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Abstract. Intersection and union type assignment systems are powerful
tools for reasoning programs that completely characterise many seman-
tic properties such as strong normalisation. At the same time, they are
known to be subtle, particularly in the presence of computational ef-
fect. To address the difficulty, this paper develops an approach based on
polarities and refinement intersection type systems.

We introduce a simply-typed polarised calculus, in which a type is either
positive or negative, based on Curien and Herbelin’s calculus Apji. This
polarised calculus interacts well with intersection and union types: by
adding intersection on positive types and union on negative types, we
obtain a sound and complete type system. One can design an intersection
and union type system for another calculus, guided by a translation to
the polarised calculus. To demonstrate usefulness of the approach, we
derive the first intersection and union type system for the call-by-value
\ufi, which satisfies expected properties.

1 Introduction

Intersection and union type assignment systems [6,5,23] are an attractive re-
search area because of their expressive power and of their subtlety. They can
completely characterise interesting semantic properties such as solvability and
(weak and strong) normalisation of terms [7]. It recently serves as a basis of
model-checking higher-order programs [18] and automated verification of func-
tional programs [17]. At the same time, it is well-known that intersection and
union types are subtle. For example, fairly natural introduction and elimination
rules for union types lead to a type system in which neither subject reduction
nor subject expansion do not hold (see, e.g., [5, Section 2]). The situation is
more difficult in the presence of computational effect. Davies and Pfenning [10]
observed that the standard rules for intersection types are unsound for a call-by-
value language with references and show that a value restriction on intersection
introduction leads to a sound system. As for unions, Dunfield and Pfennig [13]
noticed that the standard rules are unsound for effectful languages and one needs
evaluation-context restriction on union elimination.

Hence it is important to investigate a principled way to design sound (and, if
possible, complete) intersection and union type systems for an effectful calculus.
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This paper studies an approach based on polarities and refinement intersec-
tion and union types. Polarities [15] are a logical notion that allows us to describe
evaluation strategies at the level of formulas (or types). A refinement type [14]
describes a detailed property of a program that is already typed by a coarser
type system.

In this paper, we employ a polarised system as a coarser type system and
develop an intersection and union type system that refines the polarised sys-
tem. What we found is that intersection and union interacts quite well with a
polarised system, in contrast to call-by-name or call-by-value calculi. One can
design an intersection and union type system for a call-by-value calculus guided
by a translation from the call-by-value calculus to the polarised calculus.

To demonstrate usefulness of this approach, we derive an intersection and
union type system for the (untyped version of the) call-by-value Auji [9]. This
has been still open, although several researches has addressed it (e.g. [11,12,2]).

The connection between polarities and refinement intersection and union
types has already been observed and discussed by Zeilberger [30], using his cal-
culus based on focusing proofs [29]. His work and our work are in the comple-
mentary relationship: see Section 6.

Organisation of the paper Section 2 introduces our polarised calculus Apjip,
to which an intersection and union type system is developed in Section 3. We
discuss translations from call-by-value and call-by-name Aufi to the polarised
calculus Aujip in Section 4. Section 5 describes how to design an intersection
and union type system from a translation to A\ujip. Related work is discussed in
Section 6.

2 Polarised calculus Apfip

This section introduces a polarised calculus named \ufip, as well as that with
recursive types. As the name suggests, the calculus is based on Curien and
Herbelin’s Auji [9], a symmetric calculus corresponding to the classical sequent
calculus. The main difference from Auji lies in the cut rule: Apfi has one cut rule,
whereas Aujip has two rules, one for each polarity. The evaluation strategy is
built-in as the directions of cuts. Because of this change, Aujip has no critical
pair and enjoys confluence. The calculus is carefully designed so that it has a
strong connection to the typed A-calculus with pairs.

We shall call the simple types of the calculus sorts in order to avoid confusion
with intersection and union types introduced in the next section.

2.1 Preliminaries: Apji

First we briefly review the syntax and operational semantics of Auji [9]. We shall
not see the simple type system in [9].
The syntax of terms, commands and co-terms is given by:

vi=2a | Axw | pa.c cu=(v]e) ex=alv-e|fpz.c,
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where = and « are variables of different kinds. Values and co-values are dis-
tinguished terms and co-terms, respectively, defined by V = z | Az.wv and
E =« |v-e. There are three reduction rules:

Azw |[v-e) — (W' | pz.(v]e)) (ua.c|e) — cle/a] (v] pz.c) — c[v/x].

The calculus has a critical pair (ua.c | fix.c’), to which both of the last two rules
are applicable, and is not confluent. The conflict is resolved by an evaluation
strategy. The former rule has the priority in the call-by-value calculus, and the
latter has in call-by-name. Hence, in the call-by-value calculus, the third rule
is applicable only if v # pa.d/, and thus changed to (V | fix.c) — c[V/x].
Similarly, in call-by-name, the second rule is changed to (ua.c | E) — c[E/a].

We write :%b" for the equivalence relation on expressions induced by the

call-by-value reduction relation, and :gb“ for call-by-name.

2.2 Terms of Aufip

Similar to A\ui, the calculus A\ifip has three kinds of expressions: positive ones
called terms, negative ones called co-terms, and neutral ones called commands.
Assume infinite sets of positive variables, ranged over by x, y and z, and negative
variables, ranged over by «, 8 and ~. The syntax of expressions is given by:

(Terms) vi=x | dzw | pac|vde
(Commands) cu=(vde)|(vre)
(Co-terms) ex=al|dae|pzclove.

We use a metavariable ¢ for expressions. Unlike Aufi, we do not put tilde on
the p-construct for co-terms and the two p-constructs are distinguished by their
binding variable.

We have two command constructors (v d €) and (v " €) that correspond to
(v ] e) of Auji [9]. The arrow indicates which of the term and the co-term has
the priority: the term v has the priority in (v d e), whereas the co-term e has
the priority in (v I €). The distinction controls the reduction as we shall see in
the next subsection.

2.3 Reduction

We write t[v/z] for the capture-avoiding substitution of v for z in ¢, and t[e/c]
for the substitution of e for « in ¢t. The calculus has 4 reduction rules, namely,
positive/negative A\/u reductions. Note that the positive and negative rules are
completely symmetric. The rules are listed below:

(Az.v1) d (va>e)y — ((v1]va/z]) 4 €) ((pac) d ) — cle/a
((v<er) P (Aaer)y — (v T (ez]er/al)) (v 7 (px.c)) — clv/x]

The reduction is supposed to be full, i.e. any redex at any position can be
reduced. We write —* for the reflexive and transitive closure of —, and =g for



4 Takeshi Tsukada and Koji Nakazawa

the least equivalence containing —. Some expression gets stuck, e.g. ((Az.v1)
(v2>e)) and ((Az.v1) J (py.c)).

Our calculus Apfip has no critical pair and enjoys confluence. In other words,
the result of the evaluation is not affected by the order of reductions. The eval-
uation strategy is just built-in as the direction of cuts.

Proposition 1 (Confluence). If t —™* t; and t —™* tq, there exists t' such
that t; —* t' and to —* t'.

Remark 1. Recall that Aufi [9] has a critical pair {(ua.c | fiz.c):
clpz.c' /o] «— (ua.c|pz.c)y — [pa.c/x].
Each of the two cuts in Aujip allows only one of the above reductions:

cpaz.c /o] +— (pa.cdpz.d) or (pa.cl pz.d)y — |po.c/z].

2.4 Simple Sort System

Polarised sorts A sort of the calculus Aufip has its polarity [15], i.e. a sort
is either positive or negative. We assume countably infinite sets of positive and
negative atomic sorts, ranged over by p and n, respectively. The positive sorts
are those for terms, and the negative sorts are those for co-terms.

The syntax of simple polarised sorts is given by:

(Positive sorts) P,Q :=p|P<«+ N|IN
(Negative sorts) N,M :=n|P — N |1P.

The sort P — N is the sort for the continuations of functions from P to N and
the sort 1P is for continuations with a hole of sort P. Note that a continuation
1P with a positive hole is a negative sort. An abstraction Az.v is considered as
a continuation of continuations of functions and has sort [ (P — N).

It might be helpful to think that positive sorts are for values and negative
sorts are for continuations. By the symmetry, one can also consider that negatives
are for (co-)values and positives are for continuations of negatives.

Sort environments and judgements A positive sort environment I" (resp. neg-
ative sort environment A) is a finite set of sort bindings of the form x :: P
(resp. « :: N). We use double colon for sort bindings, reserving single colon for
type bindings. A sort environment is considered as a set and the order of sort
bindings is not significant. We write I', I’ for ' U I,

There are tree kinds of sort judgements, which have both positive and neg-
ative sort environments and a subject depending on its kind. The first one
I' - v P| A means that the term v has the positive sort P under the en-
vironments I'" and A. The second one I' | e :: N b A, which is the dual to
the first one, means that the co-term e has the negative sort N. The third one
¢ (I'F A) means that the command c is well-sorted.
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Sorting rules The sorting rules are listed below.

Iz:PrFov:|N|A c::(I'Fa:N,A)
ec:PrFz:P|A I'tXzw: (P> N)|A I'kFpac: [N A
I'le:tPFa:N,A c: (I x: Pk A)
I'la:NFa:N,A T|lae:f(P+<N)FA I' lprec:tPEA
I'Fv:Q|A I'le:NFA TFov:zlN|A I'le:NFA
I'Fov<ge: Q<+ N| A (vdey: (I'k A)
I'le:NEFA I'tve:P|A TI|e:tPEA I'Fva:P|A
I'lvbex:P—>NEFA (vre):(I'EA)

By ignoring the subject, separator | and shifts - and |- in sorts, they are the
rules of the classical seqent calculus (where P < N is understood as P A (—=N)).

Proposition 2. If 't v = P | A and v —* v, then '+ 2 P | A. The
similar statements hold for reduction of co-terms and commands.

2.5 Recursive Sorts

The simply-sorted calculus Aujip is so weak that untyped calculi (e.g. the un-
typed call-by-value Auji) cannot be embedded into Aujip.

We extend \ufip by recursive sorts. Assume finite sets of positive and negative
sort variables, for which we use the typewriter font T. Each positive (resp. nega-
tive) sort variable T is equipped with an equation T = P (resp. T = N), where P
(resp. N) is a sort constructed from atomic sorts and sort variables. We require
that, for every equation T = P (resp. T = N), P (resp. N) is not a sort variable.
Let us write ~ for the congruence induced by the equations. For example, if we
have a positive sort variable V.= [(V — 1V), then (V — n) ~ ({(V = 1V) — n).
In the extended system, we deal with sorts modulo ~.

The extended calculus also enjoys Confluence and Subject Reduction. Fur-
thermore one can embed some untyped calculi into the extended calculus. For
example, V above is the sort used in the embedding of the call-by-value Apji.

2.6 Translation to A7 %

The calculus A\ujip is strongly related to the typed A-calculus A= (with recur-
sive sorts) via the translation described below.

We assume a fixed simple sort O of A, called the response sort. Polarised
sorts P and N of Aujip are translated into sorts P* and N* of A7 as follows:

(P« N)*:=P* x N* (P — N)*:=P* x N*
(N)":=(N") =0 (tP)" = (P") = O,
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where we assume a fixed translation of atomic sorts. Note that a function type of
A7 appearing in the translation must be of the form (—) — O as in Thielecke-
style CPS translation [28] into a calculus with “negation” and pairs.

For example, the translation of the sort [(P — N) for (positive) lambda
abstractions is ({(P — N))* = (P* x N*) — O. Translation of a type environ-
ment is component-wise, e.g., (x1 : P1,..., x5 : Pp)* i=a1 : P, ...,z A
recursive sort defined by T = P is translated to T* with T* = P*.

Translation of expressions is defined by:

() ==z  (Azw)* =AMz, 0).(v*B) (pa.c)* :i=Aa.(c*) (vae)* := (v*,e¥)
(@) :=a (Aa.e)* :=Ay,a).(e*y) (uz.c)* :=dx.(c*) (v>e)*:= e*)
(er v)* :=v*e* (e dv)* 1= e*v*,

where y and (8 are fresh variables not appearing in v nor e. Cut expressions,
which mean context-filling, are translated into the application of the context to
the term. The direction of the application is controlled by the direction, or the
polarity, of the cut. In other words, the cut expression tells us which is a context
and which is a term. This is in contrast to Ajfi, in which the direction of the cut
is globally determined by the evaluation strategy.

The translation preserves typing and reduction.

Proposition 3. We have

I'v:P|A B I, A* - o* . P*
'le:NFA S induiip = ¢ I, A*Fe*: N* 3 in A\7%.
c: (I'kA) I A*Fc¢*: 0.
Proof. Easy induction on the structure of the expression of Aujip. a

Lemma 1. Let t be a (possibly not well-sorted) expression of \ujip.

— Ift — w in Aujip, then t*—su* in A%,
— Ift* — u in A7, thent — s in Aufip and s* = u for some s.

Corollary 1. A \ujip-expression t is strongly normalising iff so is t*.

3 Refinement Intersection and Union Type System

This section develops a refinement intersection and union type system for Aujip
that has intersection on positive types and union on negative types. Perhaps sur-
prisingly, this simple extension works quite well. For example, (1) the set of types
for an expression is preserved by =g and (2) strongly normalising expressions
are completely characterised by the type system.

Fix finite sets of positive and negative sort variables as well as associated
equations. Expressions in this section are implicitly equipped with their sorts.

Remark 2. The results of this section does not rely on well-sortedness of expres-
sions (though the statement of Theorem 2 needs a slight modification). Expres-
sions in the images of the translations from call-by-name and call-by-value Apji
are well-sorted, and the sort will play an important réle in Section 5.
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3.1 Intersection and Union Types

Syntax Assume a (possibly empty) set X'p (resp. Xn) of atomic types for each
positive sort P (resp. negative sort N). For simplicity, we assume Xp, Xg, X
and Xy are pairwise disjoint if P # @ and M # N. We use ap (resp. ay) for a
metavariable that ranges over Xp (reps. Xn). The syntax of types is given by

(Positive raw types) T,ou=ap | T+ 0|10 |TAT|Tp
(Negative raw types) 0,6 i=an |T—= 0|1 |0VE| Ly.

Compared with the syntax of sorts, we simply add intersection on positive and

union on negative. A raw type is {T,L}-free if it does not contain T p nor L y.

Refinement relation A type is a raw type that follows the structure of a sort.
To describe this notion formally, we introduce the refinement relation:

ap € Xp TP 0: N 0: N 71,70 P
ap - P T+ 0 :P«+ N 10 LN TIANTy P TpuP
any € Xn TP 0:N TP 01,05 :: N
any = N T—=60:P—N TP 01VOy:: N Iy =N

Every raw type has at most one sort.

Ezample 1. A negative raw type (ta) V (b — ¢) is not a type.

Subtyping The subtyping relation is defined by the following rules.

ap € Xp T=<po 0=n0 0=<Ny9
ap <pap (T 0) 2pen (T 0) 10 < N 10
any € Xy T>pO 0<n9 T=<poO
an =N an (r—=0) Xpun (0 —0) M <4p To
T <p o1 T=poy AP Fie{l,2}.1,3po TP
T 2p o102 TIANT, 2p O T=pTp
0, <N 0 O N6 S VN Fie{l,2}.0=n6; 0:N
01Vl 2N 6 0 =N 01V 2 Iy 2N 0

If 7 <p o, then 7 :: P and o :: P. We simply write 7 < ¢ if 7 <p o for some P.
It is easy to show that the subtyping relation is transitive.

3.2 Typing Rules

Let us write © for a type environment for positive variables and = for negative
variables: © = - | O,z : 7 and £ = - | 5, : 0. For type environments,
we assume that each variable occurs at most once. The refinement relation on
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environments is defined by point-wise refinement: © :: I just if {z | 2 : P €
I'N={z|z:7€0O}and, forall x, x: 7 € © and z :: P € A implies 7 :: P.
The subtyping relation on environments is also defined by point-wise subtyping:
given ©7 :: I' and Oy :: I', we write ©1 < Oy (or simply ©1 = Oq) ifx : 71 € O
and z : 79 € Oy implies 71 <p 7o (where z :: P € I).

Recall that expressions and variables are implicitly equipped with their sorts.
Hereafter we assume that a type environment respects the sorts. For example, if
x : 7 € O for a positive variable x of sort P, then we assume that 7 :: P. It might
be better to write x : 7 :: P to make the sort explicit, but we do not choose this
heavy notation.

The intersection and union type system has the rules of the sort system in
Section 2 (but for types, not sorts) and the following additional rules.

Okv:im | & OFuvir | 5 vi P OFv:T|E 72p7
OFv:nAm | & OFv:Tpl| = Orv:7|E
Ole:b = Ole:by = e N Ole:dFE 6 =<n0
Ole:0Vh FZ Ole:lykFE Ole: 0 FE

The conditions of Tp and Ly rules ensures that © F v: 7|5 and v:: P implies
7::P. Since 71 AT <p 11 and 01 <Xy 01V 0, the elimination rules are admissible:

Otv:mAnl|E Ole: Vo FE
Ortv:m | = Ole:b =

The subtyping rule for type environments is also admissible.

Lemma 2. Assume that OFv:7| 5 and @ 260 and Z X =Z’. Then @' F v :
7| £ is derivable. The similar statement holds for co-terms and commands.

Proof. Easy induction on the structure of the derivation. O

By the previous lemma, one can introduce intersection to the positive type
environment and union to the negative type environment:

O,x:okFv:T|E Otv:T|a:0,5

O,x:0Nd'Fu:T|E OFv:it|a:0VE, =

We cannot derive © Fv: 7V o | Z from © F v : 7| = since union is not defined
on positive types. Instead © F v : [(0 V d) | = is derivable from © Fv: 0| Z.

3.3 Subject Reduction

Subject Reduction (Proposition 4) can be proved by the standard technique us-
ing Substitution Lemma and Inversion (Lemmas 3 and 4). The proof of Inversion
needs some case because of the subtyping rule.

Lemma 3 (Substitution). Assume © - v : 7| =, which refines '+ v :: P | A.
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- IfO,z:7HV 0| 5, then OV [v/x] 0| E.
—IfO,x:7|e:0F =, then O |e[v/x]: 0| 5.
— Ifc: (O,x: 7k 5), then c[v/z] : (O F =).

The similar statements hold for substitution of co-terms.

Lemma 4 (Inversion).

1. IfOF Xzw:l0 | =, there are 0 and § s.t. O, x:0bv:]d| Z ando — § 2 6.
2. IfOFpaw: 0| E, thenc: (OFa:0,5).
3. IfOte<v:oc+ 0| =, thenOrFv:o|Z and O le: 0+ =.

The similar statements hold for co-terms.

Proposition 4 (Subject Reduction). If ¢ : (O F =) and ¢ — ¢, then
c (O F Z). The similar statements hold for terms and co-terms.

Proof (Sketch). We prove one of the base cases of which the proof is most com-
plicated. Consider the case that ¢ = ((Az.v1) 4 (ve>e)) and ¢ = ((v1[va/z]) d €).
By the assumption, {((Az.v1) d (va>e)): (@ F Z). Then O F Az.vq : [0 | £ and
O|vre: 0+ = By Lemma 4, one has ©,z:c vy : [0 | 5 and 0 — § < 0 for
some o and . By the subtyping rule, we have © | va>e: 0 — § - Z. Again, by
Lemma 4, O F vy : 0| Z and O | e : 6 - =. By Substitution Lemma (Lemma 3),
Ok vifve/x] : 10 | Z. Hence (v1[va/z] de) : (O F =). O

3.4 Subject Expansion
The proof of Subject Expansion is rather straightforward.

Lemma 5 (De-substitution). Suppose that 'Fv:: P| A, O : ' and = :: A.
Let x be a variable of sort P.

— IfOFV[v/x]:0|E, then O,z:7F v 0|5 and O Fv:T|E for some T:: P.
— IfOlew/z]:0F Z, then ©,z:7|e:0F Z and O F v:7| = for some 7:: P.
— If (c[v/z]) : (OF Z), thenc: (O,x:7F Z) and Ok v:7| = for some 7:: P.

The similar statements hold for substitution of co-terms.

Proposition 5 (Subject Expansion). If c — ¢ and ¢’: (OFZ), then c: (OF
Z). The similar statements hold for terms and co-terms.

Proof (Sketch). We prove one of the base cases of which the proof is most compli-
cated. Consider the case that Case ¢ = ((Az.v1) d (va>e)) and ¢ = ((v1[v2/x]) 4
e). By the assumption, ((v1[va/z]) d€) : (O F Z). Then O F vi[ve/x] : [0 | E
and O | e : 0 F = for some 6. By De-substitution Lemma (Lemma 5), we have o
such that @,z : o F vy : 8| 5 and O F vy : 0 | Z. Hence we have O  Az.v; :
o—=6)|Zand O |vape: 0 —=0F 5. Now ((Az.v1) d (ve>e)): (OFZ). O

Corollary 2. Validity of a judgement is preserved by =g on subjects.
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3.5 Normalisation

Let us consider the {T, L}-free subsystem of the intersection and union type
system, in which one cannot use Tp nor Ly at all. We write I' IF v : 7 || £
to mean I' F v : 7 | £ is derivable in the subsystem. Like an intersection type
system for the A-calculus [7], this subsystem completely characterises strongly
normalising expressions.

Here we prove soundness, appealing to the connection to the calculus
(see Section 2.6). The intersection type system for Aujip is also closely related
to that for A™* by design.? Because all connectives except for intersection and
union are in the sort system as well, what we shall define is the translation of
intersection and union, which is given by:

)\A)X

(MMATR) =7 AT (01 Vv 03)" =07 NG
Note that the union on negatives is understood as an intersection.

Lemma 6. In the respective intersection (and union) type systems, we have

Olkv:7| =2 B O, =Z* kv *
Ole:0lFZ 3 inAujip = O, Z*|Fe*: 0% 5 in \7%.
c: (OIF5) O, E*IFc*: 0.

Recall that the translation (—)* preserves and reflects the reduction relation
(Lemma 1), and thus ¢ is strongly normalising if and only if so is t* (Corollary 1).
Hence soundness of our subsystem follows from that for the intersection type
system for the A7 *-calculus with recursive sorts.

Theorem 1. An expression typable in the subsystem is strongly normalising.

3.6 Completeness

We prove completeness of the {T, L}-free subsystem with respect to strong nor-
malisation. Recall that our intersection and union type system is parameterised
by finite sets of recursive sorts as well as families of atomic types {Xp}p and
{Xn}n- Obviously, if Xp = Xy = 0 for every P and N, completeness fails, since
there is no {L, T }-free (raw) type. To avoid this, here we assume the following.

Every sort has at least one {T, L}-free refinement type. (%)
Lemma 7. FEvery well-sorted normal form is typable in the subsystem.

Theorem 2 (Completeness). A strongly normalising (well-sorted) expression
is typable in the {T, L}-free subsystem.

3 The intersection type system for the A-calculus with pairs that we consider is the
straightforward extension of the simple type system A7 *.



Intersection and Union Type Assignment and Polarised Auji 11

Proof (Sketch). We prove the claim by induction on the length of the longest
reduction sequence starting from the expression. If the expression is in normal
form, we use Lemma 7. For reducible expressions, we prove the claim by induc-
tion on the structure of the derivation of the reduction relations. For example,
consider a base case ((Az.v1) d (va>e)) — ((v1][v2/2]) 4 €). By the induction
hypothesis, ((v1[v2/z]) 4 €) is typable in the { T, L }-free subsystem. Assume that
((v1[ve/x]) de) : (O IF Z), and hence O IF v[va/z] : J0 || S and O || e: 0 IF =
for some 6. There are two cases. If x occurs freely in vy, then one can prove De-
substitution Lemma for the subsystem, which completes the proof for this case. If
x does not occur in vy, the naive adaptation of De-substitution Lemma does not
work, since the judgement obtained by the lemma is © F vy : Tp | =, which is not
derivable in the subsystem. However, in this case, @,z : 7 I vy : 0 || = for every
{T, L}-free type 7 (which refines the sort of ). By the induction hypothesis, one
has @' IF vg : 7 || £/ in the {T, L}-free subsystem for some @', =’, and 7’. Then
we have @' ANO IF Azwvy : (7 —=0) || EVE and @' AO ||vepe:T = 0 IF ZVE,
and thus ((Az.v1) d (v2 > e)) is typable in the subsystem. O

4 Translations to the Polarised Calculus

We shall see how to translate call-by-value and call-by-name Apji into the po-
larised calculus Apjip, using the polarity to encode evaluation strategies.

We introduce a convenient abbreviation that will be used in this section:
Jv:i=pafvra). If-ov: P, then F [v: [1P (hence the notation). Similarly e
is defined as px.(x J e). We have (Jv d e) — (v e) and (v I Je) — (v d €). Do
not confuse them with “n-expansion” v — pa.(v « «), which does not change the
meaning including the sort. (If - v :: [NV, then F po.(v d ) :: L N.) The double-
shifting |[(—) corresponds to Ak.k(—) (i.e. passing a value to the continuation)
in the A-calculus.

4.1 Embedding of CBV A\puji

Given an expression t of A\uji, we define an expression ¢tV of Aujip as follows.

(Values) P(x) ==z S(Ax.v) = Ao
(Terms) VY =]o(V) (pa.c)? = pa.c?
(Co-terms) o' =« (z.c)’ = px.c’

(v-e)” = pfv" dpy(f Jy>e))
(Commands) (v ]e)¥ = (v¥ d ev).

In the translation of cuts of the call-by-value calculus, the term side has the
priority. We focus on the co-term side when the term side is evaluated to a
value: (V¥ de¥) = (|@(V) de¥y — (D(V) T e?).

The translation preserves operational semantics in the following sense.

Proposition 6. Ift — u, then t' —T u®.

cbv

Corollary 3. t =5 u impliest” =g u”. Ift" is SN, then so is t in call-by-value.
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Although we do not assume well-sortedness of the source expression, the
image of the translation is always well-sorted. Let V be a positive sort variable

with the equation V.= [(V — (1V)). Then one has ZaVE S(V)uV | a1V and

mFU"::M‘V\a::TV, m|6”::TVF04::TV, and c¢": (mFa::TV).

4.2 CBN M\uji

Given an expression t of A\ifi, we define an expression t" of A\ufip as follows.

(Terms) 2" = Az.o)" = dx.(v™) (pa.o)™ = pa.c™
(Co-values) U(a) =« U(v-e)=ov">e”

(Co-terms) E" =1¥(E) (fz.c)™ = px.c"

(Commands) (v |e)™ = (v T ™).

In the interpretation of cuts of the call-by-name calculus, the co-term side has
priority. When the co-term side is a co-value F, then we focus on the term side
by the rule (v I |®(E)) — (v™ d B(E)).

The translation preserves operational semantics in the following sense.

cbn

Proposition 7. t =5"u implies t" =g u™. Ift" is SN, so0 is t in call-by-name.

Unfortunately it is not the case that ¢ — u in Aufi implies t" —* u™ in Aufip.
This holds if we choose (Ax.v | v' - e) — (v[v'/x] | €) as the SB-rule.

The image of this translation is well-sorted. Let N be a negative sort variable
in Aujip equipped with N = (JN) — (1N). Then

— — — — —
xulNE "N | e, xulN| e tINF asxN, and " (zadNF axN).

5 Intersection and Union Types for Untyped CBV Auji

This section develops a sound and complete type assignment system for the un-
typed version of call-by-value A\uji as an application of our development. The
types for an expression is preserved by [S-equivalence, i.e. the type system enjoys
both Subject Reduction and Subject Expansion. Furthermore the {T, L}-free
subsystem completely characterises strongly normalising expressions, as the tra-
ditional intersection type systems do for the untyped A-calculus.

The type assignment system is induced from the translation of CBV \uji
to Apjip. Given an expression t of Auji, the types for tV is preserved by B-
equivalence, because the translation preserves reduction (Proposition 6) and the
type system for Aujip enjoys Subject Reduction and Expansion (Propositions 4
and 5). Now the goal is to develop a type system for Auji that is equivalent to
typing after the translation.

We first decide the syntax of types by using the refinement relation. Recall
that, given a Apji-expression t, the result t¥ of the translation is well-sorted
by using the recursive sort defined by V = |(V— (1V)). The sorts we need to
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show well-sortedness of ¢V are V, 1V, V. — (1V), and |1V. This suggests that the
syntax of types for the call-by-value Apji should have four classes. We define the
intersection and union types for the call-by-value Apji by the following grammar:

Yi=alv—=9|vVY | Lyigy pu=trleVel| Ly
ve=ly |l vAv]| Ty oux=lolpAp| Ty

It is easy to see that the above syntax properly defines refinement types of
vV — (TV), V, 1V, and |1V, respectively.

A positive type environment © is a finite set of type binding of the form
x : v, since the sort environment is x :: V. By the same reason, a negative type
environment = is a set of type binding of the form « : ¢.

We use FPV for judgements of the type system for the call-by-value A\ufi. We
have two kinds of judgements for terms. The first one is © F*¥ V : v ; = for
values. The second one is © FPV v : o | = for terms. Even if v is a value, we
distinguish the two judgements.

The typing rules are listed below. To save the space, we omit the intersection

and union introduction rules and the subtyping rules.

OV .y, 2 O,x:vFEMu:lpl|Z
O,x:vFEYg v, 5 OF™ V. |tv|Z OF™ X rw:l(v—p); =
c:(OF™Ya:p 5) c: (O,z:v P E)
OF™ pacc: Lo | = Ola:pF™a:p =5 O | pz.c:tv P =2
O+ v (Ve (1)) | = OFM y: o] 5
Ole:pkFP = Ole:pkd =
9|v-e:T(/\ieli(Vi%go))}—Cb"E (v]e):(OFDP 2)
Lemma 8. We have
OF™Viv;E — Or&V):v|=
OF™p:p|E5 «— OFv:p|&
Ole:pF™Z «— O|e:pFE
c:(OF™E) —= ¢ :(OF2).

The similar statements hold for the {T, L}-free subsystems.

By Lemma 8 and Corollary 3, the set of valid type judgements for a \uji-
expression is preserved by call-by-value S-reduction.

'

Theorem 3. Validity of a type judgement is preserved by z‘éb on subjects.

Another consequence of Lemma 8 and Corollary 3 is that a Auji-expression
typable in the { L, T }-free subsystem is strongly normalising with respect to the
call-by-value reduction. If ¢ is typable in the {T, L}-free subsystem, then ¢V is
typable in the subsystem and thus ¢V is strongly normalising by Theorem 1, which
implies that ¢ is strongly normalising in the call-by-value evaluation strategy.
Completeness can be proved directly as in the proof of Theorem 2.
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Theorem 4. A \yuji-expression is typable in the {1, T}-free subsystem if and
only if it is strongly normalising with respect to the call-by-value reduction.

6 Related work

The connection between polarity and intersection and union types has been
pointed out by Zeilberger [30]. He aimed to clarify without trial and error valid
typing and subtyping rules, which heavily depends on computational effect and
the evaluation strategy of the calculus (see, e.g. [10,13]). His approach is based
on a refinement of a focusing proof, closely related to the notion of polarity. In
his focused calculus, a value has a sort different from a term, and the unrestricted
intersection introduction rule is admissible for refinements of a sort for values
but not for refinements of a sort for terms.*

We found a complementary relationship between his work and our work.
Our starting point is a well-know calculus Apji [9], and the notion of polarities
is introduced by a simple change, whereas his calculus looks quite different from
the conventional calculi. We showed that intersection interacts well with posi-
tives and unions with negatives, and this conclusion seems different from [30].
We proved properties that one expects for an intersection (and union) type sys-
tem, including a completeness result. Usefulness of our idea is demonstrated by
deriving an intersection and union type system for the call-by-value Auji.

Intersection and union types for Apjfi and related calculi Dougherty et
al. [11] proposed an intersection and union type system M™ for the untyped
Muji (that they called GEMINI) and claimed Subject Reduction of the system
(as well as strong normalisation of well-typed expressions). However it contains
an error (see Section 4.2 and related work of [12]). Then they gave another
type system M based on intersection and “negation”, and stated that it en-
joys Subject Reduction and Expansion [12]. However van Bakel [2] constructed
counterexamples of both properties (see Section 8 of [2]).

Van Bakel [2] investigated the failure of Subject Reduction and Expansion
of (a slight variant of) M™" and introduced several variants. The system M¢
has additional typing rules and satisfies Subject Expansion but not Subject
Reduction. He also developed type systems for call-by-name and call-by-value
Aiji, which enjoy Subject Reduction but not Subject Expansion.

To the best of our knowledge, development of an intersection (and union)
type system that satisfies Subject Reduction and Expansion and characterises
strongly normalising expression for the call-by-value Auji had been open.

In those systems, a left-hand environment © (corresponding to a positive
type environment in this paper) is limited to intersection types and a right-hand
type environment (corresponding to a negative type environment) is to union
types (see, e.g., [11] for the reason of this design). The exception is M€ in which
a positive type environment can have union type binding x : 7Vo but at the price

4 Unfortunately his terminology is opposite to ours: in [30], a sort refines a type.
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of loss of Subject Reduction. Our type system does not allow @, x : 7V ¢ to be
a positive type environment, since V is not allowed for positive types. However,
in our system, a positive type environment can have x : [(6 V §), a shifted union
type. We believe that this explicit shifting plays a crucial role.

Van Bakel et al. [4] developed an intersection type system for Ay whose
syntax is induced from the domain equation for Au-model. Their approach might
be somewhat parallel to our approach, in which the syntax is induced by the
sort equation about V. Other intersection (and union) type systems for the Au-
calculus can be found in [3,21]. We are not sure if those type systems are derivable
by our method. Kikuchi and Sakurai [16] gave a translation from [4] to [21] that
somewhat resembles to the translation in this paper from the intersection type
system for A\ufip to that for A7*.

Polarised /focalised calculi The notions of polarity [15] and focusing [1] have
been extensively studied in the field of logic and computation. Our polarised
calculus Aujip is inspired by work of many researchers including Andreoli [1],
Girard [15], Laurent [19,20,22], Melliés [24], Melliés and Selinger [25], Munch-
Maccagnoni [27], Zeilberger [29].

Curien and Munch-Maccagnoni [8] and Munch-Maccagnoni [26] gave fo-
calised variants of Auji. These calculi appear different from ours, at least su-
perficially. First positive and negative terms of their calculi have different syn-
tax, whereas our calculus is symmetric. Second the notion of values plays an
important role in their calculus, whereas our calculus does not have the notion
of values (nor co-values). Third their calculi have a pair constructor (-,-) and
variant constructors inl and inr, whereas our calculus does not. A more mature
comparison is left for future work.

7 Conclusion and Future Work

We introduced the polarised calculus Aujip, to which the simple intersection
and union extension works quite well. The intersection and union type system
is a refinement type system, in which intersection is restricted to refinements of
positive sorts and union to those of negative sorts. Using the polarised calculus
as an intermediate language, we developed an intersection and union type system
for the call-by-value Apji, which enjoys both Subject Reduction and Expansion
and characterises strongly normalising expressions.

The intersection type system provides us with a characterisation of weakly
normalising expressions, although we do not have enough space to discuss it.
Our approach is applicable to the call-by-name Auji as well.

We are not sure if the refinement type system of this paper is the simplest
one for A\pufip. We suspect that use of intersection and union can be more re-
strictive without losing any desired properties. It is also interesting to extend the
calculus by pairs and variants. This would clarify the connection to the focalised
calculi [8,26,29] and to LC [15].
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A Precise Definitions of Calculi

This section gives the precise definitions of the systems in this paper, some of
which are omitted in the body.

A.1 Calculus Apjfip

Terms Assume infinite sets of positive variables, ranged over by z, y and z, and
negative variables, ranged over by «, 8 and . The syntax of expressions is given
by:

(Terms) vi=x | Az | pac|v<e
(Commands) cu=(vde)| (vre)
(Co-terms) ex=a|dae|prclvve.

We use a metavariable ¢ for expressions.

Reduction We write t[v/z] for the capture-avoiding substitution of v for  in
t, and t[e/a] for the substitution of e for a in t. The calculus has 4 reduction
rules, namely, positive/negative A/u reductions. The rules are listed below:

((Az.v1) 4 (va>e)) — {(v1]ve/x]) d€) ((pac) d €) — cle/a]
((v<aer) ” (Aaes)) — (v T (ealer/al)) (vl (pz.c)) — clv/x]
The reduction is supposed to be full, i.e. any redex at any position can be
reduced. We write —* for the reflexive and transitive closure of —, and =g for

the least equivalence containing —. Some expression gets stuck, e.g. ((Az.vy) P
(va>e)) and ((Az.v1) 4 (py.c)).

A.2 Sort system for Apujip
Let P and N be finite sets of positive and negative sort variables, respectively.

We write £ for the associated equations. For each P € P, we have a unique P
such that (P = P) € &, where P is not a sort variable.

Sorts The syntax of simple polarised sorts is given by:

(Positive sorts) P,Q :=p|P|P+ N||N
(Negative sorts) N,M:=n|N|P— N|1P.

Let ~ be the least relation which satisfies the rules in Fig. 1. It is easy to see
that ~ is an equivalence relation on sorts.
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~-PV-L ~-NV-L
————  (~PV-L) — (~-NV-L)
P=P)e& N=N)eé&
( ) (~-PV-R) ( ) (~-NV-R)
P~P N ~N
— (~-PA) (~-NA)
p~D n~n
P~P N ~ N’ P~P N~ N’
/ 7 (N_PTO) 7 7 (N—NTO)
P+ N~P «+ N P—-N~P =N
N~ N’ P~P
——  (~-PSuirT) ———  (~-NSHIFT)
IN ~ [N TP ~ 1P
P~ P P~ P N1 ~ N N2 ~ N3
P1 ~ P3 Nl ~ NS
(~-PTRANS) (~-NTRANS)

Fig. 1. Sort equivalence

Sort environments and judgements A positive sort environment I (resp. neg-
ative sort environment A) is a finite set of sort bindings of the form z :: P
(resp. «:: N). We use double colon for sort bindings, reserving single colon for
type bindings. A sort environment is considered as a set and the order of sort
bindings is not significant. We write I, I’ for "' U I".

There are tree kinds of sort judgements, which have both positive and neg-
ative sort environments and a subject depending on its kind. The first one
I' - v P| A means that the term v has the positive sort P under the en-
vironments I and A. The second one I' | e :: N F A, which is the dual to
the first one, means that the co-term e has the negative sort N. The third one
¢ (I'F A) means that the command c is well-sorted.

Sorting rules Figure 2 is the complete list of the sorting rules.

A.3 Refinement intersection and union type system for Aujip

Fix finite sets of positive and negative sort variables as well as associated equa-
tions. Expressions in this subsection are implicitly equipped with their sort.

Assume a (possibly empty) set Xp (resp. X'n) of atomic types for each posi-
tive sort P (resp. negative sort V). For simplicity, we assume Xp, Xg, X and
Xn are pairwise disjoint if P # @ and M # N. We use ap (resp. ay) for a
metavariable that ranges over Xp (reps. Xn).
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S-PVa
F,m:PI—x:P|A( ®)

INz:PFov:|N|A
I'FXxzxw:(P—>N)|A

(S-PABS)
:(I'Fa:N,A
M (S-PMu)
' pac:{N| A
'Fv:Q|A I'le:NEFA
I'Fv<e:Q+ N| A
(S-PAPP)
I'tva:P| & pP~P
'rv:P | E
(S-P~)
I'le:tPF A I'-v:P|A
(vre): (I'kE A)
(S-PCMD)

I'a:NFa:N,A
(S-NVAR)

I'le:tPFa:N,A
' dae:t(P+< N)F A

(S-NABs)
(Mx:PHA
cilbz:PEA) o )
I'|prc:tPE A
I'le:NFA T'bFov:P|A
I'lvbe:P—=NFA
(S-NAPP)
I'le:NFE N~ N’
I'lez:N'FZ
(5-N~)
I'Fv:|[N|A I'le:NFA
(vde)y: (I'F A)
(S-NCwmb)

Fig. 2. Sorting rules
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ap € Xp

an € Xn

. (R-PA) . (R-NA)
ap . P anN :: N
TP 0: N TP 0:N
— (R-PTo) e (R-NTo)
T+ 60:P<«+ N T—0:P—>N
0::N TP
—_— (R-PSHIFT) (R-NSHIFT)
10 [N M tP
= P 01,02 = N
TbTET (R-PINT) L2 (RNUNI)
T1 AT i P VO N
(R-PTop) —_— (R-NBor)
Tp: P In N
TP P~P 0:N N ~ N’
.. p/ (R_PN) .. N/ (R_NN)
TP 0::N

Fig. 3. Refinement Relation

Raw types The syntax of raw types is given by

(Positive raw types) Tou=ap |7« 0|10 |TAT|Tp
(Negative raw types) 0,6 c=an |T—= 0|17 |0VE| Ly.

Refinement relation A type is a raw type that follows the structure of a sort.
To describe this notion formally, we introduce the refinement relation defined
by Fig. 3.

Subtyping The subtyping relation is defined by the rules in Fig. 4.

Type environments and judgements Let us write @ for a type environment
for positive variables and = for negative variables: © := - | O,z : 7 and = ::=
- | Z,a : 0. For type environments, we assume that each variable occurs at
most once. The refinement relation on environments is defined by point-wise
refinement: © :: I' just if {x |z = P € I'} = {x |  : 7 € O} and, for all z,
x:7 €6 and z:: P € Aimplies 7 :: P. The subtyping relation on environments
is also defined by point-wise subtyping: given ©; :: I' and O, :: I', we write
O1 <r O3 (or simply ©1 <X Os) if z: 7 € Oy and x : T2 € O implies 71 <p T
(where z :: P € I').

Recall that expressions and variables are implicitly equipped with their sorts.
Hereafter we assume that a type environment respects the sorts. For example, if
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TP

(SuB-PREFL)
TPpT
0>n9

(1 0) 2pen (T 0)
(Sus-PTo)

TpoO

0 <N

=<~ 1o (SuB-PSHIFT)
SN

T 2p 01 T 2p 02

T p 01 N\ 02
(Sus-PINT-R)

AT u P Fie{l,2}.n <po

TINTe 2p O
(SuB-PINT-L)

TP

——  (SuB-PTopr)
T2pTp

0:N
0=<n0

(SUB-NREFL)

0=<n6

(1—0) <pn (0 =9)
(SuB-NTo)

T>pO

Tpo

= 1o (SuB-NSHIFT)
T 2tpP |0

01 =N 6 02 <N O

61V N6
(SuB-NUNI-L)

601Vt N 3i€{172}.9j]\/ 0i

0 <n 01V o2
(SuB-NUNI-R)

0:N

— (SuB-NBor)
Inv=2n0

Fig. 4. Subtyping rules
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(T-PVAR)

O,x:Thz:T|ZE

O,x:Thv: 0] E
OFXzw:(t—0)| =5

(T-PABS)
(OFa:0,Z
¢ OFai02) oy
OF pac:lo| =
OkFv:T|Z Ole:0F =
Okvde:T+ 0| =
(T-PAPP)
OFwvim | E OtFvin | 2
OFv:mAT| &
(T-PINT)
v P
Y (T-PTop)
OFv:Tp| &
Otvit|E 7=p7
Orv:7T | &
(T-PSus)
Ole: 7= Orv:T|Z
(vre): (OFE)
(T-PCwmb)

23

(T-NVAR)

Ola:0Fa:0,=2

Ole:trta:60,2

Ol dae:PN(r+0)F =
(T-NABs)

c:(B,x:THE)

ST =) (T-NMu)
O|pz.c: Pk =

Ole:0F = Otov:T| =

Olvre:T > 0FE

(T-NAPpP)

OlebFE Oleb k=2
9|6191\/92|—E

(T-NUNI)

e N

%7 (T-NBor)
Ole:lykFE

OledFE 0 <n0

Ole:0F=

(T-NSuB)

OkFv:l0|Z Ole:0F =
(vde): (OFE)

(T-NCwmb)

Fig. 5. Typing rules

x : 7 € O for a positive variable x of sort P, then we assume that 7 :: P. It might
be better to write x : 7 :: P to make the sort explicit, but we do not choose this
heavy notation.

There are three kinds of judgements, similar to the sort system.

Typing rules The complete list of the typing rules are in Fig. 5.

A.4 Untyped A\uji
The syntax of terms, commands and co-terms is given by:

viu=2a | Az | pac cu=(v]e) ex=alv-e| pz.c,
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where x and « are variables of different kinds. Values and co-values are dis-
tinguished terms and co-terms, respectively, defined by V = x | Az.w and
E ::= a| v-e. There are three reduction rules:

Azw|[v'-e) — (W' | pz.(v]e)) (ua.c|e) — cle/a] (v] jz.c) — c[v/x].

The calculus has a critical pair (ua.c | fiz.c’), to which both of the last two rules
are applicable, and is not confluent. The conflict is resolved by an evaluation
strategy. The former rule has the priority in the call-by-value calculus, and the
latter has in call-by-name. Hence, in the call-by-value calculus, the third rule
is applicable only if v # pa.c’, and thus changed to (V | fz.c) — c[V/z].
Similarly, in call-by-name, the second rule is changed to (ua.c | E) — c[E/q].

We write :%b" for the equivalence relation on expressions induced by the

for call-by-name.

call-by-value reduction relation, and :%b“

A.5 Intersection and union type system for call-by-value Apji

Let V be a positive sort variable with the equation V.= [(V — (1V)).
Let X be non-empty set of atomic types. Let X_ be the family of atomic
types defined by:

Xy = &
Xy=10

Xy =0
Xy =10

and, for other cases, Xp := {P} and Xy := {N}. Then every sort has a {T, 1}-
free refinement type.

Types The syntax of types is given by the following grammar:

Yu=alv—=9|YVY| Lysgy pu=trleVel Ly
vi=llvAv] Ty ox=lo|pAp| Ty

It is easy to see that the above syntax properly defines refinement types of
vV — (1V), V, 1V, and 1V, respectively.

Subtyping The subtyping relation is inherited from the refinement type system
for Aupip.

Type environments and judgements A positive type environment © is a
finite set of type binding of the form x : v. A negative type environment = is a
set of type binding of the form « : ¢. Note that they can be considered as type
environments of the refinement type system for S\Mﬂ p.

There are four kinds of type judgements:
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—OFYV .y, 5,
—QFCbVU:Q\E,
Ole:pFP = and
—c: (OFP 3,

Typing rules The complete list of typing rules is found in Fig. 6 and 7.

A.6 A7X and intersection types

Here we introduce a calculus A™7* and its intersection type system. We do not
formally define a simply-typed version of A~* with recursive sorts, since it is
obvious.

Terms The syntax of terms is given as follows.
M=z | e. M| Nz,y) M| MM|(M,M).

The meaning of the term constructors is obvious.
The base rules of the reduction relation are listed below:

(Ax.M) N — M[N/x]
()\(Il,zg).M) (Nl,NQ) — M[Nl/I17N2/.T2].

Reduction is full, i.e. a redex of any position can be reduced.
We write 71 for A(z,y).x and 7 for A(x,y).y. Then m;(My, Ma) — M;.

Types The syntax of types is given as follows.
Au=a|A—>A|AxA|ANA.

A type is simple is it does not contain A.

Subyping Figure 8 defines the subtyping relation.

For a technical convenience, we require the side condition on the last two
rules. It is easy to see that this side condition is harmless, i.e. the set of derivable
subtyping relation does not increase when we employ the unrestricted rules.

Typing rules The typing rules are in Figure 9. These are the straightforward
extension of the standard intersection type system to a calculus with pairs.

B Supplementary Materials for Section 2

B.1 Proof of Confluence (Proposition 1)

It is straightforward to prove Proposition 1 by using the notions of parallel
reduction and complete development. Note that we cannot apply Newman’s
lemma to the calculus with recursive sorts, although weak Church-Rosser can
be proved easily.
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O,z vEg.v; B (CHAA
O,z:vE™uv:lp| = (CH-VABS)
OFP \zw:l(v—p); B
OF™V: v, =

ST 2 (CH-VL)

c: (OF™ a5
s (CH-TMUu)
=) | a:p FCbV a:p = (CH_CVAR)

c: (O,z:vFP a)
0| jiz.c: v P = (CH-CMY)
OF™ v i(Vig,(tn)) |E Ole:pr™ = (CH-CAPP)

Olv-e: T(Nes Hvi = @) F =
OF™o:lp|E  Oleipk™ =

vile| le:¢ (CH-Com)

(v]e): (O pobv =)

Fig. 6. Typing rules for the call-by-value Auji (Part 1: computational rules)
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i OFPV i B

OFY V. ivAv ;= (CH-VInT)
W (CH—VTOP)
cly, =
OF™V.y:Z v =y
EYRaT— (CH-VSuUB)
)
OF™uv:io|ZE  OF™uig|E
R vie (CH-TINT)
OF™uv:io1No2 | E
OF™u: T |2 (CH-TTor)
OF™uy:g| = S o
@v Fﬁw' v d |Q;W : (CH-TSus)
Ole:pr F™Z  Ole:pa k™ =
s ) |civ i« (CH-CUn)
Ole:p1 Ve FPV 5
ole LFr s PR (CH-CBor)
Ole:pt™ = =
leiv L (CH-CSUB)

@\e:gp’FCb"E

Fig. 7. Typing rules for the call-by-value Auji (Part 2: intersection, union and
subtyping rules)
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a<a

A> A B< B
A—-B<A B

A< A B<B
AxB< A xB

A< B A< B
A< By ABs

A1<B B#BiAB,
A ANA < B

A < B B#B1/\B2
AlXAQSB

Fig. 8. Subtyping rules of intersection types for A\™*

B.2 Proof of Type Preservation (Proposition 2)

This subsection gives a routine proof of Subject Reduction of the sort system
for A\pufip with recursive sort. As usual, we appeal to Substitution Lemma and
Inversion.

We define a map top by:

top(p) ==p
top(P) := top(P) (where P=P € ¢€)
top(P < N) 1=«
top(IN) =1
top(n) :==n
top(N) := top(N) (where N=N € €&)
top(P — N) := —
top(TP) :== 1.

Recall that, if P = P € £, then P is not a sort variable. Hence top is well-defined.
Lemma 9. IfP ~ Q, then top(P) = top(Q). If N ~ M, then top(N) = top(N).
Proof. By induction on the derivation of P ~ Q and N ~ M. O

Hence, for example, [N « (Q < M).
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A<A A #BiABs
Ix:AFx: A

Ix:A-M:B
I'Xxe.M:A— B

Iz:Ay:B-M:C
I'Xz,y).M:AxB—C

I'M:A— B I'EN:A
I'-MN:B

FFMliAl FFMQZAQ
't (My, M) : A1 x Az

I'EM: A I'EM: As
I'=M:AL N Ay

I'M:A A<B
I'M:B

)\*}X

Fig. 9. Typing rules of the intersection type system for

29
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Lemma 10.

— (P— N)~ (P — N') implies P~ P and N ~ N'.
— LN ~ N’ implies N ~ N'.
— (P+ N)~ (P'+ N') implies N ~ N' and P ~ P’.
— P ~ P implies P ~ P'.

Proof. We prove stronger results. For example, for the first claim, we prove the
following result.

If (P — N)~ M, then either M = (P’ — N’) or M is a negative sort
variable, say M, and (M = (P’ — N’)) € . Furthermore P ~ P’ and
N ~ N’. A similar statement holds for M ~ (P — N).

This claim can be easily proved by induction on the structure of the derivation
of (P— N)~ M (or M ~ (P — N)), using Lemma 9. O

Lemma 11 (Substitution). Assume I' v : P | A. Then:

Lz:PEY:Q|A implies I'v'[v/x]:Q|A
I'z:Ple:NtFA implies I'|efv/x]: NEA
c:(Ixz: PEA) implies cv/z]: (I'F A).

Assume I' | e : N+ A. Then:

I'tv:P|la:N,A implies I'bwvle/a]:P|A
I'le:MbFa:N,A implies I'|e'[e/a]: M A
c: ('Fa:N,A) implies cle/a]: (I'F A).

Proof. By induction on derivations. 0O

Lemma 12 (Inversion).

—If'tx:P|A, thenz:: Q€ and P~ Q for some Q.

—IfI'FXxw: P| A, then P~ (Q—N)and Iz : QF v [N | A for

some @ and N.

If 't pac:: P| A, then P~ N and c:: (I'Fa:: N, A) for some N.

If'teqvaP| A thenP~Q+ NandI'tv:Q|Aand T |e: NF A

for some N and Q.

—IfT'a:=N|A, thena:: M e A and N ~ M for some M.

—IfI'| dae:NFA then N~NP<+ M) andI' |e::TPFa:: M, A for
some M and P.

— IfI'| px.c: NF A, then N ~1P and ¢ :: (I',x :: P+ A) for some P.

—IfT'|esv: NFA then N~P<«+ MandI'tv:P|Aandl|e: MEA
for some M and P.

Proof. By induction on the structure of derivations. a
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We prove Proposition 2 by induction on the structure of the derivation of
t—t.

We first prove the base cases.

Suppose that t = ((Az.v1) d (va>e)) and ¢ = ((v1[va/z]) 4 e). By the
assumption ¢ :: (I' = A). Then we have

I'dzw = N| A

and
I'lvepen:NFA

for some N. By Inversion (Lemma 12), the former implies N ~ (Q — M) and
Nz:QkFv M| A

for some @ and M. Again, by Inversion, the latter implies N ~ (Q" — M’) and
I'Fuv=Q'|A

and
I'le:MFEFA

for some Q" and M’. By Lemma 10, Q ~ Q' and M ~ M’. Hence I' F vy :: Q
and I' | e :: M = A. By Substitution Lemma (Lemma 11), we have

't wfva/z] = LM | A.
Hence
(vi[ve/x] de):: (I'E A).

Suppose that ¢ = ((pa.c) 4 e) and ¢’ = cle/a]. By the assumption, one has
t: (I'H A). Then we have

I'poc: [N | A
and
I'le:NEA.

By Inversion (Lemma 12), there exists N’ such that ¢ :: (I' F « 2 N’; A) and
N ~ N'. Then one has I' | e :: N’ - A. By Substitution Lemma (Lemma 11),
we conclude that

clv/z]: (I'+ A).

Suppose that ¢ = v<e and t' = v’ <e with v — v/. By the assumption,
one has I' - v<e:: P| A for some P. By Inversion (Lemma 12), P ~ Q + N
and T'Fov:Q|Aand I' | e : N+ A for some N and Q. By the induction
hypothesis, ' v :: Q | A. Hence I' Fv<e :: Q + N | A. By applying (S-P~),
we obtain I' v <e:: P | A.

Other cases are similar.
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Remark 3. Term-level distinction of negative and positive cuts plays an impor-
tant role in the proof. For example, if

(e dv) : (I'H A),
then we have
I''tvaN|A and T'|e:z]NEFA
without confusing the case that
I'rva:tP|A and I'|e:PFA

because the latter derives a different judgement, (e " v) :: (I'F A).

B.3 Proof of Lemma 1

Lemma 13. (t[v/z])* = t*[v*/z]. Similarly (tle/a])* = t*[e*/a].

Proof. By induction on the structure of . 0O
The first claim By induction on the structure of the derivation of the reduction
relation t — wu.

We first prove the base cases.
Suppose that t = ((Az.v1) d (v2>e)) and u = ((v1[v2/z]) d €). Then

= (Az.v1)* (va>e)”

= Mz, B).(v B)) (v3,€") (where f is fresh)
— vi[vs /] e”

= (vi[va/z])" € (by Lemma 13)
= (v1[ve /7] d €)"

Suppose that t = ((ua.c) 4 e) and u = c[e/a]. Then

t* = (pa.c)* e*
= (Aa.c*)e”
— ¢*[e*/a]
= (cle/a])” (by Lemma 13)

*

=Uu .

The other base cases are the dual of the above.
The congruence cases are easy.
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The second claim By induction on the structure of the derivation of t* — wu.
We first prove the base cases.
Suppose that t* = (Ax.t1) t2 and u = t1[ta/x], where t; and to are terms of
A7, Then either t = (v de)ort = (vl e).

— Suppose that t = (v d e). Then v* = Az.ty and t2 = e*. Hence v = px.c and
c¢* = ty, where x is a negative variable in Aujip. Then we have

t=(vde)
= (ux.cde)

— cle/x].

By Lemma 13, one has (c[e/z])* = ¢*[e*/x] as desired.
— Suppose that ¢ = (v T e). Then e* = Az.t; and ¢ = v*. Hence e = pz.c and
c¢* = t1. Then we have

t=(vre)
= (vl px.c)
— clv/x].
By Lemma 13, one has (c[v/z])* = ¢*[v*/x] as desired.

Suppose that t* = (A(z1,22).t1) (t21,t22) and u = t1[ta1 /a1, t22/22], where
t1, to1 and too are terms of A7 *. Then either ¢t = (v de) or (v I e).

— Suppose that ¢ = (v d ). Then v* = A(x1,x2).t; and e* = (ta1, ta2). Hence
v = Az1.v1 and t; = v] w2, where xg is a negative variable and does not
appear in v;. We also have e = vy > ey and (v2)* = ta1 and e = ta9. Then
we have

t=(vde)
= <)\.’1?1.’U1 d Vo D> 62>
— <’01 [Ug/l'l] d 62>.
Now
(viva/a1] de2)” = (vifvz/21])" €3
=vivy/x1] €5 (by Lemma 13)
=(v][v3/x1,e5/xa]) (wa[vs /21, €5/22]) (since x5 does not appear in vq)
=(v1 w2)[vy /w1, €3/ 2]
=t1[to1/1, 22/ 2]
=u.
— Suppose that ¢ = (v I e). This case is similar to the above case.

The congruence cases are easy.
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C
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Supplementary Materials for Section 3

C.1 Proof of Substitution Lemma 3

By

induction on the structure of derivations of judgements having x in their

environment.

Case (T-PVAR) and v/ = z: Then 0 =7 and thus O v:0 | =.
Case (T-PVAR) and v/ = y # z: Then v'[v/z] = y. Hence O F v'[v/z] : o |

—

Case (T-PABS): Then v/ = Ay.v” and o = |(¢/ — 6'). We can assume
without loss of generality that y is not occur in v and we get O,y : o',z :
T F " |0 | 2. By the induction hypothesis, we have O,y : ¢’ F v"'[v/z] :
W 2. So 0k Ay.(v"v/z]): Lo/ = 0) | Z.

Case (T-PMu): Then v/ = pa.cand o =0 and c: (O, : 7+ a:0,5). By
the induction hypothesis, c[v/x] : (O F «: 0,Z) and thus O F pa.c: 10| =.
Case (T-PAPP): Then v =v”" <e and 0 =0’ < o’. We have O,z : 7 F 0" :
o'| Zand O,z : 7| e: 0 F =. By the induction hypothesis, © - v"'[v/x] :
o' | Z and O | e[v/z] : ' b =, which implies © F (v" <e)[v/x] : 0/ + o' | =.
Case (T-PCMD): Then ¢ = (v P e) and O,z : 7 F V" : 0 | & and 0,2 :
7 | e: to B Z. By the induction hypothesis, © F v”[v/x] : ¢ | £ and
O | e[v/x] : o+ =E. Hence ({(v" T e)[v/x]) : (O F Z).

Case (T-PINT): Then o = o1 Ao and O,z : 7' 1 0; | Efori € {1,2}. By
the induction hypothesis, © - v'[v/z] : 0y | = for i € {1,2}. By (T-PINT),
we have @ - v'[v/x] : 01 Ao | 5.

Case (T-PToP): Then 0 = T and O Fv'[v/z] : T | £ trivially holds.

Case (T-PSuB): Then ©,z : 7 =o' : 0’ | Z for some o’ < o. By the induction
hypothesis, © - v'[v/z] : 0’ | Z. By the subtyping rule, © - v'[v/z] : 0 | Z.

Other cases are the dual of the above.
The claim about substitution of co-terms can be proved by a similar way.

C.2 Proof of Inversion Lemma (Lemma 4)

‘We

prove a stronger version of the lemma, what we call General Inversion here.

The statement of Lemma 4 is a weaker version that suffices to prove Subject
Reduction (Proposition 4).
We define

and

/\ T, = (((Tl/\TQ)/\...)/\Tk_l)/\Tk
1<i<k

\ 0 = (((01VO) V)V Or_1)Vbs.

1<i<k

Lemma 14 (General Inversion).
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1. If Ok x: 7| Z, there exists 7' such that
— 7' <71, and
—z:7 €6.
2. If O F Ax.w: 7| 2, there exists a (possibly empty) finite collection of types
{{(o; = 6;) }1<i<k such that
= Nici<k(Hoi = 0)) 2 7, and
—O,x:0; kvl | = foreveryi (1 <i<k).
3. If OF pa.c: 7| Z, there exists a (possibly empty) finite collection of types
{\],6‘z }1Si§k such that
= Ni<i<pg(J0:) 2 7, and
—c:(OFa:0;,5) foreveryi (1 <i<k).
4. If Ok equv: 7| E, there exists a (possibly empty) finite collection of types
{0; < 0; }1<i<k such that
= Nicici(oi < 0;) 27, and
—Otvio, |Z andO|e:0; - = for everyi (1 <i<k).
5 IfO|a:0F = there exists 0’ such that
—0=0, and
—a:0eZ.
6. If © | da.e : 0 - =, there exists a (possibly empty) finite collection of types
{T(Ti — 51) }1Si§/€ such that
= 0 2 Vi< (T(7i <= 83)), and
—Ole:trika:6;,E foreveryi (1 <i<k).
7. If © | px.c: 0 b =, there exists a (possibly empty) finite collection of types
{17 }1<i<k such that
=02 Vi, (I7:), and
—c:(O,x:1F E) foreveryi (1 <i<k).
8 IfO |evv: 0t Z, there exists a (possibly empty) finite collection of types
{Ti — 62 }1Si§k such that
=0 2V icick(mi = 6), and
—Otv:T | Zand O |e:d;F & for everyi (1<i<k).
9. If (v de): (OF 5), there exists 6 such that
—OFv:l0|ZandO|e:0F E.
10. If (er v) : (O F E), there exists T such that
—Otv:T|Z andOle: 1k =

Proof. By induction on the structure of the derivations. We prove (2) for exam-
ple.

Suppose that © F Az.v : 7 | Z. There are four rules that can derive this
judgement:

— (T-PABS): Then 7= |(c = 6) and O,z : 0 v: [0 =Z.

— (T-PINT): Then 7 = n A and O Fv:7m | Eand O F v 7 | 5.
By the induction hypothesis, each judgement has a finite collection of types
that satisfies the requirements. Then the union of the collection satisfies the
requirements for @ Fv: 1 Ao | E.

— (T-PTop): Then 7 = T and the empty collection satisfies the requirement.
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— (T-PSuB): Then © F Az.w : 7' | Z and 7/ < 7. By the induction hypothesis,
we have a finite collection { [(0; — 6;) }1<i< that satisfies the requirements.
Since A;<;<)({(o; — 0;)) < 7" = 7, this collection is what we need.

O

Basically Inversion Lemma (Lemma 4) is a consequence of the above general
lemma. We prove the first claim of Lemma 4 for example.

Suppose that © F Az.v : [0 | 5. By Lemma 14, there is a finite collection of
types { J(1i = d;) }1<i<k } such that

N Uz —6)) =10

1<i<k

and O,z :7; Fov: o | Z for every i (1 < i < k). We claim that there exists j
such that 7; — d; = 6. We prove this claim by induction on the structure of the
derivation of A, o, (d( — &;)) = 18. If the last rule is (SUB-PSHIFT), then
k=1and 71 — o1 =< 0 as desired. If the last rule is (SUB-PINTL), then we have
either A\;c;cp_q(I(1 = 0;)) = 10 or [(1 — i) =< 0. For the former case, we
appeal to the induction hypothesis. For the latter case, let j = k.

C.3 Subject Reduction (Proposition 4)
We prove the base cases.

— Case ¢ = (Ax.w1) 4 (va>e)) and ¢ = ((vi[va/x]) d e):
Assume that ((Az.v1) 4 (vape)) : (O F Z). Then © F \zx.vy @ |0 | = and
O |vere: 0+ Z. By Lemma 4, one has ©,z:0bv; : [ | Eando — 0 <6
for some ¢ and §. By the subtyping rule, we have © | va>e: 0 — 0 F =.
Again, by Lemma 4, © F vy : 0 | Z and © | e : § - Z. By Substitution
Lemma (Lemma 3), © F v1[ve/z] : [§ | =. Hence (v1[va/z] de) : (O F Z).

— Case ¢ = ((pa.co) d ) and ¢ = ¢ole/al:
Assume that ((ua.cp) de) : (O F Z). Then O F pa.cy: L8| = and O | e :
0 + = for some . By Lemma 4, one has ¢ : (O F «: 0, ). By Substitution
Lemma (Lemma 3), we have cole/a] : (O F ).

The other cases are easy.

C.4 De-substitution (Lemma 5)
We first prove the case in which v’ is a variable.

— Case v =z: Let T = 0.
—Case v =y#x:Let T=T.

We prove the other cases by induction on the structure of derivations. Since v’
is not a variable, the top-level structure of v'[v/z] is that of v’.
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— Case (T-PABs): Then v = Ay.v” and ¢ = [(¢/ = #'). We can assume
without loss of generality that g is not occur in v and we get O,y : o',
v"v/x] : 10" | Z. By the induction hypothesis, we have O,y : o',z : 70" :
0| Eand O,y : o' - v : 7| Z for some 7. Since y does not appear in v,
the latter can be refined as © v : 7 | . By applying (T-PABS), we have
O,z :7Ev": (0! = 0') | = as desired.

— Case (T-PMuU): Then v' = pa.c and o = [6 and c[v/z] : (OF a: 6, 5). We
can assume without loss of generality that o does not appear in v. By the
induction hypothesis, there exists 6 such that ¢ : (@,2 : 7+ « : 6,Z) and
OFwv:7|a:6,5, which can be strengthened as © - v : 7 | Z. The former
judgement leads to © F pa.c: [0 ] =.

— Case (T-PAPP): Then v/ = v” <e and o = ¢’ + 6'. We have O - v"[v/z] :
o' | Zand O | e[v/z] : 8/ = Z. By the induction hypothesis, there exist 71
and 75 such that

e O x:mbv 0|5,

e OkFwv:m | E,

e O,x:my|e: 0= and

e OFv:m|E.
Then we have @ - v : 74y A 7o | 5. Since 14 A 72 < 71, by Lemma 2, one
has O,z : 1 Amp b 0" : 0| E. Similarly ©,2 : 1y A7a | e: @ - Z. Hence
O,x:m AoV qe: 0’ 0| 5.

— Case (T-PCMD): Then ¢ = (v I e) and O F v"[v/z] : 0 | Z and O | e[v/x] :
1o  Z for some o. By the induction hypothesis for the former judgement,
wehave @,z : 7 Fv"” : 0| Zand © F v : 71 | Z. By the induction hypothesis
for the latter judgement, we have @,z : 3 |e: foF S and O F v : 1 | Z.
By the same argument as in the above case, one has O,z : m AT Fv" 1 o
and O,z : 7 Ag F 0" : to b Z, which implies (v Fe): (0,2 : 7 Aa - 5).
We have O F v : 7y A 7o | £ as required.

— Case (T-PINT): Then 0 = 01 Aog and O F v'[v/z] 1 0; | £ fori € {1,2}.
By the induction hypothesis, O,z : ; F v 1 0; | Eand O F v : 7, | &
for some 7; for i € {1,2}. By the same argument as in the above case, we
have O,z iy Aa F v to; | Efori € {1,2} and O Fv:1 Ae | Z. By
(P-INT-I), we have @, 2 : 1y Ao v 01 Aoa | 5.

— Case (P-T):Let 7=T. Then ©F v : T|Zand O F v: T | Z trivially
hold.

— Case (P-SUB): Then O F v'[v/z] : ¢/ | Z for some ¢’ < o. By the induction
hypothesis, @,z : 7 v’ : ¢/ | E and © - v : 7 | £ for some 7. By the
subtyping rule, O,z : 7 v : 0 | 5.

I =

[n

The other cases are the dual of the above.

C.5 Subject Expansion (Proposition 5)
We prove the base cases.

— Case ¢ = ((Az.wv1) 4 (va>e)) and ¢ = ((vi[ve/z]) 4 e): Assume that
((v1[va/z]) de): (OF Z). Then O F vi[vg/x]: 0| Z and O | e: 0+ Z. By
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De-substitution Lemma (Lemma 5), we have o such that ©,2 : o F vy : [0 |
Z and O F vy : o | £ for some o. Hence we have O - \x.vy : (o = 60) | £
and @ |vyre:o0— 0 Z. Now ((Ax.v1) d (va>e)) : (O F Z) as desired.

— Case ¢ = ((pua.cp) 4 e) and ¢ = ¢gle/a]: Assume that ¢ole/a] : (O F =). By
De-substitution Lemma (Lemma 5), we have 6 such that ¢o: (O F «: 6, 5)
and © | e : 0 - =. The former implies © F pa.co : 19 | =. Hence ((pa.co) 4

e): (OF 2).

The other cases are similar.

C.6 Relationship to the intersection type system for X=X
(Lemma 6)

Fix an atomic type o :: O. Recall that the translation of types is given by:

(T+0)" :=7"x0" (1 —=0) =7"x6*
(9)"=0"—o ) =7">o0
(M AR) =1 AT (01 V 02)" := 07 N 05,

where we assume a fixed translation of atomic sorts. Note that T p and L p does
not appear since we focus on the {T, | }-free subsystem.”

We first prove that the translation of types preserves the subtyping relation.
We note here that subtyping 6 <y § of negative types is translated to subtyping
f* > 6* in the opposite direction.

Lemma 15. If 7 <p o, then 7 < o*. If 0 <n 6, then 6" > §*.

Proof. By induction on the structure of the subtyping derivation.

(SuB-PREFL) and (SUuB-NREFL): Obvious.
(SuB-PTO): Suppose that 7 <p o and 6 > ¢. By the induction hypothesis,
7 < o* and 6* < §*. Hence

(T« )" = 7" x0" < 0" x6 = (0 0)".

— (SuB-NTO): Suppose that 7 =p ¢ and § <y . By the induction hypethesis,
7* > o* and 6* > 0*. Hence

(1—=0) = 7"%x6" > 0" x§ = (6 —0)".

(SUB-PSHIFT): Suppose that § <y §. By the induction hypothesis, 8* > §*.
Hence

(10 = 0" >0 < 5" =0 = (10

5 Tp and L can be translated to the type for all terms, which is usually written as
w, although our intersection type system for A™* does not have such a constant.
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— (SUB-NSHIFT): Suppose that 7 <p o. By the induction hypothesis, 7* < o*.
Hence

() =71 =0 > 0" =0 = (o).

— (SuB-PINT-R): Suppose that 7 <p 07 and 7 <p 03. By the induction
hypothesis, 7" < o] and 7 < ¢5. Hence

T < o] Aoy = (o1 Aoz2)".

— (SuB-NUNI-L): Suppose that §; <y 6 and 6, =<y J. By the induction
hypothesis, 87 > 6* and 05 > 6*. Hence

OV 0)* = 07 NG5 > 6.

— (SuB-PINT-L): Suppose (w.o.l.g.) that 71 <p o (and 71 A 72 :: P). By the
induction hypothesis, 77 < o*. Hence,

(mMATR)" = ATy < o

— (SuB-NUNI-R): Suppose (w.0.l.g.) that § <y d; (and é; V d5 :: N). By the
induction hypothesis, 6* > 67. Hence,

0 > 6’1“/\65 = ((51 \/(52)*.

The proof of Lemma 6 is easy induction using the above lemma.

C.7 Typability of Normal Forms in the Subsystem (Lemma 7)

Definition 1 (Canonical Form). An expression in canonical form is defined
by the following grammar.

Du=x | e | paé|vaé
cu=(xdeé)| (Arxoda)| (07 a) | (T Aa.é)
éu=oal| e |ux.clove

Lemma 16. A well-sorted expression in normal form is in canonical form.

Proof. By induction on the structure of expressions.

—c=(vde)withc:: (' A): Thenone has I'Fv:: [N|Aand I'|e: N
A. There are four subcases:

e v = x: Then ¢ = (x d e). By the induction hypothesis, e is in canonical
form, i.e., e = é. Hence ¢ = (x 4 €) is in canonical form.
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e v = Az.v’: By Inversion Lemma for the sort system (Lemma 12), we
have [N ~ [(Q = M) and Iz == Q F v == {M | A for some @ and
M. By Lemma 10, N ~ @Q — M and thus ' | e : @ - M F A If
e = Aa.¢/, then by Inversion (Lemma 12), one has N ~ NQ' + M’),
which contradicts to Lemma 10. By the same reason, e # ux.c’. If e =
v” €, then ¢ = (Azx.v' 4 v” >¢€’) is reducible, which contradicts to the
assumption. Hence e = . By the induction hypothesis, v = Az.v’ is in
canonical form, i.e. v = ¥ for some 0, and thus ¢ = (¢ d @) is in canonical
form.

e v = po.c: Then ¢ = (pa.c 4 e) is reducible, a contradiction.

e v =v'<e’: By Inversion (Lemma 12), | N ~ (Q + M), which contradicts
to Lemma 10.

Other cases are easy. O

We prove a bit stronger result.

—

Lemma 17. A well-sorted term v in normal form satisfies © Ik v : 7 | Z for
some T, @ and =. Furthermore T can be chosen in such a way that T is not
atomic unless the sort for v is atomic. The similar statement holds for co-terms
and commands.

Proof. By Lemma 16, we can assume without loss of generality that expressions
are in canonical form. We prove this claim by induction on the structure of
expressions in the canonical form.

We first prove the claim for terms (using the induction hypothesis for terms
as well as co-terms and commands).

— © = x: Let P be the sort of x. By the assumption (x) (see Section 3.6),
there exists a {T, L}-free type 7 :: P. It is easy to see that, if P is not an
atomic sort, then there exists non-atomic 7 that refines P. For example, if
P ~ |N for some N, let 7 = |0, where 0 is a {T, L}-free type 6 :: N. We
have z:7lFx: 7| -

— © = Az.0": By the induction hypothesis, one has @ I+ ¢’ : 7 || £ for some O,
7, and Z. Since the sort of ¢ is [N for some N by Inversion (Lemma 12).
Hence 7 is not atomic. We can assume without loss of generality that 7 is
not an intersection (if 7 = 7 A 72, then I' IF @' : 7y || £ by the subtyping
rule). Hence 7 = 16 for some 6 :: N.

Ifz:0€0,ie. 0 =0 ,z:0,then O IF \x.v' : (7 —0) || . Suppose
that x is not in ©. Let o be a {T, L}-free refinement type of the sort of .
Then O,z : 0 lF o' : [0 || Z, and thus O IF Az’ : [(T — 0) || =.

— 0 = pa.¢: By the induction hypothesis, ¢ : (O IF =) for some © and =. If
a:0 e E then & = &/ «a:6and O IF pa.c: [0 | /. Suppose that «
is not in =. Let 6 be a {T, L}-free refinement type of the sort of o. Then
¢:(OFa:6,5) and thus O IF pa.c: 1O || =.

— o = ¢’ € ¢: By the induction hypothesis, we have @ I+ ¢’ : 7 || =1 and
@2 || e:0IF 52. Then 91/\@2 o' <eé :7 0 | 51\/52, where 91/\@2
and =7 V Z5 is defined as the point-wise operations.
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The proof for co-terms is similar to the above. We prove the claim for com-
mands.

— ¢ = (x d é): By the induction hypothesis, one has © || e : 6 IF =. We have
z:l0lFx:]0] - Hence (z dé&): (OA(x:10)IFZ).

— ¢ = (Az.0 4 a): By the induction hypothesis, one has © IF Az.o : 7 || . Since
the sort of Azx.v is [N for some N by Inversion (Lemma 12), we can assume
that 7 is not atomic. Because 7 :: [N, we have 7 = |0 for some 6 :: N. Then
we have - || a: 0 IF «: 0 and thus (Az.0 da) : (OIF ZV (a:6)).

Other cases are similar to the above. O

C.8 Completeness for Strong Normalisation (Theorem 2)

We first prove De-substitution Lemma for the {T, L }-free subsystem. Recall that
derivablity in the subsystem is written as O - v : 7 || Z.

Lemma 18 (De-substitution). Suppose that I' v :: P | A. Assume {T, L}-
free type environments @ :: I' and = :: A. Let x be a variable of sort P.

— IfO IV v/z]: o || £ and x has a free occurrence in v', then O,z : 7 I v :
o|| E and OlFv:7| E for some T :: P.

— IfO || e[v/x] : 0k = and x has a free occurrence in e, then O,z : 7 || e: 0 -
Eand ©OlFv:7| & for some T :: P.

— If (c[v/x]) : (B I+ ) and © has a free occurrence in ¢, then c: (O,z : 7k 2)
and O lFv: 7| Z for some T :: P.

1

The similar statements hold for substitution of co-terms.

Proof. The proof is basically the same as the proof of De-substitution Lemma
for the full system (Lemma 5). We prove the claim by induction on the structure
of the derivations.

We first prove the case in which v’ is a variable.

— v = T=o0.
Case v Let
— Case v' = y # x: This case never happens since = has a free occurrence.

We prove the other cases by induction on the structure of derivations. Since
v" is not a variable, the top-level structure of v'[v/x] is that of v'.

— Case (T-PABS): Then v/ = Ay.v” and o = [(¢/ — #'). We can assume
without loss of generality that y is not occur in v and we get O,y : o' I-
v"[v/x] : 40" || £. Note that x has a free occurrence in v”. By the induction
hypothesis, we have O,y : o’z : 710" : | || T and O,y : o' kv : 7| &
for some 7. Since y does not appear in v, the latter can be refined as O I+
v: 7| . By applying (T-PABS), we have O,z : 7IFv" : [(o/ = &) || £ as
desired.
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— Case (T-PMu): Then v' = pa.c and o0 = [0 and cv/z] : (O IF a : 6, 5).
We can assume without loss of generality that o does not appear in v. Note
that x has a free occurrence in c¢. By the induction hypothesis, there exists
0 such that ¢: @,z :7lFa:0,Z)and O IF v : 7 || a: 0, =, which can be
strengthened as © IF v : 7 || £ (since a does not occur in v). The former
judgement leads to @ I pa.c: 0] =.

— Case (T-PAPP): Then v/ =v"” <e and 0 = ¢’ + #'. We have O |- v"[v/z] :
o' || £ and O || e[v/x] : 8" I Z. There are four subcases:

e Both v and e has a free occurrence of x: Then, by the induction hy-
pothesis, there exist 71 and 75 such that
x* O,z lFv o | &,
x Olkv:im || &,
*x O,x:m | e: 0 IF =, and
* OlFv:in| =
Then we have O lFv: AT | £,0,2 : m AT IFV 0| =, and
O,x:11 AT e: 0 IFZ. Hence O, : 1y Az lFv’ e 0’ + 6 | Z.
e v has a free occurrence of x but e does not: Then, by the induction
hypothesis, one has
x Ox:7lFv" 0| 5, and
x OlFv:T| =
Since x does not appear in e, we have e[v/z] = e and thus O || e : 0" I+ =.
Because the weakening rule is admissible, ©,z : 7 || e : §' |+ =. Hence
O,x:7lFv'<qe:0' ¢ || EandOFv: 7| Z.
e ¢ has a free occurrence of 2 but v” does not: Similar to the above subcase.
e Neither v” nor e does not have a free occurrence of z: This never happens
since v” < e has a free occurrence by the assumption.

— Case (T-PCwMD): Similar to the above case.

— Case (T-PINT): Then 0 = 01 Ao and O IF v'[v/z] : 0y || Z fori € {1,2}.
By the induction hypothesis, O,z : 7; IF v/ : 0y || Eand O IF v : 7, | £
for some 7; for i € {1,2}. By the same argument as in the above case, we
have O,z : Ty Ak v i oy || ZEfori e {1,2} and O lFv: 7 AT || Z. By
(T-PINT), we have O,z : 1y AT IF v : 01 Aoa || =

— Case (P-SUB): Then O I+ v'[v/z] : ¢’ || £ for some ¢’ <p o. By the induction
hypothesis, @,z : 7 Ik v : ¢’ || £ and © IF v : 7 || £ for some 7. By the
subtyping rule, ©,z: 7lFv' 10 || 5.

The other cases are the dual of the above. O

We prove Theorem 2 by induction on the length of the longest reduction
sequence starting from the expression.

If the expression is in normal form, we use Lemma 7.

For reducible expressions, we prove the claim by induction on the struc-
ture of the derivation of the reduction relations. For example, consider a base
case ((Az.v1) 4 (va>e)) — {((vi[va/z]) 4 e). By the induction hypothesis,
((v1[v2/x]) 4 €) is typable in the {T, L }-free subsystem. Assume that ((vy[ve/x]) 4
e) : (@ IF =), and hence O I vi[va/z] : [0 || Z and O || e : 0 IF = for some 6.
There are two cases. If z occurs freely in vy, then one can prove De-substitution
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Lemma for the subsystem, which completes the proof for this case. If = does
not occur in vy, the naive adaptation of De-substitution Lemma does not work,
since the judgement obtained by the lemma is © - vy : Tp | =, which is not
derivable in the subsystem. However, in this case, ©,z : 7 I- vy : 0 || = for every
{T, L}-free type 7 (which refines the sort of ). By the induction hypothesis, one
has @' Ik vy : 7 || £/ in the {T, L}-free subsystem for some @', =’  and 7’. Then
we have @ ANO IF Axwy : (T = 0) || EVE and @' ANO || vepe: T = 0 IF ZVE,
and thus {(Az.v1) d (v2 > e)) is typable in the subsystem.

D Supplementary Materials for Section 4

D.1 Proof of Proposition 6

Lemma 19. Let t be an expression, V be a value and e be a co-term of M\ufi.
Then t°[@(V)/xz] = (t[V/x])V and t*[e?/a] = (tle/a])”.

Proof. By induction on the structure of ¢ ad
Now we have the following reduction sequences:
(V| fic)” = (19(V) 3 e
— (V) T px.c?)
— c'[@(V)/x]
= (c[V/x])".

(Az.vy |vz-€)” = ([(Awy) dpf(vy dpy.(f dy>e?)))
(Azvy T pf vy dpy.(f dy>e”)))

(vy d py.(Az.v] dy>e’))

(v§ 4 pr.(vy dev))

= (vz2 | fw-(v1 | €))".

—
—
—

D.2 Proof of Proposition 7

Lemma 20. Let t be an expression, v be a term and E be a co-value of Nufi.
Then t"[v™/x] = (t[v/x])™ and t"[¥(FE)/a] = (t[E/a])".

Proof. By induction on the structure of t. O
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Now we have the following reduction sequences.

(| pz.c)™ = (O™ T px.c™)
CYL[,UTL/x]
= (c[v/z])"™.

(uae | B)" = (uac” 7 10(E)
— (pac” JU(E))
— MW (B)/of

— (c[E/a)"

(Az.vy [ vg-€)" = ((Az.(Jo7)) 1% (v2 - €))
(Az.([o7) 4 !P(v2 e))
z.(Joy) vy >e”)

— (Jof' vy /z] de)
— (Vog /2] T e")

— (V5 T px o] T e™))
= {os | fir-(vn | &))"

3L

U1

They show that the translation preserves -equivalences.
The latter claim is proved by contraposition. Suppose that ¢ is not strongly
normalising. Then one has an infinite reduction sequence

t=tg—t; —tyg —> ---

We construct an infinite reduction sequence starting from ¢™.
The crucial observation is as follows. Let us write —» (resp. —,, — ;)
for reduction of A-redex (resp. p-redex, fi-redex). For every context C, if

t = Cl(Azvr [v2-e)] —n Cl{vz | az(vr [ €))] —i Cllvi[ve/a] | e)] = 1,
we write t —>y/ t'.

Lemma 21. Assume an infinite reduction sequence starting from t. Then there
exists an infinite reduction sequence

t=tg—t1 —to — -
such that either

— to —ruty orty —p, or
— tg —\ to.



Intersection and Union Type Assignment and Polarised Auji 45

Proof. We first note that every infinite sequence has infinite u or i reduction
(since reducing A-redex decreases the number of A in the expression). Let us
focus on the first such p or i reduction in the given infinite reduction sequence,
say t; — t;1+1. One can interchange the focused reduction with the previous A
reduction t;_1 —> t; in the following sense.

— If tic1 — 0\ t; —pu tit1, then ¢;_1 —pu t; —); Tit1-
—Ift,_ 1 —at; —i tit1 and t;_q 7L>)\, tiv1, then t;_{ —h tli —)’;\ tit1-
— If tio —\ tic1 —\ b —i ti+1 with tic1 — ti+1, then ti_o — )\
t; —)i tig1.
By applying this argument as much as required, we will have an infinite reduction
sequence starting from —,, —5 or — .

Formally we appeal to induction on the position of the first p or i reduction.
O

As a consequence of the previous lemma, we can assume without loss of gen-

erality that we have an infinite reduction sequence starting from ¢ with respect
cbn’

. bo! .
to (55) = (—pu) U (—a) U (— ). Since ug = uy implies uf —+ uf, we
obtain an infinite reduction sequence starting from .

E Supplementary Materials for Section 5

E.1 Proof of Lemma 8

The left-to-right direction is proved by induction on the structure of the deriva-
tion. Most cases are easily proved. For example, let us consider the case in which
the last is (CH-VL). Then we have © F*¥ V : v ; Z. By the induction hypoth-
esis, O F (V) :v | E. Hence O F [@(V) : [tv | = is required.

The only nontrivial case is (CH-CAPP). Suppose that © ™Y v : [\/,_, (1) |
Z and O | e: p FP =, By the induction hypothesis, we have

orv: L (\/(tw)| =
i€l
and
Oe’ k™ =
Then, for every j € I, one has
O,f : NctUwi = @)y vy | E O,f : Nictlvi = @) y:v;le’ 10| 5
O,f  NictU(vi =)y vjlyve’ iy =k 2

Because O, f : \;c;(J(vi = @),y :vi = f: L {v; — @) | E for every j € I by the
subtyping rule, one has

(ype’r f):(O,f: /\ (vi = @), y:viF 5)
i€l
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which implies

o, f: /\ (vi =) | py(y>e’ T f) v F =,
icl

Since this judgement is derivable for every j € I, we have

0,f: NUw; = o) | my-(yve’r f):\/(tv) F =

el i€l

Hence

(W duy(yse’r f)): (O, f: /\ v =) FE).

el
Thus
O | uf (" dpy(yee’ v £)) N\ =) - E.
el

The right-to-left direction is proved by induction on the structure of the
expression ¢ (where we regard that the subject V for a value judgement © PV
V :v; 5 is smaller than the same subject V for a term judgement © FPV V :
ol =).

Most rules are easily provable by using General Inversion Lemma (Lemma 14).
For example, we show that @ = V¥ : o | = implies © F*V V : o | 5. By def-
inition of V¥, we have © F pa{®(V)T a) : o | £. By Lemma 14, one has a
finite collection of types { l¢; }ier such that A;_;(lyi) = ¢ and, for every i € I,
(@(V)ra): (OF a: i, 5). By the same lemma, for every i € I, there exists v;
such that © | a:ty; Fa: ¢, Z and O F S(V) 1 v; | a: p;, =. The latter can be
strengthened to © - @(V) : v; | = since V has no free occurrence of a. Again, by
General Inversion (Lemma 14) and © | a: tv; F @ ¢;, =, one has Tv; = ; for
every i € I. By the induction hypothesis, © ¥ V : v; ; = for every i € I. Hence
O F Vo |y | Z for every i € I. Now we have © F™ Vo Ao, (I1w) | .
Since

Adtv) < AWe) < o
iel el

we obtain © FPV V : g | = as desired.
The most complex case is v-e. Suppose that © | (v-e)? : ¢ F =. By definition,

O uf (v dpy(f dyve)) ok E.

By General Inversion (Lemma 14), there is a finite collection of types { 1v; }icr
such that ¢ < \/,c;Tv and (v* J py.(f dy>e’)) : (O, f : v; = Z) for every
i € I. Again, by General Inversion (Lemma 14), for every i € I, there exists
@) such that ©,f : v, Fo¥ - o) | Eand O, f vy | py(f dyve’) : ) H =.
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The latter can be strengthened to © F v¥ : |} | = since v does not have a free
occurrence of f. Then, by the induction hypothesis, for every i € I,

@l—CbVU:up; | =.

Because O, f : v; | py.(f dy>e¥) : ¢, b =, by General Inversion (Lemma 14),
there exists a finite family { 1] ; };e, such that ¢ <V, ; 1/ ;and (f dy>e’) :
(O, f :vi,y:vi; F Z) forevery i € I and j € J;. Again, by General Inversion
(Lemma 14) for every i and j € J;, there exists 1; ; such that ©, f 1 v,y : v ; I
[l | Eand O,f 1 vy v | ype’ 14 ; B = By General Inversion
(Lemma 14) for the judgements, for every i € I and j € J;, we have

— v; 35, and
— there exists a family { v}, — ¢} ;. }rek, ; such that

L VkeK, (v /fjk —“P;,j k)
o@,f:yj,y:y Foy: V,jk|:foreveryk€K”,and
o@,f:l/j,yzl/’ | ev iy ;) 1= = for every k € K ;.

Since f nor y dose not have a free occurrence in e, we have @ | e” : <p;7j,k FE
for every i € I, j € J; and k € K ;. By the induction hypothesis,

|_cbv =

o
Ole: Pij,k
/. /
Let " := Vicq jes, kek,, Pije- Then
@ | e: <PH l_cbv =,

Slnce O.f vy v, by, | Zforevery k € K;j, we know that
j Z///

i for every k € K; ;. Recall that © FbY v 2 Ll | Z for every i € T and
cpl < VgeJi (Tyg’j). Hence

OF™ v L\ (1v,) ] =

J€J;

So by (CH-CAPP), for every i € I,

O v-e:t( N\ (), — ") ™ =

JEJ;
and thus
6 v-e: \/ (N (), — ")) F =.
el JjEJ;

It suffices to prove that ¢ < V/,c;(T(A\;cs, (H(vi; — ¢")))). We have

p = V1 = VN i) = VIO WV 0n = @)

i€l i€l jeJ; i€l jeJi; keK;;



48 Takeshi Tsukada and Koji Nakazawa

Recall that, for every ¢ € I, j € J; and k € K, ;, one has Vll = u ik and
@i ix = ¢". Hence

1 / ! 1
\/ (Vi,j,k - %‘,j,k) 2y e

keEK; ;
So we have
jv/r(/\i(\/(zgkg)@z,]k \/T /\~L 1]4)@ )
icl  jeJ; keK;; i€l jeJ;

E.2 Proof of Theorem 4

As discussed is Section 5, Soundness follows from Lemma 8 and Corollary 3.
Here we prove completeness.

We use [PV for judgements in the {T, 1 }-free subsystem for call-by-value
A
Definition 2 (Canonical Form). Auji-expressions in canonical form is de-
fined by the following grammar:

Vio=a| o
0=V | pa.c
Eu=(x|v-&) | (V]a)
éu=al|v-e| px.c

Lemma 22. A \uji-expression that is normal with respect to the call-by-value
reduction is in canonical form.

Proof. By induction on the structure of the expression. We show the claim for
commands. Other cases are easy.

Consider a command (v | e). Since it is in normal form, so are both v and e.
By the induction hypothesis, v = ¥ and e = é.

— Case ¥ = x:
e Subcase € = a: Then (¢ | &) = (x | ), which is in canonical form.
e Subcase é = ¢’ -¢&’: Then (0 | &) = (x| ¥’ - &’), which is in canonical form.
e Subcase é = [iy.¢: Then (v | €) = (x | fiy.¢) — &z /y], a contradiction.
— Case 0 = A\z.0":
e Subcase ¢ = a: Then (0 | €) = (A\x.0' | @), which is in canonical form.
e Subcase é = 9" -¢: Then (0] &) = (A\x.v' | 0" &) — (0" | px.(v' | &) ),
a contradiction.
e Subcase ¢ = fiy.¢: Then (0 | &) = (A\x.0' | iy.¢) — ¢[Ax.0'/y], a contra-
diction.
— Case 0 = pa.¢: Then (0| &) = (ua.¢ | €) — ¢[é/a], a contradiction.
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We show that every expression in normal form is typable.

Lemma 23. Every A\uji-expression in normal form with respect to call-by-value
reduction is typable in the {T, L}-free subsystem.

— For every V, there exist v, © and = such that © F™ V : vy =,
— For every v, there exist o, © and = such that © IF® ¢ : [y || Z.
— For every ¢, there exist © and = such that ¢ : (O -V =),

— For every ¢, there exist ¢, © and = such that O || é : p IFPv =.

—

Proof. By induction on the structure of the expression.

- OV, =

Case V = x: Then z: la IF® z: la | -.

Case V = Az.0: By the induction hypothesis, © -V ¢ : o || Z for some
O and E. We can assume without loss of generality that © = (6',x : v)
(otherwise, consider O,z : |a). We have O’ IF?Y \x.ol(v — ) ; 2.

- Oyl &

Case © = V: By the induction hypothesis, © IF*¥ V : v ; = for some ©
and Z. We have O IF® V. [1v | =.

Case ¥ = pa.é: By the induction hypothesis, & : (@ IFPY Z) for some ©
and 5. We can assume without loss of generality that = = (Z/,a : @)
(otherwise consider =, : t]a). Then O - pa.é: o || £

— ¢ (B1F 5)

Case ¢ = (z | ¥’ - &): By the induction hypothesis, ©; IFPV o' : |, || =1

and Oy || & : o IFPY Z, for some Oy, O, 1, @2, =1, and Zy. Since
@1 is {T, L}-free, it must be the case that ¢ = \/,.; i (up to the
equivalence induced by the subtyping relation). Then we have ©1 A Oy ||
7 & | Ay (L = 92))) IFPY 21V 55, Now

(@ |- ¢): (O1AO A (z: \(L(vi = 92))) IFPY 51V )

el

because O1 A Oz A (z 2 \;jc; (L vi = ©2))) IFebY g Nicr(Hvi = ©2)) 5

51\/52 and thus @1/\@2/\(1‘ : /\ie[(\l’(yi — QOQ))) ”—va xX \I’T(/\zel(\l/(yi — (pg))) ||
=1V Es.

Case ¢ = (V| a): By the induction hypothesis, @ IF* V : |o || Z.

Hence (V | a) : (O IFPY 2V (a: ).

—9||é:<p|l—°b"5 §
e Case ¢ = o: Similar to the case V = z.

Case ¢ = ¢’ - ¢: Similar to the argument in the case ¢ = (x | U - é).
Case é = [i.¢: Similar to the case ¥ = pa.c.
0

The {T, L }-free subsystem also enjoys De-substitution if the substituted vari-
able has a free occurrence.

Lemma 24. For substitution of values, we have the following (where we assume
that = is a term variable not appearing in ©).
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IfO I VI[V/z] : V' ; Z and V' has a free occurrence of x, there erists v
such that O,z :vIF»Y V' ./ Z and O IF*Y V. v 5.

IfO I o[V/x] : 0 || Z and v has a free occurrence of x, there exists v such
that O,z :vIF™ v:0|| Z and O IFY Vi v 5.

If c[V/x] : (O IF"Y Z) and ¢ has a free occurrence of x, there exists v such
that c: (O,x : v IFP Z) and O K™V Vv 5.

IfO | elV/x] : ¢ IFPY =, there exists v such that O,z : v || e : ¢ IFPY = and
OV v;E.

For substitution of co-terms, we have the following (where we assume that o is
a co-term variable not appearing in Z).

If O IF™ Vie/a] : v ; Z and V has a free occurrence of , there exists ¢
such that @ IF™ Vv, a:¢,Z and O || e: ¢ IFPV =,

IfOIF* vle/a] : o || £ and v has a free occurrence of a, there exists ¢ such
that O IF™ v o] a: ¢, Z and O || e: @ IFPY =,

If cle/a) : (O IF®Y Z) and ¢ has a free occurrence of «, there exists @ such
that c: (O1IF a: ¢, Z) and O || e: p IFPY =.

IfO | ele/a] : ¢ IF?Y Z and € has a free occurrence of v, there exists ¢
such that © || ' : @' IFPV Z and O || e : ¢ IFPY =.

Proof. By induction on the structure of derivations. We prove the claims for
substitution of values. The claims about Substitution of co-terms can be proved
similarly.

We first prove the case in which V' is a variable.

Case V! = x: Let v =1/,
Case V' = y # x: This contradicts to the assumption that z has a free
occurrence.

For other cases, we do case analysis on the last rule used in the derivation.

Case (CH-VABS): Then v/ = [(v" — ¢), V' = Ay.v’ (where y is a fresh
variable not appearing in V), and 6,y : v’ [F® v/ : [ || Z. By the induction
hypothesis, we have v such that O,y : v,z : v [F® o' : |y | £ and
O,y : V" IF™ V : v ; 5. The latter can be strengthened to © K"V V : v ; 5
since y is fresh. We have O,z : v IF®Y \y.o' : (V" — ) ; Z as desired.

— Case (CH-VL): Then ¢ = |12/ and O IF® V/[V/x] : v/ ; Z. By the in-

duction hypothesis, there exists v such that @,z : v IF? V'’ : 1/ ; 5 and
O I V i v ; 5. We obtain @,z : v IF® V' : |12/ || = from the former
judgement.

(CH-TMu): Then g = lp, v = pa.c (where « is a fresh variable not ap-
pearing in V), and c[V/z] : (6 IF® a : ¢, Z). By the induction hypothesis,
we have v such that c: (O,z: v IF™ a: ¢, Z) and O IFP Vv a:p, 5.
The latter can be strengthened to @ IF<PY V. v ;= since « is fresh. We have
O,z : vIFP pa.c: Lo || Z as desired.

(CH-CVAR): This contradicts to the assumption that z has a free occur-
rence.
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— (CH-CMu): Similar to the case (CH-TMuUv).
— (CH-CAPP): Then ¢ = N(V,c.;(L( = ¢))), e = v - €, O KV o
Vi () | =, and O || €'+ " 1PV =,
e When both v' and e’ have a free occurrence of z: By the induction
hypothesis, we have v; and v such that
* O, v IFPY 0 (Ve (V) || 2,
* QH_CbVVZl/l;E,
* O,z vy |l e IFPY 5 and
* OV 5.
Then O,x : vy Avg ||V - € 1(V
Vi ANvg =
e When v’ has a free occurrence of x but ¢ does not: By the induction
hypothesis, there exists v such that @,z : v IF* o' : [(\/,., (1)) || =
and O [F*V V ;v ; Z. Since €/[V/z] = €/, we have O,z : v || € : ¢ IFPY
Z.Hence O,z :v || v € : 1(V;e; (LW = ¢))) IFPY =,
e When ¢’ has a free occurrence of x but v does not: Similar to the above
subcase.
e When neither v' nor ¢’ does not have a free occurrence of x: This con-

tradicts to the assumption that = has a free occurrence in v’ - €’.
— (CH-COM): Similar to the above case.

ert(LW = ) P Z and © IF>Y V

O

We prove the completeness side of Theorem 4 by induction on the length of
the maximum reduction sequences.

If the expression is in normal form, then it is in a canonical form by Lemma 22
and typable in the {T, L}-free subsystem by Lemma 23.

Suppose that the expression is reducible. We use induction on the structure
of the derivation of the reduction relation. We prove the base cases. The other
cases are trivial.

— Case (ua.c | ) — c[e/a]: By the induction hypothesis, c[e/a] is typable in
the {T, L}-free subsystem. Suppose that clea] : (O IFPV Z).

Suppose that ¢ has a free occurrence of . Then by Lemma 24, there exists
¢ such that c¢: (O IF" a: ¢, Z) and O || e: ¢ IF®Y Z. Then O IF*Y pa.c:
1o || . Hence {pa.c|e) : (O IFPY =).

Suppose that ¢ does not have a free occurrence of a. Since {(ua.c | €) is
strongly normalising, so is e. If e —* ¢’ is the longest sequence from e,
then (ua.c | ) —* (ua.c | €¢’) — ¢ is a longer reduction sequence from
(pa.c |). By the induction hypothesis, e is typable in the subsystem, say
O | e: @l =/ Then c: (O IFP a : ¢, ) since « is not free in ¢, and
thus © IFPY pace: Lo || Z. Then we have (ua.c|e): (O NGO IFPY Z v Z7).

— Case (V| fix.c) — c[V/x]: Similar to the above case.

— Case (\z.w | v/ -e) — (V' | fjz.(v | €)) (where z is not free in e): By
the induction hypothesis, (v' | pz.(v | e)) is typable in the {T,L}-free
subsystem. Suppose that (v/ | az.(v | €)) : (@ IF®Y Z). Then O IFPV o' :
lo || Z and O || fiz.(v | €) : ¢ IF®Y Z. We appeal to the inversion of this
judgement described as follows:
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If © || .c : ¢ IFPY = there exists a finite family of types {1v; }ier

such that ¢ <\/,.; tw; and ¢ : (O, 2 : v; IFPY Z) for every i € I.
This claim can be proved by induction on the structure of the derivation,
similar to the proof of Lemma 14. By this claim, we have a finite family
of types {1v; }ier such that ¢ < \/;c;Tv; and (v | €) : (B2 : v; IF?Y Z).
Hence, for every i € I, there exists ¢} such that @,z : v; IFPY v @ ol ||
and O, : v; || e : ¢} IFPY =, which can be strengthened to O || e : ¢/, IFPY
since x is not free in e. Let ¢ = \/,.; ¢;. Then O, : v; IF® v : [ ||
for every i € I and

[ (1 1]

Ol e: " IFP =

From the former judgement, © IF"V \z.v : [(v; — ¢") ; Z for every i € I,
and thus 6 IF™ Az.v @ A, ., (L(vi = ¢”)) ; . So we have

O 1 Az M\ (L — @) | =

i€l

Since ¢ < \/;c; T and O IF*Y v/ : | || =, we have

O - o'+ L(\/ () | 2.

el

By (CH-CAPP), we obtain

Ol v e (AL = ")) I =,

il
So

Azw| v -e): (OIFPY 7).
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