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The A-calculus: Syntax and Types

Luigi Liquori Claude Stolze !
Université Cote d’Azur, Inria, France
[Luigi.Liquori,Claude.Stolze] Qinria.fr

—— Abstract

We present the A-calculus, an explicitly typed A-calculus with strong pairs, projections and
explicit type coercions. The calculus can be parametrized with different intersection type the-
ories T, e.g. the Coppo-Dezani, the Coppo-Dezani-Sallé, the Coppo-Dezani-Venneri and the
Barendregt-Coppo-Dezani ones, producing a family of A-calculi with related intersection typed
systems. We prove the main properties like Church-Rosser, unicity of type, subject reduction,
strong normalization, decidability of type checking and type reconstruction. We state the re-
lationship between the intersection type assignment systems a la Curry and the corresponding
intersection typed systems d la Church by means of an essence function translating an explicitly
typed A-term into a pure A-term one. We finally translate a A-term with type coercions into
an equivalent one without them; the translation is proved to be coherent because its essence is
the identity. The generic A-calculus can be parametrized to take into account other intersection
type theories as the ones in the Barendregt et al. book.

Keywords Intersection types, Lambda calculus a¢ la Church and d la Curry, Proof-functional
logics
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1 Introduction

Intersection type theories T were first introduced as a form of ad hoc polymorphism in
(pure) A-calculi ¢ la Curry. The paper by Barendregt, Coppo, and Dezani [4] is a classic
reference, while [5] is a definitive reference.

Intersection type assignment systems A/, have been well-known in the literature for almost
40 years for many reasons: among them, characterization of strongly normalizing A-terms
[5], A-models [1], automatic type inference [26], type inhabitation [43, 37], type unification
[17]. As intersection had its classical development for type assignment systems, many pa-
pers tried to find an explicitly typed A-calculus a la Church corresponding to the original
intersection type assignment systems a la Curry. The programming language Forsythe,
by Reynolds [38], is probably the first reference, while Pierce’s Ph.D. thesis [33] combines
also unions, intersections and bounded polymorphism. In [45] intersection types were used
as a foundation for typed intermediate languages for optimizing compilers for higher-order
polymorphic programming languages; implementations of typed programming language fea-
turing intersection (and union) types can be found in SML-CIDRE [14] and in StardustML
[18, 19].

Annotating pure A-terms with intersection types is not simple: a classical example is the
difficulty to decorate the bound variable of the explicitly typed polymorphic identity Az:7.x
such that the type of the identity is (¢ — o) N (7 — 7): previous attempts showed that the
full power of the intersection type discipline can be easily lost.

"Work supported by the COST Action CA15123 EUTYPES “The European research network on
types for programming and verification”.
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In this paper, we define and prove the main properties of the A-calculus, a generic intersec-
tion typed system for an explicitly typed A-calculus a la Church enriched with strong pairs,
denoted by (A;,Ay), projections, denoted by pr; A, and type coercions, denoted by A“.

A strong pair (A1 ,As) is a special kind of cartesian product such that the two parts of a
pair satisfies a given property R on their “essence”, that is 1 A1 R 1 As L.

An essence { Al of a A-term is a pure A-term obtained by erasing type decorations, projec-
tions and choosing one of the two elements inside a strong pair. As examples,

VAzio NTpryx , Ao NT.pr z)l = Ar.x
WAz:(c = 1)No.(pryx)(pryx)l = vz
o N (TN p){{prya,prypry x) ,pryprax)l = Az.x

and so on. Therefore, the essence of a A-term is its untyped skeleton: a strong pair
(A1 ,As) can be typechecked if and only if 1 A2 R 1 Aq? is verified, otherwise the strong
pair will be ill-typed. The essence also gives the exact mapping between a term and its
typing d la Church and its corresponding term and type assignment a la Curry. Changing
the parameters 7 and R results in defining a totally different intersection typed system.
For the purpose of this paper, we study the four well-known intersection type theories T,
namely Coppo-Dezani Top [11], Coppo-Dezani-Sallé Tops [12], Coppo-Dezani-Venneri Tepy
[13] and Barendregt-Coppo-Dezani Tgcp [4]. We will inspect the above type theories using
three equivalence relations R on pure A-terms, namely =, =g and =g,.
The combination of the above 7 and R allows to define ten meaningful typed systems for
the A-calculus that can be pictorially displayed in a “A-chair” (see Definition 9). Following
the same style as in the Barendrengt et al. book [5], the edges in the chair represent an
inclusion relation over the set of derivable judgments.
A type coercion A7 is a term of type 7 whose type-decoration denotes an application of a
subsumption rule to the term A of type o such that o <7 7: if we omit type coercions, then
we lose the uniqueness of type property.
Section 3 shows a number of typable examples in the systems presented in the A-chair:
each example is provided with a corresponding type assignment derivation of its essence.
Some historical examples of Pottinger [36], Hindley [23] and Ben-Yelles [6] are essentially
re-decorated and inhabited (when possible) in the A-calculus. The aims of this section is
both to make the reader comfortable with the different intersection typed systems, and to
give a first intuition of the correspondence between Church-style and Curry-style calculi.
Section 4 proves the metatheory for all the systems in the A-chair: Church-Rosser, unicity
of type, subject reduction, strong normalization, decidability of type checking and type
reconstruction and studies the relations between intersection type assignment systems a la
Curry and the corresponding intersection typed systems a la Church. Notions of soundness,
completeness and isomorphism will relate type assignment and typed systems. We also
show how to get rid of type coercions AT defining a translation function, denoted by ||_ ||,
inspired by the one of Tannen et al. [42]: the intuition of the translation is that if A has
type 0 and o <7 7, then ||o <7 7] is a A-term of type ¢ — 7, (|l <7 7| ||A||]) has type 7
and ! |jo <7 7|V is the identity \z.x.

1.1 M-calculi with intersection types a la Church

Several calculi @ la Church appeared in the literature: they capture the power of intersection
types; we briefly review them.

The Forsythe programming language by Reynolds [38] annotates a A-abstraction with types
as in \x:oq|---|o,.M. However, we cannot type a typed term, whose type erasure is the
combinator K = Az.Ay.z, with the type (¢ >0 —o)N (T =7 — 7).
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Pierce [34] improves Forsythe by using a for construct to build ad hoc polymorphic typing,
as in for a € {0, 7}.Az:a, A\y:v.x. However, we cannot type a typed term, whose type erasure
is Az Ay Az.(zy,x z), with the type
((c=pNn(r=p)=2oc-o7—2pxp)N((c—=0)N(c—0) = 0—0—0X%x0).
Freeman and Pfenning [20] introduced refinement types, that is types that allow ad hoc
polymorphism for ML constructors. Intuitively, refinement types can be seen as subtypes
of a standard type: the user first defines a type and then the refinement types of this
type. The main motivation for these refinement types is to allow non-exhaustive pattern
matching, which becomes exhaustive for a given refinement of the type of the argument. As
an example, we can define a type boolexp for boolean expressions, with constructors True,
And, Not and Var, and a refinement type ground for boolean expressions without variables,
with the same constructors except Var: then, the constructor True has type boolexpNground,
the constructor And has type (boolexp * boolexp — boolexp) N (ground * ground — ground) and
so on. However, intersection is meaningful only when using constructors.

Wells et al. [45] introduced MY a typed intermediate A-calculus for optimizing compilers
for higher-order programming languages. The calculus features intersection, union and flow
types, the latter being useful to optimize data representation. A°™ can faithfully encode
an intersection type assignment derivation by introducing the concept of virtual tuple, i.e.
a special kind of pair whose type erasure leads to exactly the same untyped A-term. A
parallel context and parallel substitution, similar to the notion of [27, 28], is defined to
reduce expressions in parallel inside a virtual tuple. Subtyping is defined only on flow types
and not on intersection types: this system can encode the AR" type assignment system.
Wells and Haak [46] introduced AB, a more compact typed calculus encoding of AC™:
fact, by comparing Fig. 1 and Fig. 2 of [46] we can see that the set of typable terms with
intersection types of A°™ and AP are the same. In that paper, virtual tuples are removed
by introducing branching terms, typable with branching types, the latter representing in-
tersection type schemes. Two operations on types and terms are defined, namely expand,
expanding the branching shape of type annotations when a term is substituted into a new
context, and select, to choose the correct branch in terms and types. As there are no virtual
tuples, reductions do not need to be done in parallel. As in [45], the ASP type assignment
system can be encoded.

Frisch et al. [21] designed a typed system with intersection, union, negation and recursive

in

types. The authors inherit the usual problem of having a domain space D that contains
all the terms and, at the same time, all the functions from D to D. They prevent this
by having an auxiliary domain space which is the disjoint union of D? and P(D?). The
authors interpret types as sets in a well-suited model where the set-inspired type constructs
are interpreted as the corresponding to set-theoretical constructs. Moreover, the model
manages higher-order functions in an elegant way. The subtyping relation is defined as a
relation on the set-theoretical interpretation [_] of the types. For instance, the problem
oNt < o will be interpreted as [o]|N[7r] C [o], where N becomes the set intersection operator,
and the decision program actually decides whether ([o] N [7]) N [o] is the empty set.

Bono et al. [7] introduced a relevant and strict parallel term constructor to build inhabitants
of intersections and a simple call-by-value parallel reduction strategy. An infinite number of
=T is applied to typed variables 7 such that ¢~ 7 z7 is upcasted to type 7. It
also uses a local renaming typing rule, which changes type decoration in A-abstractions, as

constants c

well as coercions. Term synchronicity in the tuples is guaranteed by the typing rules. The
calculus uses van Bakel’s strict version [2] of the T¢p intersection type theory.

XX:3
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1.2 Logics for intersection types

Proof-functional (or strong) logical connectives, introduced by Pottinger [36], take into ac-
count the shape of logical proofs, thus allowing for polymorphic features of proofs to be
made explicit in formulee. This differs from classical or intuitionistic connectives where the
meaning of a compound formula is only dependent on the truth value or the provability of
its subformulze.

Pottinger was the first to consider the intersection N as a proof-functional connective. He
contrasted it to the intuitionistic connective A as follows: “The intuitive meaning of N can
be explained by saying that to assert AN B is to assert that one has a reason for asserting
A which is also a reason for asserting B, while to assert A\ B is to assert that one has a
pair of reasons, the first of which is a reason for asserting A and the second of which is a
reason for asserting B”.

A simple example of a logical theorem involving intuitionistic conjunction which does not
hold for proof-functional conjunction is (A D A) A (A D B D A). Otherwise there would
exist a term which behaves both as | and as K. Later, Lopez-Escobar [30] and Mints [31]
investigated extensively logics featuring both proof-functional and intuitionistic connectives
especially in the context of realizability interpretations.

It is not immediate to extend the judgments-as-types Curry-Howard paradigm to logics
supporting proof-functional connectives. These connectives need to compare the shapes of
derivations and do not just take into account their provability, i.e. the inhabitation of the
corresponding type.

There are many proposals to find a suitable logics to fit intersection types; among them we
cite [44, 39, 32, 9, 7, 35], and previous papers by the authors [15, 29, 40].

1.3 Raising the A-calculus to a A-framework.

Our goal is to build a prototype of a theorem prover based on the A-calculus and proof-
functional logic. Recently [25], we have extended a subset of the generic A-calculus with
other proof-functional operators like union types, relevant arrow types, together with de-
pendent types as in the Edinburgh Logical Framework [22]: a preliminary implementation
of a type checker appeared in [40] by the authors. In a nutshell:

Strong disjunction is a proof-functional connective that can be interpreted as the union type
U [15, 40]: it contrasts with the intuitionistic connective V. As Pottinger did for intersection,
we could say that asserting (AU B) D C is to assert that one has a reason for (AU B) D C,
which is also a reason to assert A O C' and B D C. A simple example of a logical theorem
involving intuitionistic disjunction which does not hold for strong disjunction is ((A D
B)U B) D A D B. Otherwise there would exist a term which behaves both as | and as K.
Strong (relevant) implication is yet another proof-functional connective that was interpreted
in [3] as a relevant arrow type —,.. As explained in [3], it can be viewed as a special case of im-
plication whose related function space is the simplest one, namely the one containing only the
identity function. Because the operators D and —,. differ, A —, B —, A is not derivable.
Dependent types, as introduced in the Edinburgh Logical Framework [22] by Harper et
al., allows considering proofs as first-class citizens albeit differently with respect to proof-
functional logics. The interaction of both dependent and proof-functional operators is in-
triguing: the former mentions proofs explicitly, while the latter mentions proofs implicitly.
Their combination therefore opens up new possibilities of formal reasoning on proof-theoretic
semantics.
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Minimal type theory <

(refl) o<o (incl) onNr<o0onN7T<T
(glb) p<op<Tt=p<onNT (trans) o<1, 7<p=0<p
Axiom schemes

(Uiop) 0 <U (U,) U<o—U

(=»N) (e—=1)N(c—=p)<o—(tNp)

Rule scheme

(=) o<, <=0 —>T1<02—>T

Figure 1 Minimal type theory <min, axioms and rule schemes (see Fig. 13.2 and 13.3 of [5])

: B,xo L M :
r:.0 € B (ax) y L0 7R T (—>I)
Brl z:0 BFL Ax.M:0 — T
BFL M:o BI—ZM:T(QI) B M:o—rT BFZN:UHE)
BrFL M:onTt BFL MN:7
BFL M:on BFL M :on
N o T(ﬂEl) A o T(HEQ)
BFI M:o BFL M:7
Ue A BT M:o o<y
_UEA ) n (<r)
BFAM:U BFAM:T

Figure 2 Generic intersection type assignment system A/, (see Figure 13.8 of [5])

2 Syntax, Reduction and Types

» Definition 1 (Type atoms, type syntax, type theories and type assignment systems). We
briefly review some basic definition from Subsection 13.1 of [5], in order to define type
assignment systems. The set of atoms, intersection types, intersection type theories and
intersection type assignment systems are defined as follows:

1. (Atoms). Let A denote a set of symbols which we will call type atoms, and let U be a
special type atom denoting the universal type. In particular, we will use Ao, = {a; | i €
N} with a; being different from U and AY, = A, U {U}.

2. (Syntax). The syntax of intersection types, parametrized by A, is: ¢ :== A | o — o |
ocNno.

3. (Intersection type theories 7). An intersection type theory 7T is a set of sentences of
the form o < 7 satisfying at least the axioms and rules of the minimal type theory <min
defined in Figure 1. The type theories Tcp, Tepv, Teps, and Tgop are the smallest type
theories over A satisfying the axioms and rules given in Figure 3. We write 71 C 73 if,
for all o, 7 such that o <7; 7, we have that ¢ <7, 7. In particular Tcp C Tepv C Teep
and 7ep C Teps £ Teep. We will sometime note, for instance, BCD instead of Tgcp.

4. (Intersection type assignment systems \]). We define in Figure 28 an infinite col-
lection of type assignment systems parametrized by a set of atoms A and a type theory
T. We name four particular type assignment systems in the table below, which is an ex-
cerpt from Figure 13.4 of [5]. B I—Z M : o denotes a derivable type assignment judgment
in the type assignment system A%. Type checking is not decidable for ASP, AR®Y, ASPS, and AR°P.

§Although rules (NE;) are derivable with <min, we add them for clarity.
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’ /\g ‘ T ‘ A ‘ <min plus ‘ ref. ‘

AT [ Top | Ao | - ]
2 [ Tops | AL | (Viep) 1]
/\rcva 7-CDV Aoo (%)7 (*}ﬂ) [13]
A | Toop | A% [ (=), (=0), Urep), (U=) | [4]

Figure 3 Type theories ASP, ASP®, ASPY and AR“P. The ref. column refers to the original article
these theories come from.

2.1 The A-calculi

Intersection type assignment systems and A-calculi have in common their type syntax and
intersection type theories. The generic syntax of the A-calculus is defined as follows.

» Definition 2 (Generic A-calculus syntax).
A = up|z| Ao A|AA[{(AJA) | pr; A| A° ie€{1,2}

ua denotes an infinite set of constants, indexed with a particular untyped A-term. A?
denotes an explicit coercion of A to type o. The expression (A, A) denotes a pair that,
following the Lopez-Escobar jargon [30], we call “strong pair” with respective projections
pr; and pry, . The essence function ¢! is an erasing function mapping typed A-terms into
pure A-terms. It is defined as follows.

» Definition 3 (Essence function).

de de de
Yoo AT A unl A
Do Al Y iy 1A A A A
de de .
LA, A A A A ie{1,2)

One could argue that the choice of ¥ (A7, Ag)2 = {AqQ is arbitrary and could have been

replaced with 1 (A7, As) o VAo ?. However, the typing rules will ensure that, if (A;;As)
is typable, then, for some suitable equivalence relation R, we have that 1A;! R 1Az
Thus, strong pairs can be viewed as constrained cartesian products. The generic reduction
semantics reduces terms of the A-calculus as follows.

» Definition 4 (Generic reduction semantics). Syntactical equality is denoted by =.
1. (Substitution) Substitution on A-terms is defined as usual, with the additional rules:

de de
uny[Bo/a] D unanmy  and  A7[As/a] € (AL[As/2))°

2. (One-step reduction). We define three notions of reduction:
(Az:0.A1) Ay — Aq[As/z] (B)
pr; <A1 ,A2> — A, 1€ {1, 2} (pri)
Av:o.Axr — A x g FV(A) (n)

Observe that (Ax:0.A1)? Ag is not a redex, because the A-abstraction is coerced. The
contextual closure is defined as usual except for reductions inside the index of ua that
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&(top) m(m) Byzio L AT (D)
BFL ua:U BrlLz:o BFL Av:o. Ao — T
BF%—Al:U BF%AQ:T 2A12R2A22(01) BF%Alio'%T BF%AQ:J(_)E)
BFL (A1, Ag)ionT BFL A Ayt
BI—ZQ—AZO'QT B) B}—%A:aﬂr (NE) BrLA:o o<rT <)
BF%prlA:U BF%—pTQA:T BF%AT:T

Figure 4 Generic intersection typed system AL

are forbidden (even though substitutions are propagated). We write —g,,, for the
contextual closure of the (8) and (pr;) notions of reduction, —, for the contextual
closure of (). We also define a synchronous contextual closure, which is like the usual
contextual closure except for the strong pairs, as defined in point (3). Synchronous
contextual closure of the notions of reduction generates the reduction relations — Bpr,

and —>|7‘,

3. (Synchronous closure of —)”). Synchronous closure is defined on the strong pairs
with the following constraint:
A —ITAL Ay — AL A =0
<A1 >A2> —>H ( /1 ’A/2>
Note that we reduce in the two components of the strong pair;

4. (Multistep reduction). We write —g,,, (resp. H)‘Llipr- ) as the reflexive and transi-

(Closl)

tive closure of —g,,. (resp. —>‘/|3Pn )
5. (Congruence). We write =g,,. as the symmetric, reflexive, transitive closure of —g,,. .
We mostly consider fSpr; -reductions, thus to ease the notation we omit the subscript in
Bpr; -reductions.

The next definition introduces a notion of synchronization inside strong pairs.

» Definition 5 (Synchronization). A A-term is synchronous if and only if, for all its subterms
of the shape (A1, As), we have that { A1 = 1AL

It is easy to verify that — ! preserves synchronization, while it is not the case for —s. The
next definition introduces a generic intersection typed system for the A-calculus that is
parametrizable by suitable equivalence relations on pure A-terms R and type theories 7 as follows.

» Definition 6 (Generic intersection typed system). The generic intersection typed system is
defined in Figure 4. We denote by A7 a particular typed system with the type theory T
and under an equivalence relation R and by B % A : ¢ a corresponding typing judgment.

The typing rules are intuitive for a calculus d la Church except rules (NI), (top) and (<7).
The typing rule for a strong pair (NI) is similar to the typing rule for a cartesian product,
except for the side-condition ! Aj ! R 1 As, forcing the two parts of the strong pair to have
essences compatible under R, thus making a strong pair a special case of a cartesian pair.
For instance, (Az:o.\y:7.x , Az:0.x) is not typable in AZ; ((Ax:0.z)y ,y) is not typable in
AT but it is in AT (@, Ay:0.((Az:7.2) ) y) is not typable in AT nor Azﬁ but it is in Azﬁn.
In the typing rule (top), the subscript A in ua is not necessarily typable so Qua ! can easily
be any arbitrary A-term. The typing rule (<7) allows to change the type of a A-term from
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o to 7 if 0 <7 7: the term in the conclusion must record this change with an explicit type
coercion _ 7, producing the new term A7: explicit type coercions are important to keep the
unicity of typing derivations.

The next definition introduces a partial order over equivalence relations on pure A-terms
and an inclusion over typed systems as follows.

» Definition 7 (R and C). 1. Let R € {=,=3,=p,}. R1 T Ro if, for all pure A-terms
M, N such that M Ry N, we have that M Ry N;
2. if B I—Z;ll A : o and AZ;I] C A%, then B I—%Q A:o.

> Lemma 8. 1. AQ C AGPS C ABCP gnd AY C AGPY C ARCP
2. AL CARZ if TC T and Ry C Rs.

2.2 The A-chair

The next definition classifies ten typed systems for the A-calculus: some of them already
appeared (sometime with a different notation) in the literature by the present authors.

» Definition 9 (A-chair).
Ten typed systems AZ can be drawn pictorially in a A- ACDPV ABCD
chair, where the arrows represent an inclusion relation. AZP 7 7
corresponds roughly to [27, 28] (in the expression MQA, M
is the essence of A) and in its intersection part to [40]; ACPS
corresponds roughly in its intersection part to [16], AB°P

corresponds in its intersection part to [29], Ai?n corresponds

in its intersection part to [15]. The other typed systems are ACDV ABCD
basically new. The main properties of these systems are: =ﬂ .
1. All the AT systems enjoys the synchronous subject re- / /
duction property, the other systems also enjoy ordinary Aco ACDS
subject reduction (Th. 23); s R
3. All the systems correspond to the to original type assign- ACDV N

ment systems except Ag’;, Ag‘;v, Ag’;: and AE;S (Th.
28);

4. Type checking and type reconstruction are decidable for
all the systems, except AS;S, AZ;D, and AZ‘;S (Th. 30).

2. All the systems strongly normalize (Th. 26); l

3 Examples
This section shows examples of typed derivations A7 and highlights the corresponding type
assignment judgment in AJ they correspond to, in the sense that we have a derivation
B+] A : o and another derivation B . 1 A¢: 0. The correspondence between intersection
typed systems AT and intersection type assignment A/, will be defined in Subsection 5.1.

» Example 10 (Polymorphic identity). In all of the intersection type assignment systems A}
we can derive . Az.x : (0 — o) N (T — 7) A corresponding A-term is: (\xv:o.x , \v:7.7)
that can be typed in all of the typed systems of the A-chair as follows

x:ah@x:a LIJZTF%JL‘ST

FL Azior:o0—o FLAmraz:T—7 Ao RAva

L (A\ziox  Avimx) (0 — o) N (T — 7)
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» Example 11 (Auto application). In all of the intersection type assignment systems we
can derive L Az.xx : ((6 — 7)N o) — 7 A corresponding A-term is: Az:(c — 7) N
o.(pry ) (pry x) that can be typed in all of the typed systems of the A-chair as follows

rfc—=T)NotLz:(c—=71)No z:(c—=7)NokFLz: (0 —=T)No

zifc—>T)Noklprzio—T rifc > T)NokL pryz:o

z:(c=>71)No |—77£ (pryx)(pryx) : T

FL Az:(oc — 1) No.(prz)(pryz): (0 = T)No — T
» Example 12 (Some examples in ASPS). In ASPS we can derive F/°P5 Az \y.x) : 0 —
U — o, and using this type assignment, we can derive z:o FLPS (AzAy.x)zz : 0. A

corresponding A-term is: (Az:0.A\y:U.z) z 2¥ that can be typed in ASP® as follows

z:o,x:0,y:U I—%DS T:o

z:0,T:0 I—;QCDS AyUzx:U— o

z:0 |—77;CDS Ar:odylUzx:0—=U—=0 z0o I—Z;CDS z:0 z0o I—Z;CDS z2:0 0 <7gps U

z:o F%CDS (Az:o y:Uz)z:U— 0o z:0 FZ-;CDS V.U

zio F%CDS Ar:o yUz)z2Y o

As another example, we can also derive HPS \z.z : ¢ — ¢ NU. A corresponding A-term
is: Az:o.(x ,2") that can be typed in AP as follows

0 }—%DS x:0 0<75ps U
o FRPS o z:o S 2V U TRz
w0 FIPS (2 2% o NU

F%—CDS Az:ox,2%) 10— oNU

» Example 13 (An example in ASPY). In ASPY we can prove the commutativity of intersec-
tion, 7.e.- 1PV \z.x : oNT — 7No A corresponding A-term is: (A\z:o N 7.pry @, Az:o N 7.pry x) (@07 = (7M7)

that can be typed in ASPY as follows

J;:oﬁTI—Z;CDSJ::aﬂT x:aﬂ7|—77;CDSx:UﬂT
ToNT F%CDS ProT i T JL‘IO’QTI—»,ZCDS prixT o

F;QCDS Ar:oNTpryz: (0NT) =T F%CDS Ax:oNTprz:(cNT) =0 Ao R Az

FZ-;CDS (AzonNTpryz  AzoNTprz): ((cN7)—=7)N((cNT) = 0) *

FIeos (Az:o O T.pry x , Az:o N 1.pry 2)00D=20N9) (g0 1) = (1N o)
where x is ((cN7T) > 7)N((cNT) = 0) <7opy (6NT) = (TNO).

» Example 14 (Another polymorphic identity in Azﬁ). In all the A; you can type this
A-term: (A\z:o.x , (Az:7—7.2) (Ax:7.2)) The typing derivation is thus

:1::7'—>7'l—zﬂ$:7'—>7' x:T}—ZBm:T

x:0 I—ZB x:o }—ZB Aer=T.2: (T —=7) = (1= 7) I—Zﬁ AC:TX T =T

}—Zﬂ A\r:ox:o— 0o I—ZB Az:r—=12) Avrx) T =17 Arx = (Azr.z) (\z.2)

I—ZB Mviox , Ae:r—=1.2) Av:mx)) : (6 o) N (T = 7)
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» Example 15 (Two examples in AZ°® and AE/STID). In AR°® we can can type any term,

including the non-terminating term o (Az.xz z) (Az.z x) More precisely, we have: I—ZBCD
Q:U A corresponding A-term whose essence is Q is: (Az:U.2"7Y ) (Az:U.2"7Y 2)? that can
be typed in AR°P as follows

*
N FIsep Az:0.a"Y2:U 5 U U= U<y, U

FIsep \z:0.2¥Y2: U - U FIser (A\g:u.2V=V2)Y 1 U

FIser A\g:u.2%Y ) (Az:U0.2"Vz)V ;U

where * is
TUFP 2.0 U<pe, U—=U
z:U FIBer gU5V .y 5y zU P gy

z:U I—%CD 27Uz U

In AP we can type z:U — U FZEP g : (U — U) N (6 — U) A corresponding A-term whose
essence is z is: (x , \y:0.zy") that can be typed in AEEUD as follows

xz:U— U, y:0 I—Z‘Z’ZD y:o0 o<U

w:U = U,yio FI500 00U — U w:U = U,yio FIoep o0 0y

U — U, yio FIoer g gV U

x:U—U I—Z‘;ﬁD r:U—=U0U zU—>TU I—Z‘;CWD Myoxyl o —TU T =gy A\Y.TY

20— UETEe (2 Ay:oxy’) : (U—U)N (0 — V)

Note that the =g, condition has an interesting loophole, as it is well-known that AZ°" does
not enjoy =, -conversion property. Theorem 51(1) will show that we can construct a A-term
which does not correspond to any AR°P derivation.

» Example 16 (Pottinger). The following examples can be typed in all the type theories of
the A-chair (we also display in square brackets the corresponding pure A-terms typable in
AL). These are encodings from the examples ¢ la Curry given by Pottinger in [36].

M Ay.zy]  FLEAxi(o — 7)N (0 = p)Ayol(prz)y), (proz)y): (0 = 7)N (0 —=p) >0 —TNp
Medy.zy]  FE Avio — 70 p.(Ayiopry (zy) , \yopry (zy)) : (0 =70 p) = (60— 7)N (00— p)
M dy.zy]  Fh Avio = pAy:oNTa(pry):(c—p) —oNT—p

Az y.x]  BR AvoNTAyioprzioNT S0 =T

Medy.zyy] FLEAzio =T = pIy:oNT.a(pry) (pray) i (0 =7 —p) = oNT—=p

Ar.x] FRAmonTprzionNT —o

Mv.x] FL Apioz,z):i0—oNo

Me.x]  FE Azon (TN p).((pryx,pryprx) ,prapraa) o N (TNp) = (cNT)Np

In the same paper, Pottinger lists some types that cannot be inhabited by any intersection
type assignment (I7]) in an empty context, namely: o — (¢N7) and (o0 — 7) = (0 — p) —
oc—=71Npand ((cNT) = p) > o — 17— p. It is not difficult to verify that the above types
cannot be inhabited by any of the type systems of the A-chair because of the failure of the
essence condition in the strong pair type rule.
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» Example 17 (Intersection is not the conjunction operator). This counter-example is from
the corresponding counter-example d la Curry given by Hindley [24] and Ben-Yelles [6].
The intersection type (0 — o) N ((c = 7 — p) = (60 = 7) = 0 — p) where the left part
of the intersection corresponds to the type for the combinator | and the right part for the
combinator S cannot be assigned to a pure A-term. Analogously, the same intersection type
cannot be assigned to any A-term.

3.1 On synchronization and subject reduction
T

=9

For the typed systems A
redexes need to be reduced in a synchronous fashion unless we want to create meaningless
A-terms that cannot be typed. Consider the A-term ((Az:o.z)y , (Az:o.x) y). If we use the
— reduction relation, then the following reduction paths are legal

17 {(aoz)y y) \
(Aviox)y , (A\z:o.x)y) ’ (y ,y). More precisely, the first and second

\s (v, A\z:o.m)y) /P
redexes are rewritten asynchronously, thus they cannot be typed in any typed system AT,

strong pairs have an intrinsic notion of synchronization: some

because we fail to check the left and the right part of the strong pair to be the same: the
— Il reduction relation prevents this loophole and allows to type all redexes. In summary,
— 1 can be thought of as the natural reduction relation for the typed systems AZ.

4  Metatheory of A7
4.1 General properties

Unless specified, all properties applies to the intersection typed systems AT. For lack of
space all proofs are omitted: the interested reader can found more technical details in the
Appendix. The Church-Rosser property is proved using the technique of Takahashi [41]. The
parallel reduction semantics extends Definition 4 and it is inductively defined as follows.

» Definition 18 (Parallel reduction semantics).

r = x and UA = UA
AT = (A)° it A=A/
A1 Ay = ALA] if Ay = A} and Ay = A}
Ao A = A0 A’ if A= A’
()\"EZ(T.Al) AQ — A’l[AIQ/Cﬂ] if Al — All and AQ - A/Q
<A1 ,A2> — <A/1 ,A/2> if Al - All and Ag - A/2
pr A = pr; A it A=A/ and i € {1,2}
pr; (A1 ,00) = A ifA;, = Al andie{l,2}

Intuitively, A = A’ means that A’ is obtained from A by simultaneous contraction of some
Bpr; -redexes possibly overlapping each other. Church-Rosser can be achieved by proving
a stronger statement, namely A = A’ implies A’ = A* where A* is a A-term
determined by A and independent from A’. The statement (1) is satisfied by the term A*
which is obtained from A by contracting all the redexes existing in A simultaneously.

XX:11
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» Definition 19 (The map _*).

« def « def
= U = ua
o\ * def *\o * def * *
(an)y 9 (an (A1, A (a7, A3
(Ax:0.A)* Y Apo.A* (Az:0.A1) Ag)* o AT[AS )z
(A1 Ag)* & AT A} if Ay As is not a S-redex
(A\x:o.A x)* LN if © & fv(A)
(pr; A)* o pr; A* if A is not a strong pair

Now we have to prove the Church-Rosser property for the parallel reduction.
» Lemma 20 (Confluence property for =>). If A = A/, then A" = A*.
The Church-Rosser property follows.

» Theorem 21 (Confluence). If Aj—»Ay and Ay—»Ags, then there exists Ay such that
As—> Ay and Ag—»A4.

The next lemma says that all type derivations for A have an unique type.
» Lemma 22 (Unicity of typing). If B+% A : o, then o is unique.

The next theorem states that all the AZ typed systems preserve synchronous Spr; -reduction,
and all the Azﬁ and AZB" typed systems preserve Spr; -reduction.

» Theorem 23 (Subject reduction for Spr; ).
1. f BFL A, :0 and Ay —I Ay, then BFL Ay :0;
2. for R € {=p,=py}, if B L Ay o oand Ay — Ag, then B Ayt 0.

The next theorem states that some of the typed systems on the back of the A-chair preserve
n-reduction.

» Theorem 24 (Subject reduction for n for Tepy, Tsep)- Let T € {Teps, Teep}- If B I—Zﬁn
Ay o and Ay —y Ao, then B I—ZM As 0.

4.2 Strong normalization

The idea of the strong normalization proof is to embed typable terms of the A-calculus into
Church-style terms of a target system, which is the simply-typed A-calculus with pairs, in a
structure-preserving way (and forgetting all the essence side-conditions). The translation is
sufficiently faithful so as to preserve the number of reductions, and so strong normalization
for the A-calculus follows from strong normalization for simply-typed A-calculus with pairs.
A similar technique has been used in [22] to prove the strong normalization property of LF
and in [8] to prove the strong normalization property of a subset of ASP.

The target system has one atomic type called o, a special constant term u, of type o and
an infinite number of constants ¢, of type o for any type of the target system. We denote
by B« M : o a typing judgment in the target system.

» Definition 25 (Forgetful mapping). On intersection types.

def

™ o VaiehA and |ont| ¥ jo|x|r] and o =1 ¥ |o| = |7
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AT AT XL | AL > AL AT | TC/TR Source | Target
X VAR B A AT A%
ACDS v v ACDS v ACDS ASDS
ABCD \/ \/ A;CD \/ A];CD A];gD
= = = ~Bn
AT x v X AT AT
A(=3DV « \/ AZDV \/ ASDV AZDV
acs |y |y acs | x aces | acet
C CD BCD BCD
ate| | ateo | aren | ants
CDV CDV CDV CDV
A:ﬁ" % \/ A:ﬂn \/ A:ﬁn A:/'m
BCD X \/ BCD X BCD BCD

Figure 5 On the left: Soundness, completeness, isomorphism. On the center: type checking/re-

construction. On the right: source and target languages of the translation

On A-terms.
zlz ¥ 2 lualp
Doo Al Y Az |AlB e A1 Aol
(A1, A Z (Ad]s . |Asp) lpr; Al s

. f :
|A |B ; C|U|H|T‘ |A|B if B }—% A:o

The map can be easily extended to basis B.

» Theorem 26 (Strong normalization). If B l—% A : o, then A is strongly normalizing.

5 Typed systems a la Church vs. type assighment systems a /la Curry

5.1 Relation between type assignment systems )\’ and typed systems A7
It is interesting to state some relations between type assignment systems d la Church and
typed systems d la Curry. An interesting property is the one of isomorphism, namely the
fact that whenever we assign a type o to a pure A-term M, the same type can be assigned
to a A-term such that the essence of A is M. Conversely, for every assignment of o to a
A-term, a valid type assignment judgment of the same type for the essence of A can be
derived. Soundness, completeness and isomorphism between intersection typed systems for
the A-calculus and the corresponding intersection type assignment systems for the A-calculus

are defined as follows.

» Definition 27 (Soundness, completeness and isomorphism). Let A7 and A7.
1

. (Soundness, AZ <A%). B+% Ao implies BFL 1A : o;

2. (Completeness, AZ > \). B L M : o implies there exists A such that M = 1A} and

B }—772- Ao,
3. (Isomorphism, A7 ~ A%). AT > A] and A7 < A].

def

= U’O

d

Y |Arlp |Aols
d

oAl

XX:13

The following properties and relations between typed and type assignment systems can be verified.



XX:14

The A-calculus: Syntax and Types

» Theorem 28 (Soundness, completeness and isomorphism). The following properties (left of
Figure 5) between A-calculi and type assignment systems A, can be verified.

The last theorem characterizes the class of strongly normalizing A-terms.

» Theorem 29 (Characterization). Every strongly normalizing A-term can be type-annotated
so as to be the essence of a typable A-term.

We can finally state decidability of type checking (TC) and type reconstruction (TR).

» Theorem 30 (Decidability of type checking and type reconstruction). Figure 5 (in the center)
list decidability of type checking and type reconstruction.

5.2 Subtyping and explicit coercions

The typing rule (<) in the general typed system introduces type coercions: once a type co-
ercion is introduced, it cannot be eliminated, so de facto freezing a A-term inside an explicit
coercion. Tannen et al. [42] showed a translation of a judgment derivation from a “Source"
system with subtyping (Cardelli’s Fun [10]) into an “equivalent” judgment derivation in a
“Target” system without subtyping (Girard system F with records and recursion). In the
same spirit, we present a translation that removes all explicit coercions. Intuitively, the
translation proceeds as follows: every derivation ending with rule (<) is translated into
the following (coercion-free) derivation, i.e.
Bt lo<r7|:0—7 BFL Al 0

B o <7 ll 1All; : 7

where R’ is a suitable relation such that R C R’. Note that changing of the type theory
is necessary to guarantee well-typedness in the translation of strong pairs. Summarizing,
we provide a type preserving translation of a A-term into a coercion-free A-term such that

(—E)

LAY =g, LA"). The following example illustrates some trivial compilations of axioms and
rule schemes of Figure 1.

» Example 31 (Translation of axioms and rule schemes of Figure 1).

(refl) the judgment z:0 7, (z,27) : 0 Mo is translated to a coercion-free judgment

x:0 I—ZB (x,(M\yoy)x):onNo

(incl) the judgment z:0 N7 % (z,27) : (6N 7) N7 is translated to a coercion-free judgment

xoNT I—Zﬁ (x,(MyonNTpry)z): (eNT)NT

(glb) the judgment x:0 F% (z,2°77) : 0N (¢ N o) is translated to a coercion-free judgment

x:o I—ZH (x,(\y:oly,y))x) :oN(ocNo)

(Utop) the judgment z:0 H% (z,2%) : 0 N U is translated to a coercion-free judgment

x:o '_Z/s (x,(M\youy)x) :0NU

(U_,) the judgment z:U 7% (x,2°7Y) : UN (¢ — U) is translated to a coercion-free judgment

x:U I—ZBW (, (Af:UXy:ouryy)x) : UN (0 = U)

(—nN) the judgment z:(c — 7)N (0 — p) Fk 277" : ¢ — 7N p is translated to a coercion-free

judgment

x:(oc = T1)N(0 = p) '_an Afi(o=1)N(oc = p)Ay:o{(pry Hy,(pra fly))x:0 = 71Np
(=) the judgment x:0 — TN p % (x,2°7777) . (6 — T7Np)N (0 Np— 7) is translated to a

coercion-free judgment

x:o0 = TNp '_Zan (x,(Afio = TNpAy:oNppry (f (pryy)))z): (c = 1Np)N(cNp — 1)

(trans)the judgment z:0 % (x, (z2%)°7Y) : oM (0 — U) is translated to a coercion-free judgment

x:0 I—ZM (x, (AfUNy:0usy)) (Ayiouy) x)) : 0N (o — U)

The next definition introduces two maps translating subtype judgments into explicit coer-
cions functions and A-terms into coercion-free A-terms.
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» Definition 32 (Translations ||—| and ||—| ).
1. The minimal type theory <mi, and the extra axioms and schemes are translated as
follows.
def T
(refl) o <roll = FL Avox:o—=o
(incly) lenT <7 0ol “ Fzﬁ Ao NTpric:0NT =0
(incly) lenT <7 7] o I—ZB Ao NTpryx:cNT =T
<7‘ o <7‘ T def
@) | LS T sl sr e o<y rle) g ans
< <
(trans) ISTT TST pH & FL Azo. |7 <7 pll (lo <77l 2):0 —p
o<Tp ?
U < Ul Y T Awow,io—U
(Utop) o <71 2, ATI0Uy 10—
(Us) U <70 =T o I—Zﬁ" A UAz:oU(f ) 2 U= (00— 1)

Let & d:ef(a—>7)ﬂ(a—>p) and & d:EfU—M'ﬂp

def

(=n) 161 <7 &2l FL,, AMidzo{(pry £, (pry @) & — &

d d
Let 51 ;f o1 — T1 and 52 ZEf 09 — T2

(&) |ZELDEIR) T aps e n <5 nl (e <r oil2) 16—
2. The translation |—|| 5 is defined on A as follows.
lualy < wap, lell; < a
DaoAly = Az Al L. 1A Aelly E AL 122l
A Aol Al laely)  emaly = e Al ie{12}
AT < o <77l 1Al if BFE Ao

By looking at the above translation functions we can see that if B F5 A : o, then [|Al|
is defined and it is coercion-free. The following lemma states that a coercion function is
always typable in A7 _, that it is essentially the identity and that, without using the rule
schemes (—N), (U), and (—) the translation can even be derivable in Azﬂ.

» Lemma 33 (Essence of a coercion is an identity). 1. If o <7 7, then Fl—ﬁn lo <7 7| :
o— 7 andll|o <7 7|1 =8, \z.x;

2. If o <7 7 without using the rule schemes (—N), (U), and (=), then FZB llo <7 7] :
o— 7 andll|o <7 7|l =5 Az.x.

We can now prove the coherence of the translation as follows.

» Theorem 34 (Coherence). If B % A : o, then B FL, [[Allz : o and U||A] 52 R' 1A,
where AT and AT, are respectively the source and target intersection typed systems given in
Figure 5 (right part).
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A Metatheory of A7

A.1 General properties
Unless specified, all properties applies to the intersection typed systems AT.

The Church-Rosser property is proved using the technique of Takahashi [41]. The parallel
reduction semantics extends Definition 4 and it is inductively defined as follows.

» Definition 35 (Parallel reduction semantics).

r = =z
ua = ua
AT = (A it A=A/
A Ay = ALA] if Ay = A} and Ay = A
Ao A = Azio.A it A=A/
(Ar:0.A1) Ay = Aj[AL/ 2] i Ay = A] and Ay = A}
(A1,A2) = (A},AL) A= A] and Ay = A}
pr; A = pr; A’ iftA= A" andie{l,2}
pr; (A1, D) = A if A, = Al andie{l,2}

Intuitively, A = A’ means that A’ is obtained from A by simultaneous contraction of some
Bpr; -redexes possibly overlapping each other. Church-Rosser can be achieved by proving a
stronger statement, namely

A= A" implies A'= A* (1)

where A* is a A-term determined by A and independent from A’. The statement (1) is
satisfied by the term A* which is obtained from A by contracting all the redexes existing in
A simultaneously.
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>

Definition 36 (The map _*).
« def
¥ = z
% def
Up = UA
ovx  adef *\o
(A7) = (A")
de
(A, a0 (At Ay
(Az:0.A)* Y \zo.Ar

(A A Y ATAL i Ay Ay s not a Boredex
de
(AwieA1) Ag)* < Af[A3/a]
(pr; A)* = pr; A* if A is not a strong pair

(or, (A1, A0)) E A ie{1,2}

7

The next technical lemma will be useful in showing that Church-Rosser for — can be
inherited from Church-Rosser for =.

PON=Y

Lemma 37.

If Ay — Al then Ay = A;

Zf Al - A/l, then AlﬂA/l,'

if Ay = A} and Ay = A}, then Aq1[Aq/x] = A[AL/x];
Al — AT

Proof. (1) can be proved by induction on the context of the redexes, while (2), (8), and
(4 ) can be proved by induction on the structure of Aj. |

Now we have to prove the Church-Rosser property for the parallel reduction.

>

Lemma 38 (Confluence property for =>).

If A = A/, then A" = A*.

Proof. By induction on the shape of A.

if A=z, then A' =2 = 2 = A*,
if A =wua, then A’ = up = ua = A%
if A = AY, then, for some A, we have that A; = A} and A’ = (A])?, therefore, by
induction hypothesis, A" = (A})7 = A*;
if A =(A1,Ay), then, for some A} and Al, we have that Ay = A}, Ay = A and
A" = (A}, AL). By induction hypothesis, A’ = (A}, A}) = A*,
if A = Az:0.Aq, then, for some A}, we have that A; = A} and A’ = A\x:0.A}]. By
induction hypothesis, Az:0.A] = Az:0.A] = A*;
if A = Ay Ag and A is not a S-redex, then, for some A} and A}, we have that Ay = A/,
Ay = Al and A’ = A} A}. By induction hypothesis, A’ = A A5 = A*;
if A = (Az:0.A1) Ag, then, for some A} and A), we have that Ay = A}, Ay = A}
and we have 2 subcases:

A" = (Az:0.A}) AL by induction hypothesis, A’ = AJ[A}/z] = A%,

A" = Aj[A}/z]: we also have A" = Af[A}/x], thanks to point (3) of Lemma 37;
if A =pr; Ay and Ay is not a strong pair, then, for some A}, we have that Ay = A}
and A" = pr; A}, therefore, by induction hypothesis, A’ = pr; A} = A*;

XX:19
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if A = pr;(A1,Ag), then, for some A} and A), we have that A = A}, Ay = A}
and we have 2 subcases:

A" = pr; (A}, AL): by induction hypothesis, A" = A = A*;

A" = Al: we also have, by induction hypothesis, A" = A} = A*.

The Church-Rosser property follows.

» Theorem 39 (Confluence).
If Ai—>»Ag and A1—>»Ag, then there exists Ay such that Ao—» Ay and Az—>Ay.

Proof. Thanks to the first two points of Lemma 37, we know that —» is the transitive
closure of =, therefore we can deduce the confluence property of —» with the usual
diagram chase, as suggested below.

Npo = A1 9= Do = A3p

1 1 1
[l [l [l
il il il
1 1 1
Y Y '
1 1 1
[l [l [l
il il il
1 1 1
Y Y 2

A0,2 == A1,2 == A2,2 == A3,2

<
The next lemma says that all type derivations for A have an unique type.
» Lemma 40 (Unicity of typing).
If B l—% A : o, then o is unique.
Proof. By induction on the shape of A. <

The next lemma proves inversion properties on typable A-terms.

» Lemma 41 (Generation).

1. If B |—77£ T : 0, then x:0 € B;

2. if B l—% Ax:0.A : p, then p = o — 7 for some T and B, x:0 }—% AT

3. if B l—% A1 As : 7, then there is o such that B I—Z; Ai:0c—T7and B l—%— Ay :o;

4. if B I—% (A1 ,As) : p, then there is o,7 such that p = o N7 and B }—;3- Ay : o and
BI—% Ao 7 and VA1 LR 1A

if B l—% pry At o, then there is T such that B l—% A:oNT;

if B l—% pry A T, then there is o such that B l—% A:oNT;

if B l—% up : o, then o =U;

if B I—% A" : p, then p =7 and there is o such that o <7 7 and B+}, A: 0.

© NG

Proof. The typing rules are uniquely syntax-directed, therefore we can immediately con-
clude. <

The next lemma says that all subterms of a typable A-term are typable too.

» Lemma 42 (Subterms typability).
If BFL Ao, and A is a subterm of A, then there exists B' and T such that B' O B and
B’ l—% AT,
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Proof. By induction on the derivation of B l—% A:o. <
As expected, the weakening and strengthening properties on contexts are verified.

» Lemma 43 (Free-variable properties).

1. If BFL, A:o, and B' 2 B, then B'FL A:o;

2. if BFL Ao, then FV(A) C Dom(B);

3. if BFL A:o, B'C B and FV(A) C Dom(B'), then B'F} A : 0.

Proof. By induction on the derivation of B F% A:o. <
The next lemma also says that essence is closed under substitution.

» Lemma 44 (Substitution).
1. A [Ag/z] 0 =041 N A Y T);
2. If B,x:0 F%— Ay :7 and B F% As : o, then B F% Aq[Ag/x] : 7.

Proof.

1. by induction on the shape of Ay;

2. by induction on the derivation. As an illustration, we show the case when the last
applied rule is (NI). Then we have that B, z:0 F% (A1, A}) : 7N7" and B+} Ay : o3 by
induction hypothesis we have B +} Aj[Ay/z] : 7 and B FL A[Ag/x] : 7/. Moreover,
thanks to point (1), we can show that ! A1[Ay /2]t R 1A [A2/x] 1. As a consequence:

B l—% A[Ag/x]:T B }—;; Al[Az/x]) 7 1A [Ag/x] L R VA [Ag /2]
B }—;; (A1, AD[As/z] TN T

(NI)

<

In order to prove subject reduction, we need to prove that reducing A-terms preserve the
side-condition } A1 ! R 1 Az when typing the strong pair (A; ,As). We prove this in the
following lemma.

» Lemma 45 (Essence reduction).

1. IfB I—; A0 and Ay — Ag, then 1 A1 =5 1021

2. for R € {=p,=py}, if B l—% Ay o and Ay — Ag, then 1AL R 1A
3. ZfB "7:’[177 Al 1o and Al —n Ag, then ZAl ! =n ZAQZ

Proof. If A is a redex, then we have three cases:
if Ay = (Ax:0.A}) AY and Ag is A[AY/z], then, thanks to Lemma 44(1) we have that
VA= VAV AT /2], therefore 1 A1l =p 1A Y
if Ay = pr; (A}, Af) and Ay is Af, we know that A; is typable in AT, and thanks to
Lemma 41(4), we have that 1 Aj 1 R 1 AL 1. As a consequence, 1 A1 R 1A
if Ay = Ax:o. A’z with 2 ¢ FV(A'), and Ay is A, then 1 Ay 1 =, 1 Ag .
For the contextual closure, we have that Ay = A[A’/z], where A[_] is a surrounding context
and A’ is a redex, and Ay is A[A”/x] where A" is the contractum of A’. Then, by Lemma

42 we know that A’ is typable and then we conclude by Lemma 44. |

The next theorem states that all the AT typed systems preserve synchronous Spr; -reduction,
and all the AZB and Azﬁn typed systems preserve [pr; -reduction.

» Theorem 46 (Subject reduction for Spr; ).
1. If B l—; Ay o and Ay — I Ay, then B }—75— Ay :o;
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2. for R € {=p,=py}, if B |—77-; Ay 0 and Ay — Ao, then B I—Zé Ay o

Proof. If A; is a (Bpr;-redex, then we proceed as usual using Lemmas 41 and 44. For
the contextual closure, we proceed by induction on the derivation: we illustrate the most
important case, namely (NI) where we have to check that the essence condition is preserved.
According to R we distinguish two cases:

1. (Case where R is =). If B FL (A1 ,Ay) : o N7 and (A1, Ay) — 1 (A}, AL), then
VAL = 1 AL and, by induction hypothesis, B FL A} : o and B FL Al : 7, therefore
BFL (A} AL coNT;

2. (Case where R € {=p,=p,}). If BFL (A1 ,As) : o N7 and (Ar,Ar) — (A}, A)),
then:

AL RIAY

by Lemma 45 we have that 1 AJ ! R 1A and 1 A R 1AL Y

by induction hypothesis we have that B % A} : o and B FL AL 7;
therefore { AJ 2 R 1AL and B (A}, AL :oNT.

<

The next theorem states that some of the typed systems on the back of the A-chair preserve
n-reduction.

» Theorem 47 (Subject reduction for 1 for Tepy, Teep)-
Let T € {Teps, Teep - If B FZM Ay o and Ay —, Ag, then B Fzﬁn Ay 0.

Proof. If A; is a n-redex, then we proceed as usual using Lemmas 41 and 43. For the
contextual closure the proof proceeds exactly as in Theorem 46. |

» Remark (About subject expansion).

We know that some of the intersection type assignment systems d la Curry (viz. AR and
ASP%) satisfy the subject S-expansion property: one may ask whether this property can also
be meaningful in typed systems d la Church. It is not surprising to see that the answer is
negative because type-decorations of bound variables are hard-coded in the A-abstraction
and cannot be forgotten. As a trivial example of the failure of the subject-expansion in all
the typed systems, consider the following reduction:

(A\z:o.2) (Az:0.x) — (Az:0.x)

Obviously we can type 5 (Ar:0.7) : 0 — o but fL (A\z:0.x) (A\r:0.2) : 0 — 0.

A.2 Strong normalization

The idea of the strong normalization proof is to embed typable terms of the A-calculus into
Church-style terms of a target system, which is the simply-typed A-calculus with pairs, in a
structure-preserving way (and forgetting all the essence side-conditions). The translation is
sufficiently faithful so as to preserve the number of reductions, and so strong normalization
for the A-calculus follows from strong normalization for simply-typed A-calculus with pairs.
A similar technique has been used in [22] to prove the strong normalization property of LF
and in [8] to prove the strong normalization property of a subset of ASP.

The target system has one atomic type called o, a special constant term u, of type o and
an infinite number of constants ¢, of type o for any type of the target system. We denote
by BFx M : o a typing judgment in the target system.
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» Definition 48 (Forgetful mapping).
On intersection types.

la;] = o Va; €A
lon7| = lo| x|7]

def

lo — 7] lo| = |7|

The map can be easily extended to basis B.

On A-terms.
2l ¥ e
lua|B = Uo
Ne:oAlp 2 A2 |Alp

NV A NPT
(A1 Ags = (A5 |Aels)
i Alp = pr;|Als
AT Z s |Alg fBFR Ao
The following technical lemma states some properties of the forgetful function.

Lemma 49.

. If BFL Ao, then |A|p is defined, and, for all B' O B, |Alp = |Alp:;
- |A1[As/z]|B = |Ar]B[|A2|B/x];

. IfAl — AQ, then |A1‘B — ‘A2|B;

. If BFL Ao then |B| by |Alp : o

A wWwNON=Y

Proof.

1. by induction on the derivation;

2. by induction on A;. The only interesting part is A; = Ay:0.A): by induction hypoth-
esis, we have that |Aj[A2/z]|gr0 = |AllB.awl|A2|B.a0/x]. Therefore, we see that
|(Ay:0. AD[Ag /]| = Ayio.|AL[A2/2)|Bwe = Mo |AllBwol|A2]B,2:0/x], but, from
point (1), we know that |Az|p 4.0 = |A2|p, and we conclude;

3. by induction on the context of the redex;

4. by induction on the derivation.

Strong normalization follows easily from the above lemmas.

» Theorem 50 (Strong normalization).
If B F77£ A : o, then A is strongly normalizing.

Proof. Using Lemma 49 and the strong normalization of the simply typed A-calculus with
cartesian pairs. <
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B Typed systems a la Church vs. type assignment systems a la Curry

B.1 Relation between type assignment systems \/ and typed systems
A%z

It is interesting to state some relations between type assignment systems d la Church and
typed systems a la Curry. An interesting property is the one of isomorphism, namely the
fact that whenever we assign a type o to a pure A-term M, the same type can be assigned
to a A-term such that the essence of A is M. Conversely, for every assignment of ¢ to a
A-term, a valid type assignment judgment of the same type for the essence of A can be
derived.

Soundness, completeness and isomorphism between intersection typed systems for the A-
calculus and the corresponding intersection type assignment systems for the A-calculus are
defined as follows.

» Definition 51 (Soundness, completeness and isomorphism).
Let A7 and AZ.
1. (Soundness, AT < A]). B I—% A : o implies BFL 1A : o}

2. (Completeness, A7 > \). B L M : o implies there exists A such that M = 1A and
B I—Z; Aoy

3. (Isomorphism, A7 ~ A). AT > A and A7 < A\].

The following properties and relations between typed and type assignment systems can be
verified.

» Theorem 52 (Soundness, completeness and isomorphism).
The following properties between A-calculi and type assignment systems N1, are verified.

AT [ AL<AN [ Ao

AZ® v v

A v
S A
N A Y
A x N;
A | x V
ace |y |
are | v | v
ACDV X \/

Y

Proof.

(<) Soundness for AT. Let A be such that B L A : 0. We proceed by induction on the
derivation. All cases proceed straightforwardly since all rules of the type and subtype
system L correspond exactly to the rules of the same name in the corresponding type
assignment system 7 and in the same type theory 7. Therefore M = A can be easily
be defined and derived with type o.

Soundness for ALTPSEPT, Let T € {Tcps, Teep - We know, thanks to [5] (Figure 14.2),
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that the following rule is admissible for AZ:

BI—ZM:U BI—Z;N:T M= N
Bl‘ZM:(TﬁT

(ml)adm

Then the proof proceeds by induction on the derivation of B I—Zﬁ A : 0. The most
important case is when the last used rule is (NI): by induction we get B FZ 1 A1 : o, and
B }—%r VA0 7, and 1Ay 1 = 1 Ag, and, by the essence definition, ¢ (A1, Ag)l=p 1AL
Apply rule (N])aqm and conclude with B 1Aj1: 0N 7.

(4) Loss of soundness for AZP and AP, Let T € {Tcp, Tepv}- Let S “ Az Ay z.x 2 (y 2)

and K &/ Az y.x. Let A 4 Mo —=>T17—=p) > {(0—>7) =20 —=p) 20—=>T—
pAy:(c =17 —=p) = (0—=7) >0 —=przio =T prz(yz)( Ao = 17— pAy:(o —
7) = 0 — px)Aric = T = pAyio — . Aziox z (y 2)). A s asimply-typed term of type
(0 57— p) = (6 > 17— p), and its essence is { A} = SKS. Consider the following
counter-example:
: T:0 I—Zﬁ T:0o
I—Zﬁ A:(c—=>717—=p)—=(c—=7—=0)p) I—Zﬁ Ariox:o—o SKS=gArz

I—ZB (A ziox): ((c=>717—=p)—=(c—=7—=p)N(c—o0)

I—ZB pry (A Axio.x) 10 =0

The essence of pry (A | Az:o.z) is SKS, but, if o is an atomic type:

FLSKS:0 =0

Loss of soundness in APV is proved via the following counterexample, where
8 b
—pBn

BY {z:(c = 7) N p}.

. Tc .
By:obLPVx (o = T)Np

B,y:o FZCB?]V prix:o—T B,y cmﬂlf]vyso

B, y:0 I—ZCB];‘V (prix)y:T B }—7:—%3" z:(o—=T1)Np

B I—Z‘?EV Ayo.(pryx)y 0 —T BFIeov pr,x i p AYy.xy =gy &

—=Bn

B +Tcov (Myio(pryz)y ,prax): (0 = T)Np

=Bn

B IV pry (\yion(pry o)y, pry ) 2 p
The essence of pr, (Ay:o.(pry ) y , pry x) is Ay.zy, but, if p is an atomic type:
z:(oc = T)Np IV Nyxy : p
Loss of soundness in AEE: is proved via the following counterexample:

x:0,y:U "2‘?57]3 r:0 o0<7U—>U

x:0,y:U I—Z%%D A VS x:0,y:U FIBep 4 U

—Bn

x:0,y:U I—Z‘;CWD 270y .U

. T . U—=u,, . . Tr . —
xT:0 }—:BB:D Ay Uz 7Py :U—=T r:0 2Pz o AY.TY =gy T

. Tr 7 U—=U .
z:o B0 (A\y: Uy z) s (U= U)No

x:0 I—Z%(:/]D pry Ay Ua"Yy 2) i o
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The essence of pry (Ay:U.z""Vy ) is A\y.xy, but, if ¢ is an atomic type (different than
U):

xT:0 }‘zBCD Ay.xy:o

(>) Let M be such that B . M : o for a given B. We proceed by induction on the
derivation. All cases proceed straightforwardly since all rules of the type and subtype
assignment system . correspond exactly to the rules of the same name in the corre-
sponding typed system l—% and in the same type theory 7. Therefore a A-term can be

easily be constructed and derived with type o;
<

The last theorem characterizes the class of strongly normalizing A-terms.

» Theorem 53 (Characterization).
FEvery strongly normalizing A-term can be type-annotated so as to be the essence of a typable
A-term.

Proof. We know that every strongly normalizing A-term M is typable in AZ. By Theorem
52 we have that A7 > [, therefore there exists some typable A, such that M = 1A <

We can finally state decidability of type checking (TC) and type reconstruction (TR).

» Theorem 54 (Decidability of type checking and type reconstruction).

A7 | TC/TR
ACP
AgY
Acvs
Aper
A
A:gv
Az]BDS
A;gD
AZ];V
=Bn

ABCD

~Bn

XX X o<

Proof. Both type checking and type reconstruction can be proved by induction on the
structure of A, using the decidability of Tgcp proved by Hindley [23] (see also [29]). By
Theorem 52, the essences of all the A-terms, which are typable in AS’;, AS;V, or AS;:]’, are
typable in ASP or ASPY, therefore they are strongly normalizing. As a consequence, the side-
condition ! A1 R 1Ay is decidable for AS‘;, AS;‘V, and AS‘;;’ and so type reconstruction
and type checking are decidable too.
Type reconstruction and type checking are not decidable in ASPS, AEED, and AEES‘, because
(ua, ;una,) is typable if and only if 1 Ay 2 =5 1A (resp. 1 A1 =g, 1A2). However, 1 A1
and ! Ay are arbitrary pure A-terms, and both S-equality and n-equality are undecidable.
<
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B.2 Subtyping and explicit coercions

The typing rule (<7) in the general typed system introduces type coercions: once a type co-
ercion is introduced, it cannot be eliminated, so de facto freezing a A-term inside an explicit
coercion. Tannen et al. [42] showed a translation of a judgment derivation from a “Source"
system with subtyping (Cardelli’s Fun [10]) into an “equivalent” judgment derivation in a
“Target" system without subtyping (Girard system F with records and recursion). In the
same spirit, we present a translation that removes all explicit coercions. Intuitively, the
translation proceeds as follows: every derivation ending with rule

BF%—A:U o<7T
B"%ATZT

<7)

is translated into the following (coercion-free) derivation

BrL, lo<r7|:0 -7 BrL |Alg:o

(—E)
B o<y |Alp:7

where R’ is a suitable relation such that R C R’. Note that changing of the type theory
is necessary to guarantee well-typedness in the translation of strong pairs. Summarizing,
we provide a type preserving translation of a A-term into a coercion-free A-term such that
VA =3, LA

The following example illustrates some trivial compilations of axioms and rule schemes of
Figure 1.

» Example 55 (Translation of axioms and rule schemes of Figure 1).
(refl) the judgment z:0 % (x,27) : 0 N o is translated to a coercion-free judgment

x:0 l—; (x,(M\yoy)x):oNo

(incl) the judgment z:0 N7 % (z,27) : (6 N7) N7 is translated to a coercion-free judgment

x:oNT I—Zﬁ (x,(My:eNTpryy)x): (cNT)NT
(glb) the judgment x:0 F% (z,2°77) : 0N (¢ N o) is translated to a coercion-free judgment

x:o I—Zﬁ (,A\y:o(y,y))x):oN(ocNo)

Usop) the judgment z:0 F% (2 ,2%) : 0 NU is translated to a coercion-free judgment
P R

x:0 Fzﬁ (x,(Ayiouy)z):0NU
U_,) the judgment 2:U F% (z,2°7Y) : UN (¢ — U) is translated to a coercion-free judgment
R

x:U '_Zﬁn (x,(AfUNy:ousy))x) 1 UN (00— U)

(—nN) the judgment z:(0 — 7)N (0 — p) F% 2777 : ¢ — 7N p is translated to a coercion-free

judgment
z:(c = T1)N(0 = p) I—zﬁn Af:(o—=1m)N(c = p)Ay:o{lpr [y, s fly))z:0— TNp

(=) the judgment z:0 — 7N pFL (x,2°7727) : (0 = 7Np)N (0 Np— 7) is translated to a
coercion-free judgment

x:o = TN I—ZB" (x,(M\f:c = TN pIy:cNppry (f(pryy)))x): (c = mNp)N(cNp — T)

XX:27
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(trans) the judgment x:0 F% (z, ()7 Y) : 0N (0 — U) is translated to a coercion-free judgment
x:o }—Zﬁn (x, (Af U0 s ) (Ayiouy) z)) o N (0 — 1)

The next definition introduces two maps translating subtype judgments into explicit coer-
cions functions and A-terms into coercion-free A-terms.

» Definition 56 (Translations ||—| and ||| ).
1. The minimal type theory <mi, and the extra axioms and schemes are translated as
follows.
def T
(refl) lo<7ol = FL Aviox:0—o
(incly) lenT <7 ol o I—ZB Az:oNTprc:0NT =0
(incly) le N7 <7 7 1 I—Zﬁ Ao NTpryx:cNT =T
<7To <TT def
(glb) Hp\ L = L xzpllp<rollz,lp<rlz):p—onT
p<ToNT
o<TT TETP def T
(trans) = FL dzwo|lt<rpl|l (lo<yr7]|x):0—=p
o<t P ?
def LT\, :
(Utop) lo<rU| = FI Aziouy:0—-U
(Us) U <70 =1 “ FZM A UAT: U4 U — (00— U)
Let & = (c = 71)N (o — p) and & défa—w'ﬂp
def
(—=nN) 161 <7 &2l = '_Z,ﬁ, A :&v wo((pry [ o, (pry fa) 1 & — &

d d
Let 51 ZEf o1 — 11 and 52 éf 09 — Ty

02 ST O1 TI ST T2l def |
= £1. 09, < < :
e L, Mo [n < mll (f (low <7 o1l2)) : & — &
2. The translation ||—|| 5 is defined on A as follows.
def
lualls = way,
def
Izl = =
def
|Az:oAllg = Azio. ||A||B7I:U
def
A1 Az]lp = (Al [[Azllp
def
(AL, Ao)lp = ([Asllp, [[Az]lp)
def .
lpri Al = pri 1All5 ie{1,2}
def .
ATz = o<yl Al fBHE Ao

By looking at the above translation functions we can see that if B F5 A : o, then |Al 5 is
defined and it is coercion-free.

The following lemma states that a coercion function is always typable in A7 . that it is
essentially the identity and that, without using the rule schemes (—nN), (U-,), and (—) the
translation can even be derivable in Azﬂ.
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Source | Target
ACD ACD
= =3
ACDV ACDV
= =Bn
ACDS ACDS
= =s
ABCD ABCD
= =pn
ACD ACD
=p =p
ACDV ACDV
=B =Bn
ACDS ACDS
=p =p
ABCD ABCD
=p =pn
CDV ACDV
=6 =gn
BCD BCD
~Bn ~Bn

Figure 6 On the left: source systems. On the right: target systems without the (<7) rule.

» Lemma 57 (Essence of a coercion is an identity).
1. If o <7 7, then I—zﬁn lo <7 7||:0—=7andl|o <7 7| =p, A\z.2;

2. If o <7 T without using the rule schemes (—N), (U), and (=), then I—ZH llo <7 7] :
o—71andll|oc <7 7|l =5 Az.x.

Proof. The proofs proceed in both parts by induction on the derivation of o <7 7. For
instance, in case of (glb), we can verify that I—Zﬂ Azplllp<tollz,p<rTla):p—=onT
using the induction hypotheses that ||p <7 o| (resp. ||p <7 7]|) has type p — o (resp.
p — 7) and has an essence convertible to \z.x. |

We can now prove the coherence of the translation as follows.

» Theorem 58 (Coherence).
If B F% A : o, then B FT, IAllg : o and LAl gt R 1AL, where AL and A7, are

respectively the source and target intersection typed systems given in Figure 6.

Proof. By induction on the derivation. We illustrate the most important case, namely when
the last type rule is (<7). In this case ||AT|| 5 is translated to |0 <7 7|| ||A]| 5. By induction
hypothesis we have that B -}, A : ¢, and by Lemma 57 we have that B 7, |lo <7 7 :
o — 7; therefore B 1, ||AT||5 : 7. Moreover, we know that ! ||o <7 7|t R’ Az.z, and this
gives 1||AT|| g1 R U||Al| gt Again by induction hypothesis we have that {||Al| 52 R 1A,
and this gives the thesis {[|AT|| 51 R/ VAT L <

XX:29
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