsﬂl",X<:Top m[[[Jmﬂl",)(«Top = {}
The IH gives [[SS]]F)X«TOp C[[TSHF7X<:T0p (Lemma 3.2). Using Vm < n. [[TS}]RX(:TOP N

[[UmHF,X«Top = {}’ we get vm < n. [[SSHF,X«Topm[[Um]]F,X«Top = {} By
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(S-MaTcu1/2) (S-Marcu3/4)

I'-S=:=T I'ES=:=T I'ES+=U THFU=T
I'-S<=T I'-S=T I'-S+=T

Fig. 1. Definition of the auxiliary relation =, used to state inversion of subtyping.

[[Ts]]F,X<:U C[[Un]]F,X<:U’ we get [[ss]]F,X<:U C[[Un]]F,X <:U (by subset transitivity).
Therefore, [S]r = [S,,]r x-.u» and the result follows from the TH.
b. [[T]]F = [[Td]]F and Vn. [[Ts]]F,XcTop m[[[Jn]]l“,XcTop = {}
The TH gives [S,]r x <. top C[Ts]r x <. op (using Lemma 3.2). Using V. [T, [ 1 x <. op N
[[Un]]F,X<:Top = {} we get vn. [[SS:HF7X<:TOP m[[IJ1’L}]1—‘7X<:T0p = {}'Therefore’ [[SHF =
[Si]r» and the result follows from the IH.
c. [T]p =P:
P is the codomain of -], therefore [S] C[T]r, as required.
2. (I'+disj(S, T) implies [S]y N[T]r = {})
- CaseDXr: S=C, T=C, (C,,Cp)€EE
[Cilr = {ceC| (¢c,Cq) €¥} and [Cy]r = {c€C | (c,Cy) € U}. By definition of =,
there is no class ¢ such that both (¢,C;) € ¥ and (¢, C,) € ¥, and [C;[lr N[Cs]r = {}-
- CaseD-Pst:  S={newC;} T=C, (C{,Cy)¢T
[{newCy}]r = C; and [Cy]p = {c€C | (c,Cy) € V}. Since (Cy,Cy) ¢ ¥, Cy ¢[Cy ]l
and [C, [ N[Calr = {1
- CaseD-Su: I'FS<:U TI'kdisj(U,T)
By the IH, [S] C[U]p and [U] N[Tlr = {}. [SIp N[T] = {} follows directly.
- Case D-ArRrROW: S=5;, =S, T=C;
[Ci]r = {ceC[(c.C) eV} [S; = S;]p = {A} and [Cy ] N[S; = Sy]r = {}. as
required.
- Case D-ALL: S=VX<:S;.5, T=C;
[Ci]r = {c€C [ (c,Cy) €WV}, [VX<:Sy. Syl = {S} and [Cy [ N[VX <:S;. Sy]p =
{}, as required.
O

DerFINITION. 'S =T (defined in Figure 1) represents evidence of the mutual subtyping between a
match type S and a type T with the additional constraint that this evidence was exclusively constructed
using pairwise applications of S-MATCH1/2, S-MATCH3/4, and S-TRANS in both directions.

LEMMA 3.7 (INVERSION OF SUBTYPING).
1. IfT'+S, match[X|{U, = S,}orS,; =T, then either:
a. I''X<:UFS,<:U,, Ym < n.T',X<: Toptdisj(S,, U,,) and [X+>U]S,,
withT H[X—U]S, =T,
b. I''X<:UFS, <:U,, Ym < n. T, X <: Toptdisj(S,, U,,) and [X—U]S,, =T,
c. Vn.T', X <: Toptdisj(S,,U,,) and S, is a match type withT'FS; =T,
d. Vn.T',X <:TopFdisj(S,,U,,) andS; = T.
2. fTFS<:X,orI'FS<:T whereT is a match type withI' =T =X, then either
a. S is a match type with' =S =Y, for some Y,
b. S is a type variable.
3. IfI'-S<:T; =Ty, orI'-S<: T where T is a match type withI' = T=T, — Ty, then either
a. S is a match type withI'=S<=S; — S, for someS,, Sy such thatI' =T, <:S; andI'}+-S,
<:Ty,

is a match type
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b. S is a match type with ' =S =X, for some X,
c. S is a type variable,
d. S has the formS; — Sy withI'FT; <:S; and 'S, <: T,
4. IfTFS<:VX<:U;. Ty, orI'S<: T where T is a match type withI' T = VX <: U;. Ty, then
either
a. S is a match type withI'FS<= VX <:U,. S,y for some Sy such that ', X <:U; S, <: Ty,
b. S is a match type with ' =S =X, for some X,
c. S is a type variable,
d. S has the form VX <:U;. Sy and ', X <: Uy Sy <t T

Proof:

1. By induction on a derivationon ' FS+=T.
- Case BS-Marcu1/2: S =S, match[X|{U, =S, }orS;, T=[X—U]S,
I'X<:UFS,<:U,
Vm < n.T,X<:Topt disj(S,,U,,)
[X+—U]S,, =T and the result follows directly from the premises.
- Case BS-Matcu3/4: S =S, match[X]{U, =S, }orS; T=5,
Vn. ', X <: Top Fdisj(S,, U,,)
S; = T and the result follows directly from the premises.
- CaseS-Trans: I'-S=U TI'FU=T
By definition of the = relation, I' - U = T implies that U is a match type. Using the IH
on the left premise we get 4 subcases:
a. I''X<:VFS,<:U,,Vm < n.T', X <: Toptdisj(S,, U,, ) and [X+> V]S, is a match
type with I' H[X - V]S, = U:
Using S-TraNs we get I'H[X 1+ V]S,, =T, as requiered.
b. X<V FS,<:U,,Vm < n.T,X<:Toptdisj(S,, U,,) and X+ V]S, = U:
The result is immediate.
c. Vn. ', X <:Topt disj(S,,U,,) and S, is a match type with T'+S,; = U:
Using S-Trans we get 'S, =T, as requiered.
d. Vn.T',X <: Top+disj(S,,U,,) and S; = U:
The result is immediate.
2. By induction on a derivation of 'S <: T.
- Case S-RerL: S=T
If T is a type variable then so is S and the result is immediate. If T is a match type with I"
FT+=X,S is a match type and ' S =Y, as required.
- Case S-Trans: I'-S<:U TI'FU<:T
If T is a type variable we use the IH on the right premise to get that U is either a match
type with I' - U= X or a type variable. In either case, the result follows from using the
IH on the left premise.
If T is a match type with I' - T = X we can also use the the IH on the right premise to
get to the same result.
- CaseS-TVar: S=Y Y<:XeTl
S is a type variable and the result is immediate.
- Case BS-Martcul: S =T, match[Y|[{U,=T,}orT, T=[Y~U|T,
IY<:UFT,<:U,
vm < n.T',Y<:Toptdisj(T,,U,,)
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If T = X, we use BS-MATCH? to obtain I' S = X, as required. If T is a match type with
I'FT+=X, we use BS-MATcH2 to get 'S+ T, and S-TRANS to obtain I'S+=1X, as
required.
- Case BS-Marcu2: S=[Y—U|T,, T=T, match[Y|{U,=T,}orT,
IY<:UFT,<:U,
vYm < n.T',Y<:Toptdisj(T,,U,,)
In this case the first premise of the statement (I'- S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' - T = X, we get 4 subcases:
a I'NY<:UFT,<:U,,Vm < n.I',Y<: Top+ disj(T,, U,,) and [Y - U]T,, is a match
type with T HY— U|T,, =X:
S = [Y+U]T,, is a match type and I' S = X, as required.
b. I,Y<:UFT,<:U,,Vm < n.T,Y<: Toptdisj(T,,U,,) and [Y—U]T,, = X:
S = [YUJT,, = X is a type variable and the result is immediate.
c. Vm.T,Y<:Topt disj(T,,U,,) and T, is a match type with '"F T, = X:
This case cannot occur since I', Y <: Top + disj(T,, U,,) implies I', Y <: U+ disj(T,,
U,,) (using Lemma 3.4) which contradicts I', Y <: U+ T, <: U,, (Lemma 3.6).
d. Vm.T,Y<: Toptdisj(T,,U,,) and T; = X:
This case cannot occur since I, Y <: Top - disj(T,, U,,) implies I", Y <: Ut disj(T;,
U,,) (using Lemma 3.4) which contradicts I', Y <: U+ T, <: U,, (Lemma 3.6).
- Case BS-Marcu3: S =T, match[Y|{U,=T,}orT, T=T,
Vn. ', Y <: Top +disj(T,, U,,)
If T = X, we use BS-MATCH4 to obtain I' =S = X, as required. If T is a match type with
I'FT+= X, we use BS-Matcu4 to get 'S+ T, and S-TRANS to obtain I'S+=X, as
required.
- Case BS-Marcu4: S=T,; T=T, match[Y|{U,=T,}orT,
Vn. I, Y <: Top Fdisj(T,, U,,)
In this case the first premise of the statement (I' - S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' =T = X, we get 4 subcases:
a I'N'Y<:UFT,<:U,,Vm < n.T',Y<: Topt disj(T,, U,,) and [Y - U]T,, is a match
type with T H[Y > U|T, = X:
This case cannot occur since I', Y <: Top + disj(T,, U,,) implies I', Y <: U+ disj(T,,
U,,) (using Lemma 3.4) which contradicts I', Y <: U+ T, <: U,, (Lemma 3.6).
b. I,Y<:UFT,<:U,,Vm < n.T,Y<: Toptdisj(T,,U,,) and [Y—U]T,, = X:
This case cannot occur since I, Y <: Top - disj(T,, U,,) implies I", Y <: Ut disj(T,,
U,,) (using Lemma 3.4) which contradicts I', Y <: UF T, <: U,, (Lemma 3.6).
c¢. Vm. T, Y<:Toptdisj(T,,U,,) and T, is a match type with'"F T, = X:
S is a match type and I' S = X, as required.
d. Ym.T,Y<:ToptFdisj(T,,U,,) and T, = X:
S =T, = X s a type variable and the result is immediate.
— Case BS-Marcu5: S =S, match[Y|{U, = S,;}orS; T =T, match[Y|{U,=T,}orT,
I'ES, <: T,
vm.I',Y<:ToptS,, <:T,,
I'=S,<:T,
In this case the first premise of the statement (I' - S <: X) does not apply since T is a
match type. Using the 1st part of the lemma on I' - T = X, we get 4 subcases:
a I'N'Y<:UFT,<:U,,Vm < n.T',Y<: Top+ disj(T,, U,,) and [Y > U]T,, is a match
type with ' H[Y > U|T,, = X:

m
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Using D-SuB on Vm. I', Y<: TopFS,, <: T, and Vm < n.T',Y <: Top F disj(T,,
U,,,) we obtain Vm < n. I',Y <: Top - disj(S,, U,,, ). From S-Trans we get I', Y <:
ToptS, <:U,,. Using BS-MatrcH1/2 we obtain I' - S =[Y - U]S,,. Since I' H[Y
U]S,, <:T,, and T'H[Y = U]T,, = X, we use the IH to get that either [Y+— U]S,,
is a match type with I'H[Y - U]S,, = Z, or [Y+ U]S,, is a type variable. If [Y —
U]S,, is a type variable, we already proved I' S =[Y — U]S,,, as required. If T'+-
[Y=U]S, =Y, then using S-TraNs with 'S =[Y—U]S,, givesTFS=Y, as
required.
b. I,Y<:UFT,<:U,,Vm < n.T',Y<: Toptdisj(T,,U,,) and [Y—U]T,, = X:
Using D-SuB on Vm. I', Y<: ToptFS,,, <: T, and Vm < n. ', Y <: Top + disj(T,,
U,,,) we obtain Vm < n.I', Y <: Top F- disj(S,, U,,,). From S-TRANs we get I, Y <:
Topt S, <:U,,. Using BS-Marcu1/2 we obtain I' - S =[Y — U].S,,. Since T H[Y —
U]S,, <: X, we use the IH to get that either [Y+U]S,, is a match type with T'+
[Y=>U]S, =Y, or [Y=U]S,, is a type variable. If [Y - U]S,, is a type variable, we
already proved I'-S =[Y — U]S,,, as required. If ' -[Y - U]S,, =Y, then using
S-TraNs with 'S =[Y = U]S,, gives 'F S, as required.
c. Vm.T,Y<:Toptdisj(T,,U,,) and T, is a match type with T'+T,; = X:
Using D-Sus on Vm. I',Y<: Top+S,, <:T,, and Vm. I, Y <: Top - disj(T,, U,,,)
we obtain Vm. I', Y <: Top I- disj(S,, U,,,). Using BS-MaTcH3/4 we obtain 'S =
Sy SinceI'FS,; <: Ty and I' - T; = X, we use the IH to get that either S is a match
type with 'S, =Y, or S, is a type variable. If S is a type variable, we already
proved 'S =S, as required. If I'-S; =Y, then using S-TRaNs with 'S =S,
gives 'S =Y, as required.
d. Yvm.T,Y<:Toptdisj(T,,U,,) and T; = X:
Using D-SuB on Vm. I, Y<: ToptS,, <: T,,, and Vm. I, Y <: Top - disj(T,, U,,,)
we obtain Vm. I', Y <: Top +- disj(S,, U,,, ). Using BS-MATCH3/4 we obtain I'-S =
S4- Since 'S, <: T, and T; = X, we use the IH to get that either S; is a match
type with I'=S; =Y, or S; is a type variable. If S is a type variable, we already
proved 'S =S, asrequired. If I'-S; =Y, then using S-TRaNs with 'S =S,
gives 'S =Y, as required.
— Case S-Top, S-SIN, S-ARROW, S-ALL, S-PsI:
In those cases, T is neither a type variable nor a match type and the result is immediate.
3. By induction on a derivation of 'S <: T.
— Case S-RerL.: T =S
If T is a match type with I'-T = T; — T,, the result follows directly from S-REFL. If
T =T, —T,, the result also follows directly from S-REFL.
- Case S-TRans: I'S<:U TI'FU<:T
Using the TH on the right premise we get 4 subcases:
a. Uis a match type with I'-U=U; — U,, for some U, U, such that I' - T <: U;
and I'-U, <: Ty:
The result follows directly from using the IH on the left premise (I'T; <:S; is
obtained using S-TRaNs withI'FT; <:U; andI'+U; <:S;, 'S, <: T, is obtained
analogously).
b. U is a match type with I' U = X, for some X:
Using the 2nd part of the lemma on the left premise leads to the desired result.
c. Uis a type variable:
The result follows from using the 2nd part of the lemma on the left premise.
d. U has the form U; -+ Uy withI'+T; <:U; and I' - Uy <: Ty:
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The result follows directly from using the IH on the left premise (I' T, <:S; is
obtained using S-TRANs with ' T, <: U; and '+ U, <:S;, 'S, <: T, is obtained
analogously).
- Case BS-MarcHl: S = T,[Z] match{U,=T,}orT, T=[Z+—U|T,
I'NZ<:UFT,<:U,
VYm < n.I',Z<:Toptdisj(T,,U,,)
If T = T; —T,, we use BS-MATCH2 to obtain I'-S=T; — T,, as required. If T is a
match type with I'-T =T, — T,, we use BS-Marcu2 to get I'-S = T, and S-TRANS to
obtain I'S+=T; — T,, and the result follows from S-REFL.
- Case BS-Marcu2: S=[Z+—U|T,, T =T, match[Z]{U,=T,}orT,
I'NZ<:UFT,<:U,
VYm < n.I',Z<:Toptdisj(T,,U,,)
In this case the first premise of the statement (I'-S <: T; — T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; — T,, we get 4 subcases:
a I'NZ<:UFT,<:U,,Ym < n.T',Z<:Topt disj(T,, U,,) and [Z+ U]T,, is a match
type with ' HZ = U|T,, = T; — Ty:
S = [Z—U]T,, is a match type and I'- S = T; — T,, and the result follows from
S-REFL.
b. I''Z<:UFT,<:U
T,:
S=T,—=T, S =T;,S; =Ty, and the result follows from S-REFL.
c. Ym.I',Z<:Toptdisj(T,,U,,) and T, is a match type with ' =T, = T; — Ty:
This case cannot occur since I', Z <: Top |- disj(T, U,, ) contradicts ', Z<: UF T, <:
U,, (Lemma 3.4 and Lemma 3.6).
d. Vm.T',Z<:Toptdisj(T,,U,,) and T; = T; — Ty:
This case cannot occur since I', Z <: Top - disj(T,, U,,) contradicts I', Z<: U T, <:
U,, (Lemma 3.4 and Lemma 3.6).
- Case BS-Marcu3: S =T, match[Z|{U, =T,;}orT, T=T,
vn.T',Z<:Top F disj(T,,U,,)
If T =T, —T,, we use BS-MATCH2 to obtain I'S = T; — T,, and the result follows
from S-REeFL. If T is a match type with I'-T+=T; — T,, we use BS-MAaTcH2 to get I' -
S+=T, and S-TrANS to obtain I' S = T; — T,, and the result follows from S-REFL.
- Case BS-Marcud: S=T,; T=T, match[Z]{U,=T,}orT,
Vn. T, Z<:Toptdisj(T,,U,)
In this case the first premise of the statement (I'-S <: T; — T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; —T,, we get 4 subcases:
a. INZ<:UFT,<:U,, Vm < n.I',Z<: Top+disj(T,,U,,) and T,, is a match type
with'FT, =T, = Ty:
This case cannot occur since I', Z <: Top |- disj(T, U,, ) contradicts ', Z<: UF T, <:
U,, (Lemma 3.4 and Lemma 3.6).
b. IZ<:UFT,<:U,,Vm < n.T,Z<:Toptdisj(T,,U,,) and T,, = T; — Ty:
This case cannot occur since I', Z <: Top - disj(T,, U,,) contradicts I', Z<: U T, <:
U,, (Lemma 3.4 and Lemma 3.6).
c. Vm.T,Z<:Topk disj(T,,U,,) and T, is a match type with - T, =T; — Ty:
S =T, is a match type and 'S =T, — T,, and the result follows from S-REFL.
d. Ym.T',Z<:Toptdisj(T,,U,,) and T; = T; — Ty:
S=T, =T, S =T;,S; =Ty, and the result follows from S-REFL.

Vm < n.T,Z<:Toptdisj(T,,U,,) and [Z—U]T,, = T, —

n’
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- Case BS-Marcu5: S = S,[Z] match{U, = S,}orS; T = T,[Z] match{U,=T,}orT,
'S, < T,
vn.I',Z<:ToptS,, <:T,
IFS,<T,
In this case the first premise of the statement (I' =S <: T; —T,) does not apply since T
is a match type. Using the 1st part of the lemma on I' T = T; —T,, we get 4 subcases:
a I'NZ<:UFT,<:U,,Ym < n.T',Z<:Toptdisj(T,,U,,) and [Z+ U]T,, is a match
type with I'H[Z = U]T,, = T; — Ty:
Using D-SuB on Vm. I, Z<: ToptS,,, <:T,, and Vm < n. I',Z <: Top+ disj(T,,
U,,,) we obtain Vm < n.I',Z<:Topt disj(S,,U,,). From Lemma 3.2 and S-
TraNs we get I, Z<:UFS, <:U,,. Using BS-MATCH1/2 we obtain I'FS =[Z
U]S,,.SinceI'H[Z+—U]S,, <:[Z—U]T, and T H[Z +— U]T,, = T; — T,, the IH gives
4 subsubcases:
(i) [Z+U]S,, is amatch type with I'-[Z +— U]S,,
that I'-T; <:S; and 'Sy <: Ty:
The result follows directly from S-TRANS.
(i) [Z+U]S,, is a match type with T H[Z = UlS, = X:
The result follows directly from S-TrANS.
(ili) [Z+>U]S,, is a type variable:
We already proved I'-S+=S,,, as required.
(iv) [Z—U]S,, has the form S; — S, withI'-T, <:S; and I'F S, <: Ty
We already proved 'S =[Z > U]S,,, as required.
b. I'Z<:UFT, <:U,, Vm < n.T',Z<:Toptdisj(T,,U,,) and [Z—U]T,, = T, —
T,:
Using D-Sus on Vm. I', Z<: ToptS,,, <:T,, and Vm < n. I',Z<: Top+ disj(T,,
U,,,) we obtain Vm < n.I',Z<:Topt disj(S,,U,,). From Lemma 3.2 and S-
TraNs we get I, Z<:UF S, <:U,,. Using BS-MATCH1/2 we obtain I'FS =[Z
U]S,,. Since I'H[Z 1+ U]S,, <:[Z+ U]T,,, the IH gives 4 subsubcases:
(i) [Z+U]S,, is a match type with I'H[Z+— U]S,, = S; —S,, for some S;, S,
such that 'FT; <:S; and 'S, <: Ty:
The result follows directly from S-TRANS.
(ii) [Z+U]S,, is a match type with I'H[Z — U]S,, = X:
The result follows directly from S-TrANS.
(ili) [Z+U]S,, is a type variable:
We already proved I' S =[Z - U]S,,, as required.
(iv) [Z+U]S,, has the form S; — S, withI'F T, <:S; and I'F S, <: Ts:
We already proved I' S =[Z - U]S,,, as required.

c. Vn.T',Z<:Toptdisj(T,,U,,) and T, is a match type with ' T, = T; — Ty:
Using D-SuB on Vn. I',Z<: TopFS,, <: T, and Vn. I', Z<: Top +disj(T,, U,,) we
obtain Vn. T, Z <: Top - disj(S,, U,,). From S-Trans we get I'F S, <: C,;. Using BS-
Marcu3/4 we obtain 'S =S5,. SinceI' S, <: Ty and ' T; = T — Ty, the IH
gives 4 subsubcases:

(i) S, is a match type withI'-S; = S; — S, for some S;, S, such that I' - T, <:
S;andI'FS, <: Ty:
The result follows directly from S-TrANS.
(if) S, is a match type withI'FS; = X:
The result follows directly from S-TRANS.
(iii) S, is a type variable:

=S; — S, for some S;, S, such
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We already proved I' =S =S, as required.
(iv) S, hasthe formS; =S, withI'FT; <:S; and I' Sy <: Ty:
We already proved I' =S =S, as required.
d. Vn.T',Z<:TopFdisj(T,,U,,) and T; = T; — Ty:
Using D-SuB on Vn. I, Z<:ToptS,, <: T,, and Vn. I', Z <: Top - disj(T,, U,,) we
obtain Vn. ', Z <: Top Fdisj(S,, U,,). From S-Trans we get 'S, <: C,. Using
BS-Marcu3/4 we obtain 'S = S,;. Since I' - S; <: T, the IH gives 4 subsubcases:
(i) S, is a match type withI'-S; = S; — S, for some S;, S, such that I' - T, <:
S;and 'Sy <: Ty
The result follows directly from S-TRANS.
(i) S, is a match type withI'FS,; = X:
The result follows directly from S-TrANS.
(iii) S, is a type variable:
We already proved I' =S = S, as required.
(iv) S, hasthe formS; —S, withI'FT; <:S; and 'S, <: Ty:
We already proved I' S =S, as required.
- CaseS-TVar: S=Y Y<Tel
S is a type variable and the result is immediate.
- CaseS-ArRRow: S=5,—5S, T=T,>T,
'FT;<:S; TESy<:T,
S has the form S; —S,, withI'+T; <:S; and 'S, <: T, as required.
— Case S-Top, S-SIN, S-A1L, S-Ps1:
In those cases, T is neither a type variable nor a function type and the result is immediate.
4. By induction on a derivation of I' S <: T.
— Case S-RErL: T =S
If T is a match type with ' T = VX <: U; . T, the result follows directly from S-RerL. If
T =VX<:U;. Ty, Sy = Ty, and the result also follows from S-REFL.
- CaseS-TRans: I'S<:U T'FU<T
Using the IH on the right premise we get 4 subcases:
a. Uis a match type with ' FU = VX <: U;. U, for some U, such that I', X <: U; -
Uy <:Ty:
The result follows directly from using the IH on the left premise (I', X <: U; S, <:
T, is obtained using S-TrRaNs with I, X <:U; F Sy <: Uy and I', X <: U; U, <: Ty).
b. U is a match type with I' U <= X, for some X:
Using the 2nd part of the lemma on the left premise leads to the desired result.
c. Uis a type variable:
The result follows from using the 2nd part of the lemma on the left premise.
d. Uhas the form VX <:U;. U, with I', X <: U; F U, <: Ty:
The result follows directly from using the IH on the left premise (I', X <: U; - S, <:
T, is obtained using S-TrRaNs with I', X <:U; - Sy <: Uy and I', X <: U; U, <: Ty).
- Case BS-Marcul: S =T, match[Z|{U,=T,}orT, T=[Z+—U|T,
INZ<:UFT,<:U,
Vm < n.I',Z<:Toptdisj(T,,U,,)
IfT = VX <:U,. Ty, we use BS-MATCH2 to obtain I' - S = VX <: U, . T,, as required, and
the result follows from S-Rerr. If T is a match type with ' T = VX <: U;. T,, we use
BS-Matcu2 to get 'S =T, and S-TrANS to obtain I' =S = VX <: U; . T, and the result
follows from S-REFL.
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- Case BS-Marcu2: S=[Z—U|T,, T=T, match[Z|{U,=T,}orT,
I'N'Z<:UFT,<:U,
Vm < n.T',Z<:Topt disj(T,,U,,)
In this case the first premise of the statement (I'FS <:(VX <:U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on ' T = VX <: U;. Ty, we get
4 subcases:
a I'NZ<:UFT,<:U,,Ym < n.T',Z<:Toptdisj(T,,U,,) and [Z+ U]T,, is a match
type with I'H[Z +— U]T,, & VX <:U;. Ty
S = [Z—U]T,, is a match type and I'+S = VX <: U;. T,, and the result follows
from S-REFL.
b. I Z<:UFT,<:U,, Vm < n. ', Z<:Toptdisj(T,,U,,) and [Z+U]T,, = VX<:
U;. Ty:
S =VX<:U;. Ty, Sy = Ty, and the result follows from S-REFL.
c. Vm.T',Z<:Toptdisj(T,,U,,) and T, is a match type with ' - T; = VX <: U;. T:
This case cannot occur since I', Z <: Top - disj(T,, U,,) contradicts I', Z<: U+ T, <:
U,, (Lemma 3.4 and Lemma 3.6).
d. Vm.T',Z<:Topt disj(T,,U,,) and T; = VX <:Uy. Ty:
This case cannot occur since I', Z <: Top |- disj(T, U,, ) contradicts ', Z<: UF T, <:
U,, (Lemma 3.4 and Lemma 3.6).
- Case BS-Marcu3: S =T, match[Z|{U,=T,}orT, T=T,
Vn. ', Z<:Topt disj(T,,U,,)
If T = VX <:U;. Ty, we use BS-MATCH2 to obtain I' - S = VX <: U;. T,, and the result
follows from S-ReFL. If T is a match type with I' =T = VX <: U, . T,, we use BS-MATCH2
to get I'FS+=T, and S-TRANs to obtain I'S = VX <:U;. T,, and the result follows
from S-REFL.
- Case BS-Marcu4: S=T,; T=T, maich[Z]{U,=T,}orT,
Vn.I',Z<:Topt disj(T,,U,,)
In this case the first premise of the statement (I' S <:(VX <: U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on I'- T = VX <: U;. T,, we get
4 subcases:
a INZ<:UFT,<:U,, Vm < n.I',Z<:Toptdisj(T,,U,,) and T,, is a match type
withI'FT, = VX <:U;. Ty:
This case cannot occur since I', Z <: Top - disj(T,, U,,) contradicts I', Z<: UF T, <:
U,, (Lemma 3.4 and Lemma 3.6).
b. IZ<:UFT,<:U,,Vm < n.T,Z<:Toptdisj(T,,U,,) and T,, = VX <:U;. Ty:
This case cannot occur since I', Z <: Top - disj(T,, U,,) contradicts I', Z<: U+ T, <:
U,, (Lemma 3.4 and Lemma 3.6).
c. Vm.T',Z<:Toptdisj(T,,U,,) and T, is a match type with '+ T, = VX <: U;. Ty:
= T, is a match type and I' FS= VX <:U,. T,, and the result follows from
S-REFL.
d. Vm.T',Z<:Toptdisj(T,,U,,) and T; = VX <:U;. Ty:
S =VX<:U;. Ty, Sy = Ty, and the result follows from S-REFL.
- Case BS-Marcu5: S =S, match[Z]{U, = S,}orS; T =T, match[Z|{U,=T,}orT,
'S, < T,
vn.I',Z<:ToptS,, <:T,
I'ES;<:Ty
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In this case the first premise of the statement (I'FS <:(VX <: U;. T,)) does not apply
since T is a match type. Using the 1st part of the lemma on I'-T = VX <: U;. T,, we get
4 subcases:
a I'NZ<:UFT,<:U,,Ym < n.T',Z<:Topt disj(T,, U,,) and [Z+ U]T,, is a match
type with ' H[Z = U|T,, = VX <:U;. Ty
Using D-SuB on Vm. I, Z<:Top+S,,, <: T,, and Vm < n. T',Z<: Top - disj(T,,
U,,) we obtain Vm < n. I',Z<:Topt disj(S,,U,,). From Lemma 3.2 and S-
TraNs we get I, Z<:UF S, <:U,,. Using BS-MATcH1/2 we obtain I'FS =[Z
U]S,,. Since I'H[Z—U]S,, <:[Z+U]T,, and T'H[Z - U]T,, = VX <: U;. T,, the IH
gives 4 subsubcases:
(i) [Z+U]S,, is a match type with T'H[Z—U]S, = VX <:U;. S, for some S,
such that I', X <: U; F S, <: Ty:
The result follows directly from S-TRANs.
(i) [Z+U]S,, is a match type with I'H[Z - U]S, = X:
The result follows directly from S-TRANS.
(ili) [Z+U]S,, is a type variable:
We already proved I'FS =[Z+ U]S,,, as required.
(iv) [Z+U]S,, has the form VX <:U;. Sy with I', X <: Uy S, <: Ty
We already proved I'FS =[Z - U]S,,, as required.

b. IZ<:UFT,<:U,,Vm < n.T',Z<:Toptdisj(T,,U,,) and T,, = VX <:U;. Ty:
Using D-SuB on Vm. I, Z<: TopFS,,, <:T,, and Vm < n. I',Z<: Top+ disj(T,,
U,,,) we obtain Vm < n. T',Z<:Toptdisj(S,,U,,). From Lemma 3.2 and S-
TraNs we get I', Z<:UF S, <:U,,. Using BS-MaTcH1/2 we obtain I'FS =[Z
U]S,,. Since I'H[Z - U]S,, <:[Z+— U]T,,, the IH, the IH gives 4 subsubcases:

(i) [Z+—U]S,, is a match type with I'H[Z - U]S, = VX <:U;. S, for some S,

such that I', X <: U; - Sy <: Ty:
The result follows directly from S-TrANS.

(i) [Z+U]S,, is a match type with T'H[Z = U]S, = X:
The result follows directly from S-TRANs.

(ili) [Z+>U]S,, is a type variable:
We already proved I' S =[Z 1 U]S,,, as required.

(iv) [Z+U]S,, has the form VX <:U;. Sy with T', X <: Uy S, <: Ty
We already proved 'S =[Z > U]S,,, as required.

c. Vm.T',Z<:Toptdisj(T,,U,,) and T, is a match type with '+ T; = VX <: U;. Ty:
Using D-SuB on Vm. I', Z<: Top+S,,, <: T,, and Vm. I', Z <: Top - disj(T,, U,,)
we obtain Vm. I", Z <: Top +- disj(S,, U,,, ). From S-Trans we get 'S <: C,;. Using
BS-MarcH3 and BS-MatcH4 we obtainI' =S = S,. SinceI'-S; <: T;and ' T, =
VX <:U;. Ty, the IH gives 4 subsubcases:

(i) S, is a match type with I'-S; = VX <:U;. S, for some S, such that I', X <:

U; FSy <:Ty:
The result follows directly from S-TrANS.

(i) S, is a match type withI'FS,; = X:
The result follows directly from S-TrANS.

(iii) S, is a type variable:
We already proved I' =S =S, as required.

(iv) S, has the form VX <:U;. S, with I, X <: Uy S, <: Ty:
We already proved I' S =S, as required.

d. Vm.I',Z<:Toptdisj(T,,U,,) and T; = VX <:U;. Ty:



Olivier Blanvillain and Jonathan Brachthauser and Maxime Kjaer and Martin Odersky

Using D-SuB on Vm. I', Z<: Top+S,, <: T,, and Vm. I', Z <: Top F- disj(T,, U,,,)
we obtain Vm. I', Z <: Top I disj(S,, U,,,). From S-Trans we get ' - S <: C,;. Using
BS-Marchu3 and BS-MaTcH4 we obtain I' =S = S;. Since ' =S ; <: T, the IH gives
4 subsubcases:
(i) S, is a match type with I'S; = VX <:U,. S, for some S, such that I', X <:
U; FSy <: Ty
The result follows directly from S-TrANS.
(if) S, is a match type withI'FS; =X:
The result follows directly from S-TrANS.
(iii) S, is a type variable:
We already proved I' =S =S, as required.
(iv) S, has the form VX <:U;. Sy withI', X <:U; F S, <: Ty:
We already proved I' =S =S, as required.
— CaseS-TVAR: S=Y Y<Tel
S is a type variable and the result is immediate.
- CaseS-AlL: S =VX<:U;.S, T=VX<U;.Ty
I X<:U; FSy<:T,
S has the form VX <:U;. Sy, with I', X <: U; I S, <: T, as required.
— Case S-Top, S-SIN, S-ARROW, S-PsI:
In those cases, T is neither a type variable nor a universal type and the result is immediate.

]

LEMMA 3.8 (CANONICAL FORMS).

1. IfT'Ft: T, where either T is a type variable, or T is a match type with ' =T =X, then t is not
a closed value.

2. Ifv is a closed value with I' v : T where either T = T — T, or T is a match type and I' -
T+=T,; =Ty, then v has the form Ax:S;. ty.

3. Ifv is a closed value with I' v : T where either T = VX <:U;. Ty, or T is a match type and I'
FT=VX<:U;. Ty, thenv has the form AXX <:U;. t,.

Proof:

1. By induction on a derivation of ' -t: T
— Case T-VAR, T-TArp, T-Aprp, BT-MATCH:
In those cases, t is not a value and the result is immediate.
— Case T-ABs, T-TABs, T-CLaASS:
In those cases, T is neither a match type nor a type variable and the result is immediate.
- Case T-Su: T'kt:S TI'FS<T
By Lemma 3.7, either S is a match type with ' FS+=Y, or S is a type variable. In both
cases, we use the IH to show that t is not a closed value, as required.
2. By induction on a derivation of I'-t: T.
— Case T-VAR, T-TArp, T-Aprp, BT-MATCH:
In those cases, t is not a value and the result is immediate.
- CaseT-ABs: t=Xx:Tity T=T, =Ty I x:TiFty:Ty
t = Ax: T,t, and the result is immediate.
— Case T-TABs, T-CLaAss:
T is neither a function type nor a match type and the result is immediate.
- Case T-SuB: I'+t:S T'FS<T
Using Lemma 3.7 we get 4 subcases:
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a. Sis amatch type withI'FS+=S; —S,:
The result follows from the IH.
b. Sis a match type withI'FS+=X:
This case cannot occure since the 1th part of the lemma would lead to a contradiction
on the fact that v is a closed value.
c. Sis a type variable:
Similarly, this case cannot occure since the 1st part of the lemma would lead to a
contradiction.
d. Shasthe formS; =S, withI'FT; <:S; and 'S, <: Ty:
The result follows from the IH.
3. By induction on a derivation of '+t : T.
— Case T-VAR, T-TArp, T-Arp, BT-MATCH:
In those cases, t is not a value and the result is immediate.
— Case T-ABs, T-CLAss:
T is neither a universal type nor a match type and the result is immediate.
- Case T-TABs: t=AY<T{.ty T=VY<T.Ty I, Y<:T;Fty:Ty
t =AY <:T;. t, and the result is immediate.
- Case T-SuB: TI't:S T'FS<T
Using Lemma 3.7 we get 4 subcases:
a. Sisa match type with I'-S = VX <:U;. S,, The result follows from the IH.
b. S is a match type with I' =S = X, This case cannot occure since the 1th part of the
lemma would lead to a contradiction on the fact that v is a closed value.
c. S is a type variable, Similarly, this case cannot occure since the 1st part of the
lemma would lead to a contradiction.
d. Shas the form VX <:U;. Sy and I', X <: U; IS, <: T,. The result follows from the
IH.

]

LEMMA 3.9 (INVERSION OF TYPING).

1. IfT'EAx:Sy.s9:Tand '-T<:U; = U,, then ' U, <:S; and there is some Sy such that
I')x:S;Fsy:Sy and'FS, <: U,

2. fTEAX<:Sy.85: Tand'FT<:(VX<:U;.U,), thenU; =S, and there is some S, such that
I X<:S;Fsy:Sy and I, X <:S; Sy <: U,

Proof:

1. By induction on a derivation of I't-t: T.
- Case T-ABs: t=Ax:S;8y T=S, =Ty I'x:SFsy:Ty
Given I'FS; =T, <:U; — U,, we use Lemma 3.7 to obtain I'FU; <:S; and ' T, <:
U,. We pick S, to be T, to obtain the desired result.
- CaseT-Su: T'Ft:S TI'FS<:T
Using S-TRANS with 'S <: Tand I' T <: U; — U, we get I' =S <: U; — U, The results
follows directly from the IH.
— Case T-VAR, T-App, T-TABs, T-TArp, T-CrASs, BT-MATCH:
In those cases, t is not of the form Ax:S;. s, and the result is immediate.
2. By induction on a derivation of I' -t : T.
— Case T-TABs: t=AX<:S;.8, T=VX<:§.Ty I X<:S;Fs9:Ty
GivenI'H(VX <:S;. T,) <:(VX <:U;. U,), we use Lemma 3.7 to obtain U; = S; and I', X
<:S; F Ty <:Uy. We pick S, to be T, to obtain the desired result.
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- CaseT-Sup: T'kt:S TI'kFS<T
Using S-TrRaNs with T'HS <: Tand T'F T <:(VX <:U;. U,y) we get TFS <:(VX <: U, . U,).
The results follows directly from the IH.

— Case T-VAR, T-Ass, T-Aprp, T-TApp, T-CrLASS, BT-MATCH:
In those cases, t is not of the form AX <:S;. s, : T and the result is immediate.

LEMMA 3.10 (MINIMUM TYPES).

1. IfT+-newC:T thenT'H{newC} <: T.
2. IfTEAx:Ty. ty: T then there is some Ty such thatI'-T; — T,y <:T.
3. fTEAX<:U;. ty : T then there is some Ty such thatI'F VX <:U;. Ty <: T.

Proof:

1. By induction on a derivation of I'Ft: T.
— Case T-VAR, T-ABs, T-Arp, T-TABs, T-TArp, BT-MATCH:
In those cases, t is not a constructor call and the result is immediate.
— Case T-Crass: t=newC T = {newC}
The result follows directly from S-REFL.
- Case T-SuB: TI'+t:S T'FS<T
By the IH, I' {new C} <: S. The result follows from S-TRANS.
2. By induction on a derivation of I'-t: T.
— Case T-VAR, T-Arp, T-TABs, T-TAprp, T-CrAsS, BT-MATCH:
In those cases, t is not an abstraction and the result is immediate
- CaseT-ABs: T=T;—=S, I x:T;Ft,:S,
Ty = Sy and the result is immediate using S-REFL.
- CaseT-Su: T'kt:S TI'FS<T
Using the IH, there is some T, such that I'=T; — T, <:S. The result follows from S-
TRANS.
3. By induction on a derivation of I'-t: T.
— Case T-VAR, T-Ass, T-Aprp, T-TApp, T-CLASS, BT-MATCH:
In those cases, t is not a type abstraction and the result is immediate
- Case T-TABs: T=VX<:U;.Sy I, X<:UjFty:5,
T, =S, and the result is immediate using S-REFL.
— Case T-SuB: I'+t:S TI'FS<:T
Using the IH, there is some T, such that I' - VX <: U;. T, <: S. The result follows from
S-TRANS.

]

THEOREM 3.11 (PRESERVATION).
IfTHt:Tandt—t thenT'Ht : T.

Proof: By induction on a derivation of I' -t : T.

— Case T-VAR, T-Ass, T-TABs, T-CLASS:
These cases cannot arise since we assume t—t’ but there are no evaluation rules for
variables, abstractions, type abstractions and class instantiations.
- Case T-App: t=tt, T=T;, I'Ht;:T; =T TFt,:Ty
By definition of the evaluation relation, there are 3 subcases:
Subcase E-Appl: t; —rt] t =1ty
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By the IH and the 1st premise we get I' -t} : T;; — T;5. We use T-App with that result
and the 2nd premise to obtain I' -t t, : T4, as required.
Subcase E-App2: t,—t;, t;=v; t =wvt)
Analogously, the IH gives It} : T, and the result follows from T-App.
Subcase E-ApPABs:  t; = Ax:Uj;.upy  t =[x ty]ugg
By Lemma 3.9 (with S; = Uy, sy = u;5, U; = T;; and U, = T,,), there is some S,
suchthat I, x: Uy Fuy:Sy, 'Sy <: Ty and ' T <: Uy, Using T-SuB with 't :
T,; and I'F Ty, <: Uy; we obtain I'Ft, : Uy;. By Lemma 3.5 we get I'H[x - t5]uys : S,
Using T-SuB we obtain I'-[x > t5]u;5 : Ty 5, as required.
— Case T-TApp: t=t,T, T=[Xi>T,|T,
Pkt :(VX<:U;. Tyy) T'HET,<U,
The proof for case T-TAPpP is analogous to the one for T-App. By definition of the evaluation
relation, there are 2 subcases:
Subcase E-TApp:  t; —t; t' =11T,
By the IH and the 1st premise we get I'-t] :(VX <: U;. T;5). We use T-TApp with that
result and the 2nd premise to obtain I' -t} T, :[X > Ty] Ty, as required.
Subcase E-TAPPTABs:  t; = AX<:Ujj.uy9  t' = [XTylugs
By Lemma 3.9 (with S; = Uy, s, = u;5 and U, = T,), there is some S, such that
I X<:UjyFuyg:S,, Uy = Uy, and I', X <: Uy Sy <: Ty Since I'F T, <: Uy, we use
Lemma 3.5 twice to get I'H[X - Tyluyq :[ X+ Ty]Sy and T'H[X - To Sy <:[X > Ty Ty,-
By T-Sus I'H[X — Ts]uy :[X = Ty] Ty, as required.
- CaseT-Su: I't:S TI'+S<:T
By the IH, I'Ft’ : S. The result follows directly from T-Sus.
- Case BT-Marcu: t=t, match[X|{x;:C, =t,}ort; T =T, match[X|{C,=T,}orT,
'kt : T,
') X<:Top,x;:C; -t;: T,
I't,;: T,
By definition of the evaluation relation, there are 5 subcases:
Subcase E-Matrcul: t,—t, t' =t match[X]{x;:C, =t,}ort,
By the IHT'Ft] : T,. The result follows directly from BT-MATCH.
Subcase E-Marcu2: t,=newC (C,[X—U|C,)e¥
Vm <n.VT.(C,[X—=T]C,,)¢¥ t =[XUlx,+ newClt,
By S-Pst, S-Sin and S-TraNs, I'H{new C} <:[X+ U]C,,. From D-Ps1, Vi < n. VT. T+
disj({new C}, X+~ T]C,,,). By Lemma 3.10 we get I'-{new C} <: T,. Let T; be {new C}
match[X]{C, = T, }or T ;. From BS-MatcH1, I' -[X = U|T,, <: T,. Using BS-Matcu5, I’
FT, <: T. By S-Trans, ' H[X+— U|T, <:T.
Using T-Crass, T-Sus, S-SIN and S-Ps1 (with (C, [X+U]C,,) € ¥) we get ['F new C:
[X+>U]C,,. From the case premises, we have I', X <: Top, x,, : C,, - t,, : T,,. By Lemma 3.5,
we get I'H[X - Ul[x,, — new CJt,, :[X — U]T,,. Finally, using T-SuB we get , I'H[X
U][x,, > new C]t,, : T, as required.
Subcase E-Marcu3: t, =newC Vn.(C,C,)¢¥ t =ty
The proof for subcase E-MATCcH3 is analogous to the one for E-MaTcH2. From D-PsI,
Vn. T+ disj({newC},C,,). By Lemma 3.10 we get I'-{new C} <: T,. Let T; be {new C}
match[X]{C,; = T, }or T,. From BS-Matcu2, I' T, <: T;. Using BS-MaTcH5, '+ T; <:
T. By S-TRaNs I' =T, <: T. Using T-Sus, I' -t : T, as required.
Subcase E-MaTcH4: t, = x:U.u t' =t,
By Lemma 3.10, there exists a V such that I'-U — V <: T,. Using D-ArRrow, Vn. '
disj(U—V,C,,). Let T; be U—V match[X]{C; =T, }or T,. From BS-Marcu2, ' - T, <:
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T,. Using BS-MarcH5, I' =T, <: T. By S-TRans I' T, <: T. Using T-SuB, I' -t : T, as
required.
Subcase E-MATcH5: t, =VX<:U.u t' =t,
The proof for subcase E-MATCHS5 is analogous to the one for E-MATcH4. By Lemma 3.10,
there exists a V such that I' (VX <: U. V) <: T,. Using D-ArRrROW, we get Vn. I disj(VX
<:U.V,C,,). Let T; be (VX <:U. V) match[X]{C, = T, }or T,. From BS-Matcu2, '+ T,
<:T;. Using BS-MaTcH5, I' =T, <: T. By S-TRANs I' =T, <: T. Using T-Sus, I' -t : T, as
required.

]

THEOREM 3.12 (PROGRESS).
Ift is a closed, well-typed term, then eithert is a value or there is some t’ such thatt—t’.

Proof: By induction on a derivation of I' -t : T.

Case T-Var: t=x x:Tel
This case cannot occure because t is closed.
Case T-Ass, T-TABs, T-CLaAss:
In those cases, t is a value and the result is immediate.
Case T-App: t=tyt, T=T;, I'Ht;:T;; =T, T'Fty,:T
By the IH, either t; is a value or t; can take a step (there is some t] such that t; —t{). If t;
can take a step, then E-App1 applies to t. If t; is a value, we use Lemma 3.8 to get that t; has
the form Ax: S . t,. Therefore, E-APPABS applies to t, as required.
Case T-TApp: t=1t,T, T = [X>T,|Ty,
Pkt :(VX<:U;.Tyy) THT,<:U,
The proof for case T-TAPP is analogous to the one for T-App.
By the IH, either t; is a value or t; can take a step. If t; can take a step, then E-TApp applies
to t. If t; is a value, we use Lemma 3.8 to get that t; has the form AX <: T, . t,. Therefore,
E-TAPrTABs applies to t, as required.
Case T-SuB: T'Ft:S T'FS<T
The result follows directly from the IH.
Case BT-Matcu: t =t, match[X]{x,;:C; =t,}ort; T =T, match[X|]{C,=T,}orT,
't : T,
I'' X <:Top,x;:C;-t;: T,
I'kHt;: T,
By the IH, either t, is a value or t, can take a step. If t, can take a step, then E-MaTcH1
applies to t, as required. If t_ is a value, t, can take 3 different forms:
Subcase t, is of the form new C:
IfVm. VT. (C, X+ T]C,,) ¢ ¥, then E-MATCH3 applies to t. Otherwise, let C;, be the
first class such that (C, [X+ U]C},) € ¥ for some type U. By construction we know that
Vm < k. VT. (C, X+ T|C},) ¢ . Therefore E-MAatcH2 applies to t, as required.
Subcase t, is of the form Ax : T ty:
E-MaTtcH4 applies to t and the result is immediate.
Subcase t is of the form VX <: U;. Ty:
E-MartcH5 applies to t and the result is immediate.
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