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Abstract. The intersection type assignment system IT uses the for-
mulas of the negative fragment of the predicate calculus (LJ) as types
for the A-terms. However, the deductions of I'T only correspond to the
proper sub-set of the derivations of LJ, obtained by imposing a meta-
theoretic condition about the use of the conjunction of LJ. This paper
proposes a logical foundation for I'T. This is done by introducing a logic
IL. Intuitively, a derivation of IL is a set of derivations in LJ such that
the derivations in the set can be thought of as writable in parallel. This
way of looking at LJ, by means of IL, allows to transform the meta-
theoretic condition, mentioned above, into a purely structural property
of IL. The relation between IL and LJ surely has a first main benefit:
the strong normalization of LJ directly implies the same property on IL,
which translates in a very simple proof of the strong normalizability of
the A-terms typable with IT.

1 Introduction

The intersection type assignment system (IT) is a set of rules for assigning types
to terms of the untyped A-calculus. The types of IT are formulas of the predicate
logic, built from the two connectives “implication” (—) and “conjunction” (A).

IT was introduced in the early Eighty by Mariangiola Dezani and Mario
Coppo [6], in order to enhance the tipability power of the Curry type assignment
system. The system characterizes important properties of the A-terms, like the
normalization and the strong normalization. Indeed, it has be proved that IT
assigns types to all and only the strong normalizing terms [19]. Moreover, if the
set of types is extended to contain a “universal type” w, that can be given to all
the A-terms, then the normalizing terms are exactly those that can be given a
type free of occurrences of w [4].

Intersection types have been particularly useful in studying the semantics
of various kinds of A-calculi. This can be done by extending the system with
suitable sub-typing relations. In this way the type assignment is a finitary tool
to reason about the interpretation of the terms in the topological models of
A-calculus, like Scott domains, DI-domains, coherence spaces [1,4,7,10,14, 15,
22].



Unlike other type assignment systems (like Curry type assignment [8], or
the type assignment version of the IT order A-calculus [12,17]), IT has not been
designed starting from a logic, and up to now, the relationship between IL and
the implicational and conjunctive fragment of the predicate calculus (LJ) are far
from being clear. This was firstly pointed out by Hindley [13]. The problem is
the logical interpretation of the rule introducing the conjunction:

' M ' M
(M) —2 7 AT (1)
I'AM:oNT

If we reason according to the Curry-Howard isomorphism, which is the standard
relationship between logic and A-calculus, then we can observe that in the rule (1)
here above the A-term M denotes two proofs. In particular, (1) says that an
intersection type o A 7 can be built from the two components ¢ and 7 only
when they can be proved by two “isomorphic” proofs, according to a notion
of isomorphism that relates proofs encoded by the same A-term. Our point is
that the use of a A-term to express the isomorphism of two derivations is a meta-
theoretical restriction on the introduction of the conjunction, and for this reason
LJ is not the logic which IT is based on.

In this paper we establish a logical foundation for IT, and clarify the rela-
tionship between IT and LJ. More precisely, we define the new logic IL, such
that every of its deductions corresponds to a set of deductions in LJ, sharing
some structural properties. IL is the desired “bridge” between LJ and IT, since
a deduction in IT can be obtained as a partial decoration of a deduction in
IL. Moreover, IL has all the good properties we ask for a logic. In particular it
enjoys the strong normalization property, whose proof directly derives from the
analogous property of LJ [20]. Moreover, thanks to the relation between IL and
IT, we obtain for free that if a term is typable by an intersection type, then it
is also strongly normalizable. As a side result, a typed version of A-terms with
intersection type can be obtained through a full decoration of deductions in IL.
But this is subject of a forthcoming paper.

The literature presents other proof-theoretical investigations of the intersec-
tion type assignment. Barbanera and Alessi [2], refining a previous attempt of
Mints [18], proved that IT, equipped with both 5 and n-reduction, gives a com-
plete realizability semantics of the predicate logic with implication and “strong
conjunction”. This result has been further extended to other connectives in [3].

The first attempt to give a logical foundation to intersection types was by
Venneri [23]. She proposed an Hilbert style logic corresponding to a system
which assigns intersection types to the terms of Combinatory Logic. A further
extension with union types is in [9]. Our feeling is that the approach in [23,9] is
not suitable for the A-calculus.

Moreover, in [5] there is the proof that a typed version of IT can be ob-
tained, through the Curry-Howard isomorphism, from a logic, where formulas
are sequence of formulas of LJ. The untyped version of such a language is quite
similar to the language in [16], which has been defined to highlight the intrinsic
parallelism of the B-reduction. Other typed versions of IT have been defined by



Reynolds [21] and Wells [24], but they did not follow a logical approach, so are
unrelated with the topic of the present paper.

To conclude, we believe that our approach to a logical foundation of IT could
evolve by adopting the principles at the base of Ludics, the project initiated by
J.-Y. Girard to re-found logic [11].

The paper is organized as follows. In Section 2 and 3 the systems LJ and
IT are briefly recalled. In Section 4 the intersection logic IL is defined, and its
relation with LJ is stated. In Section 5 the strong normalization of IL is proved.
Section 6 contains the main theorem, which formalizes the relation between IL
and IT.

2 Intuitionistic Logic: Implicative and Conjunctive
Fragment

We start by recalling the natural deduction of the implicative and conjunctive
fragment of Intuitionistic Logic that, somewhat abusing the name, we call LJ.

Definition 1. i) The formulas of LJ belong to the language generated by the

grammar:
cu=al|(c—o0)|(cNo)

where a € V' (a denumerable set of constants). The formulas are denoted by
p,o, 7. We assume the associativity to the right for — and the one to the left
for A.

1) A context is a finite sequence o1,. .., 0., of formulas, denoted by I') A, pos-
sibly indezed.

iti) The natural deduction system LJ proves statements I' &1, ;5 o, where I' is a
context and o a formula. It consists of the following rules:

I'trpyo
Apj)———— Wpj)—
(As) ockpyo (W) Itkrro
I Ak '+ Ik
(X1s) , O, T, LJ P (AIps) LJ O LJT
Ir,0,AbFLyp I'tryjoNT
I'tryoNT ” I'FryoNT
(ABL ) )—— (ANEL))——7———
I'kryo Iyt
I ok I+ I+
(H ILJ)% (H ELJ) LJO—T LJ O
I'tryjo—r IS

The deductions of LJ are denoted by II,II1,.... Moreover, Il : I' Fp; o
means that II concludes, proving I'trj o.

Ezample 1. Let o denote the formula (a A ) A 7. Define the following three
deductions: )
( LJ)O' Frs (e ANB) Ay
obrLyaAn ﬂ
(o2 I—L‘] «

(NELs)

Iy : (AEL )
(ALJ)U Frs (aAB) Ay

Hll(/\EZJ) J}—L]’y




(ALs)

(0] I—L‘] (8]

Il : 1
2 (= 1es) Frsa— «
Then, I3 is:
HojaFLJOC HllO’FLL]"y
Vi
(—>ILJ)( =) oFLsaiNy
(AILg) Frs (@AB) Ay = (@A) I Frja—«

s ((@AB) Ay = (@ Ay) A (e — a)
Let us recall the strong normalization property of the deductions in LJ.

Definition 2. Let IT be a deduction of LJ.

i) A N-LJ-redex of II is a sequence of two rules, formed by an instance of
(AILg), followed by an instance of either (AE% ;) or (AE% ;);
1) A —-LJ-redex of II is a sequence of two rules, formed by an instance of
(— ILy), followed by an instance of (— ELy);
itt) IT is normal if it does not contain neither A-LJ-redexes nor —-LJ-redezes.

Lemma 1. Consider two derivations II : I' by o and II' : I'o 5 7. Call
S(II, ") the deductive structure obtained by replacing the conclusion of II for
every occurrence (Apy) derwing o b1y o, and such that o to left of 15 is free
in the conclusion of II'. Then, S(II,IT") : 'ty 7.

Definition 3. The rewriting relation ~»1; between derivations is defined as fol-

lows:
I, : I'tpyo1 I, :T'Fpjo

(/\ILJ) L LJ O] T LJ Or

- (AhEiJ) 0 FE?‘]UZIAUT ~rny s 'y os,
where s € (L, Ty.
Iy : 'ty o

(= Ipy) 22— I :TFpy7

— (= ELJ) I SFEEY:; ~rpg S(IIy, o) : 'tryo

I'Fryo

Theorem 1 (Prawitz). The rewriting relation ~p,; is strongly normalizing.

3 Intersection Types

We briefly recall the system of Intersection Types (IT), which works as a type
assignment system for the untyped A-calculus.

Definition 4. i) The set of types of IT coincides to the formulas of LJ.

it) An IT-context is a finite set of pairs {x1: 01,...,Tn : on} that assigns types
to A-variables so that i # j implies x; # ;. By abusing the notation, I" and
A denote IT-contexts.

wi) IT is a deductive system that derives judgments I' brp M : o where M is
a A-term, I' is an IT-context, and o is a type. IT consists of the following
rules:



rz:o€l’ 'ty M:o I'bipM:T

Aip)———mMm— A1)
(Arz) I'tra:o (Afrz) 't M:oNT
(/\EﬁT) 't M:oNT (AELp) 't M:oNT
't M:o 't M1
(—>I \FU{Z':U}}—[TM:T (—>E \F}—[TM:UHT 't N:o
I I
v 'tir daM:o—T1 v 'ty MN : 1

We keep using II, I, . . . to denote the deductions of IT. Moreover, the mean-
ing of II : I' =10 M : o is analogous to the one of Il : I' 5 0.

Ezample 2. Let o denote the type (a« A B) Ay and let IIy be the following
deduction:

(/\El )(AIT)x:UHTx:U (Arr)
(AElz) T g:obmrxz:aAP (AESy) My oFra:o
(AL17) 1T T:oFT T
T r:okbmrr:alAy

Frr dx.z: (@AB) Ay — (aAy)

(= Irr)

Let II5 be the following deduction:

A aFraa

Fir drx:a— «

(= Iir)

And finally let I1g be:

Iy b A s (e AB) Ay — (aAy) Ik Az a— «
Frr Az ((aAB)Ay = (aAy) A (a— a)

(ArT)

4 Intersection Logic

In this section we introduce Intersection Logic (IL), whose derivations correspond
to sets of derivations in LJ, sharing some similarity in the structure. The formulas
of IL are binary trees, whose leaves are labeled by formulas of LJ. The relation
between IL and LJ can be informally described as follows: a derivation IT of IL
groups a set, say LJ(IT), of derivations of LJ. Every derivation IT’ € LJ(IT) can
be obtained by taking the leaf of a given path in every tree of I1. In particular,
the elements of LJ(IT) share both the number of instances and the order of
application of the rules introducing and eliminating the connective —.
We need to introduce some preliminary notions.

Definition 5. i) A kit is a binary tree in the language generated by the fol-
lowing grammar: K := o | [K, K]. The leaves of any kit, which we call also
atoms, are formulas of LJ. The kits are denoted by H, K.

1) Two kits overlap if they are two trees with exactly the same structure, but
which may differ only on the name of their atoms; H ~ K denotes two
overlapping kits H and K. For example, o0 ~ T.



iti) Two overlapping kits map to a kit with only arrows as its leaves, by the
function ()T, defined as follows:

[o,7]" —o— 1

([Hy1, Ho], [K1, K3+ [[Hy, K1, [Ha, Ko] ']

H — K denotes the result of [H, KT, with H ~ K. Otherwise, H — K s
undefined.

iv) A path is a string built over the set {l,r}; p,q, possibly indexed, denote
paths, and € denotes the empty path. The subtree of a kit H at the path p is
inductively defined as follows:

H =H, [Hi,H)|"=H},  [H\, Ho]""=H}

Otherwise, oP is undefined.
A path p is defined in H if HP is defined, and it is terminal in H if HP is
an atom; the set of terminal paths of a kit H 1is denoted by Pr(H).
H[p := K] denotes the kit resulting from the replacement of K for HP in H.
v) Let s € {l,r}, and let ps be a path, defined in H. The pruning of H at path
ps, is defined as follows: H\P®* = H[p := HP?].
vi) = is the syntactical identity of both atoms, kits and paths.

By definition, we have:

Fact 1 1. Pr(H — K) = Pp(H) = Pr(K);
2. H\P - K\? = (H — K)\?;
3. If p and q are two different paths, then (H\P)\? = (H\?)\P.

The definition here below is about the deductive system t,;; on which we
shall define IL. The key feature of I, is that every of its judgments exclu-
sively contains overlapping kits. Intuitively, this invariance on the judgment form
formalizes that every derivation of k7, being introduced, stands for a set of
deductions of LJ, which share structural properties.

Definition 6 (Natural deduction t,;1). The natural deduction system Fprr,
that we call pre Intersection Logic, derives judgments I' =11, K, where I' is a
sequence of kits and K is a kit. It consists of the following rules:

I''H H Abrp K

Aprp)———— Xp11)
(Aprr) Hbp H (Xprz) [ H H,AFprn K
(W \ Hl,...,Hnl—ijH H¢2Hl (1§ZSH)
IL
P Hi,...,Hp,H Vo H
(Porr) I'tpin K se{l,r} pse Pr(K)
plL)

PP Fpr K\™

- IL)FH,,LH_J( b H (o Liz) [Hbp K
2 p

I'prin K 'ty H— K




I'tpin Klp =0 AT] (AEDL) I'tprn Klp =0 A7)
I'tprn Klp = 0] i I'bprn Klp = 1]

(AEpir)

Hl[p = [0—170-1”7 ) Hn[p = [Un7an]] }_PIL K[p = [0-7 TH
Hylp:=o01],.... Hulp := on] bpir K[p := 0 A T]

where, in rule (Pprr,), the notation I'\P* stands for the distribution of the pruning

to the components of I.

(Aprr)

The judgments of k-,;1, enjoy an invariant:
Lemma 2. If Hy,...,H, Fpr K, then H; ~ K (1 <i<mn).
Proof. By structural induction on the deduction of Hy,..., H, Fprp K.

In the following definition we introduce a “decoration” of all the systems
previously defined, inspired to the so called “Curry-Howard isomorphism”: every
deduction I is associated to a A-term to keep track of some structural properties
of II. Note that this decoration is not standard: the A-term associated to II is
untyped, and does not encode the whole structure of IT, but just the order of
the occurrences of the rules which introduce and eliminate —. Moreover, the
decoration is a partial function when applied to a derivation of LJ. Indeed, a
decoration of a proof whose last rule is (AILy) is defined only if the derivations
of its two premises are decorated by the same term.

Definition 7. Lett.€ {LJ,pIL}, and A, B, C, ... be meta-variables for denoting
either atoms or kits. Also, let A denote a sequence built over {A, B,C,...}.

i) Every II proving A . A can be decorated by a A-term Tyopa«y(IT), where
A* is a decoration of A, and, if A* = x1 : Ay, ..., 2, An, then dom(A*)

is the sequence x1,...,%,. The decoration of F, is denoted by I and is
inductively defined as:
o IT: (A)—— = (4])
( )AF*A ( /z:Aij:A
and Tp,(IT) = x;
I : AR A A* F>.<Jr Tdom(A*)(Hl) P A

where

o IT:(W,) (W'H

_— =
ABF, A Az B Tiomany (1) : A
A* s the decoration of A, x is fresh, and Tgopm(a+),2(I1) = Taom(a=)(I11);

HliA,AF*B
° H:(*) *)
A+, A— B
(_) I+) A*,:C c A F*Jr Tdom(A*),z(Hl) : B

A A Tgomiany o(I11) : A — B
and Tyom(a)(IT) = A2 Tgomax),o(I11);
I : A, A— B IIL: AR, A
A+, B
A TyomanyII) : A— B A" FF Typpan(Ilz) : A
A Taomasy (I Taomaxy (I12) : B
and Taom(ay(IT) = Taomay(I11) Taom(a=) (I12);

o IT:(— E,)

(— EY)



I Ky,...,Kybprin H
Ki\P%, .. K \P® b H\P®

(PJ}L> X1 :Kl,...,xn:Kn '_:IL Tzl,--.,zn(nﬂlH

P 1 Ki\PS, ... o 0 K \P® F;FIL Toy....w, (IT) - H\P*
and Ty, .. o, (1) =Ty, . 2, (II1);
II) : Hi[p := [o1,01]], ... Hu[p := [0n, on]] FpiL

o I1: (Aprr) Klp:=[o,7]] N
Hilp:=01], .., Hulp := 0] Fprz K[p := 0 A 7]

o []: (Pp]L)

x1: Hi[p :=[o1,01]], -y @ 2 Hy[p := [on, 0n]] F;‘IL
. Toponn (1) : Klp = [o:7]
pIL/ . R . o +
x1: Hi[p:=01], e, @n : Hy[p = 04 Forr

and Ty, ... x, () = Toy,.own (111);
o with

HliAFLJO' H25AFLJT

1= (L) AFpjoNT

let Hf_ s A* l_ZJ Tdom(A*)(Hl) : o and H2+ s A* l_ZJ Tdom(A*)(H2) LT
If Taom(a=y(IT1) = Taom(a=)(I12), then the decoration is:

A* |—LJ Tdom(A*)(Hl) e A* I—LJ Tdom(A*)(HQ) T

/\IJF\
( LJ’ A* by Tdom(A*)(H):U/\T

where Tdom(A*)(Hl) = Tdom(A*)(H)~
Otherwise, if Tyom(ax)(IT1) Z Taom(a=)(IT2), then Tyoma=)(IT) does not
exst.

I : Ak, A ATy (IT) : A

o IT: (o)—1 = (o™) < Taom(an)(Ih)
AF*B A* F*Jr Tdom(A*)(Hl) : B
and Tgom(a~y(IT) = Tyoma=y(I11), for all rules (o) not in the set: {(—
I*)a (4) E*)v (A*)v (W*)v (PPIL)a (/\I*)}
it) Let IT be a deduction in the system t.. Then, U(II) is the set:

{TaomeasyIT) | IT : Aty A, Tyoma=y(II) exists and A* is a decoration of A}

Notice that, by construction, M, N € U(II) implies M and N can differ each
other by renaming of both free and bound variables. We will call U (IT) the form
of II.

The next theorem shows that every derivation of -, corresponds to a set
of derivations in LJ with the same form.

Theorem 2 (From t,;;, to LJ). Let IT : Ki,...,K, Fpr, H. For all path
p terminal in H, it is II? : KY ... KP Fr; HP, and U(II?) is defined, and
U(Ir) =Uu(().

Proof. By induction on II.



We conclude this section by a definition that eliminates unnecessary differ-
entiations among the deductions of ;. In particular, it allows to consider the
deductions of -1, up to the order of applications of the rules, involving the ma-
nipulations of the kits. Equivalently, the definition here below introduces a set of
commuting equivalences. We could get rid of them, simply by introducing new
versions of the rules (/\E]lDIL), (AE}rr), (Mprr), working in parallel on disjoint
paths of the same kit. Our opinion is that such a solution would have obscured
the clarity of the logical system Fp;r.

Definition 8 (Intersection Logic). Intersection Logic, abbreviated as IL, is
the set "»1L | of all the deductions of Fprr, quotiented by the congruence ~,
defined as:

(AE: )F Forr Kp := o1 Aorllqg := 11 A Tr]
PIL) " P prr Klp == 0s][q := 71 A 7]

(AEprr) TI'Fprr Klp := 05][q := 74/]
(nEg ) FrpIt K}? = o Noullg =T AT
(/\E;IL) pIL [p = O'l/\O'r][q = TS/]
I'bprn Klp = o4][q == 7s/]
(Apiz) l;slf_pIL Klp := o1 Aov]lq := [m, 7r]
(AESrs) I\?” bpr Kp =01 Aov]lg =71 AT N

F\qs, Fprr Klp := 0s]lq := 71 A 7r)

(AE? )F Fore Klp := o1 A or]lq := [11, 77]]
PIL) P hprn Klp = 0s][q := 71 A 7y

F\qs/ Fprr K[p :=o4][qg := 7 A7y

(Alpri)

being s, s € {l,r}, and p,q two different paths.
An equivalence class in IL whose deductions prove Hy,...,H, Fprp K, is
denoted by Hy,...,.H, Fip K, orm: Hy,...,H, Frp, K.

Definition 8 also assures that the term decorating the conclusion of two de-
ductions of the same equivalence class of IL are the same:

Fact 2 7w : Hy,....,H, Fip K implies Ty, o, (II) = Ty, 2, (IT"), for every
I, II' e 7.

So, we can safely identify Ty, . », (7) and Ty, .. (IT), if IT € 7. Moreover, we
can extend our terminology to to say that U(IT) is the form of 7 as well.

Ezample 3. Let o denote the formula (aAB)Ay. Let also the following deductions
be given:

(Aprr)
[[0-7 017 OL] }_PIL [[07 U]v OL]
(\Eyi1) 53]l Fory [0 A oL, 0]
[[Uv 0]7 O‘] Fprr [[0@ ‘717 a]
[[0'7 U]7 Oé] FPIL [[Oé, ’)/]7 05]
[o,a] Fprr [a Ay, q]
FprL [0 — (@A), — of

(ABprr)

(AEyrr)
(Alprr)

I7 : (= Ipre)




As an exercise, verify that: i) IT; ~ Ilg, ii) if 7 is the equivalence class of
I;, then T, [r] = A\x.z, and iii) the deductions corresponding to IT; and Ty in
the system LJ, according to Theorem 2, are respectively: (II7)! = Iy, (II;)" =
Iy, (I110)¢ = II5, being IIy, Il and IT5 defined in Example 1.

i) The P-commuting conversions on the sequent calculus Fprr, are the following

II7 Fprr [0 — (@ A7y), a0 — ]
Fprr (0 = (@ Ay)) A (o — )

Ilg : (/\[pIL)

(APIL)
z [o.hal Forz [o:0La]
NEpr1) 50T, al Fyrz o A B, 0l

(AEpr) [lo,a],a] Fpir [[a A B,9], ]

[[07 017 a] }_PIL [[OL, 7]7 OL]

[07 a l_PIL [OL A 77 OL]

Fprr [0 = (@ A7), a — a]

Iy :Hprr [0 — (@ A7), — 0]
Fprz (0 — (@ AY)) A (o — )

I : (/\[pIL)

5 Strong Normalization

In this section we shall prove that IL is strongly normalizable. This property
follows from the strong normalizability of k-1, proved by reducing to the anal-
ogous property of LJ.

Definition 9. Let s € {l,r}.

rewriting rules:

Aort) TTH Py 1

)
i T\P,H\ oy HY (Apr) I\P,H\P prp H\P
F7H7H/7A|7PILK
oo T T AT, K
Fore) o 7P, BV, AN Fyrp KV
\ ) \ ) \ ) \ pIL \
(P ) F7H7H/7APpILK
(X IL) pIL F\p,H\p,H/\p,A\p l_pIL K\p
D F\p,Hl\p,H\p, A\P l_pIL K\p
L K L K
o) T K STV R
PN Ny K\ P T B R RV
I'HbFyip K FyHl_pILK
Rl T = ¢ (Por1) por i B v
(PpIL) pIL — ~p (*) pIL) \ ) \ pIL \

I'\? bprn (H — K)\?

(— )F}—Z,ILHHK 'y H
pIL T K

I\? Fprn K\”

T\ Fprr, (H = K)\?

(Pprr)

~>p



Iy H— K (Porn) L orn
I\P Fprn (H— K)\P P TNP Fprr HY?
I\P Fprn K\P

(Pprr)

(= Eprr)

Ity Klq := [0, 7]]

(/\IPIL)F\‘I Fprr K[g:= 0 AT]

Bt TN Fypre (Klg = o ATV F
FFI,]L K = |0, T
el AT L =l v
P TN Fyrr, (Rlg == 0 AT \P)\?

s I Fprn Klq:= 01 Aoy
W) = FF Kl = o]

P\ Fprrn (Klg == os])\P

(PPIL)

I'Fprn Klg:= 01 Noy

Port) P 2 R = o A o TV

I\P bprr (K := os])\P
Under the standard terminology, every sequence of rules to the left of ~ is
a P-redex, while that one to its right is a P-reduct.

it) A derivation free of occurrences of (Pprr) is P-normal.

1) We say that a class © of IL reduces to another class ©' of IL, under ~p,
and we write T ~p 7, if there are Il € © and II' € ' such that IT ~p II'.

(AEprr)

Remark that the fourth and sixth P-commuting conversions exploits Fact 1.

Lemma 3 (P-strong normalization). Every IT : I' b, H can be reduced to
a P-normal II' : I \-pr1, H, under any strategy.

Proof. Observe that the commuting conversions shift every occurrence of (Pyrr,)
upwards, which, eventually, gets erased.

Definition 10. Let s € {l,r} and II € 7.
i) A N-IL-redex of II is the sequence:

Ay Elp = [o101]l o Fofp = Lo, 00l] Fprs Klp = [ov.00]
(AESr) P Hilp:=o01],...,Hnlp:=on] Fprr K[p := 01 Aoy
pIL Hilp:=01],..., Hu[p := 0n] bprr Klp := 0]
it) A A-IL-rewriting step on IT is:
(AL IL)Hl[p = [o1,01]],..., Hn[p := [on,0n]] Fprr K[p := 01, 0.]]

(AEirr) P Hilp:=o01],...,Hnlp := on] bprr Klp := 01 A\ o] -
plL Hilp:=o01),...,Holp := o] bprr K[p := 0] A

\ Hilp:=lo1,01]]s ... Halp == [on, 0n]] Fprr K[p == [o1,0+]]

(PPIL/

(Hilp == o1, 1]\, ., (Hn[p := [on, o] )\P* Fprr K\P

where (H;[p = [04,0:]]))\P® = H;[p := 04], with 1 < i < n, and K\P* =
K(p:= o4l

1i) We say that a class m of IL reduces to another class «' of IL, under a N-IL-
rewriting step, and we write ™ ~>5 7, if there are II € w and II' € @' such
that II ~» IT'.



Lemma 4. Consider IT : I' Fpr, H and II' : I'VH by, K. Call S(IT,IT') the
deductive structure, obtained by replacing the conclusion of Il for every occur-
rence (Aprr) deriving H bFprr, H, and such that H to the left of Fprr, is free in
II'. Then, S(II,II") : I' tpr1, K.

Proof. By structural induction on the deduction of I', H Fprr K.

Definition 11. Let II € 7.
i) A —-IL-redex of IT is the sequence:

(o Ly Ll i K
(- ) PILT L H— K 'ty H
Pl TPz K
ii) A —-IL-rewriting step on II is:
o : I H Forr K
(L) TE CHS K LTy H

(— Eprr)

—

I'FoL K
S(Hl,HQ)ZFFK .

iii) We say that a class w of IL reduces to another class ©' of IL, under a —-
IL-rewriting step, and we write @ ~_, 7, if there are II € © and II' € 7’
such that IT ~_, IT'.

Definition 12. A deduction of IL is normal if it is free of (P), A, and —-IL-
redezes.

Definition 13. ~» is the smallest contexrtual, reflexive and transitive closure of

~p U~y U~
Lemma 5. ~» is strongly normalizing.

Proof. The proof proceeds by exploiting the embedding of IL into LJ, which
allows to show the number of both the —-IL-redexes and the A-IL-redexes, of
any derivation I of IL, can be bound by the number of the analogous redexes of
any projection of IT into LJ. The existence of the P-commuting conversions in
~», which are strongly normalizable, is completely transparent to the embedding.

Theorem 3. IL is strongly normalizable.

Proof. From Definition 13 and Lemma 5.

6 Intersection Types and Intersection Logic

In this section, we trace the relationship between I and the intersection type
system IT. On one side, every deduction « : I' ;7 H corresponds to a set of
type assignments. Every of such type assignments gives a type to the form of 7,
which, we recall, is a A-term. The type is one of the leaves of H. On the other
side, every type assignment {z1 : 01,...,2, : 0} FA M : o corresponds to a
deduction 7 : 01,...,x : 0, b1, o such that M is the form of .



Lemma 6. 7 : Hy,...,H, b K implies {x1 : HY,..,xp : HP} Fp Tyy o, ()
K?, for every p € Pr(K).

Proof. The proof is reduced to proving the statement: “II : Hy,..., H, Fprr K
implies {@1 : HY, ..,z : HE} bp Ty o, (IT) : KP, for every p € Pr(K), and
II € 7 by induction on II. Then, the final statement is a corollary of Fact 2.

In order to study the opposite direction of the correspondence between
and A, we need an auxiliary lemma.

Lemma 7. Let assume the notations:
Al = Hl,. . .,Hn, AQ = H{, . "H':N A= [Hl,H{], ey [Hn,H;l] .

Take any I : Ay Fprp K, and IIy @ Ay Fprr Ko such that Tdom(A’l")(Hl) =
Taom(az)(II2), for every decoration A}, A3, such that dom(A7) = dom(A3).
There is I : A bprr, [Ki, Ka] such that Tyom(a<y(IT) = Taom(ar)(I11), whenever
dom(A*) = dom(A).

Proof. The proof can proceed by structural induction on IT;. As an example, we
show the details about an instance of one of the more interesting cases.
Let:
A1, K Fprn KY
Ar bprn K — KY

be the last rule of IT;. For any decorations A7 and A3, such that dom(A7}) =
dom(A3), the assumption Tyom(ax)(IT1) = Tyom(ay)(Il2), assures that the last
rules of II5 can only be an instance of (— I,r1), followed by a, possibly empty, se-
quence Ry, ..., Ry, of rules, each belonging to {(Pprr.), (Alprr), (AEprr), (Xprr),
(Wprr)}, and such that they apply to the paths p1,...,py, of the conclusion of
II5. Assume:

(= Ip1L)

 As Ky by KY
(= Iprn)— ; -
AQ FpIL K2 — K2

be the last (— I,7r) instance of ITy, where Ay = IA{{,,}AI,’L Tanks to the
a-equivalence on the A-terms, we can always end up with decorations such
that dom(Aj,z : K{) = dom(Aj,x : Kj), for some suitable z. So, by in-

duction, there exists a deduction IT : A, [K{,Kj] Fprr [KY, K5], such that
A=[Hy,H]],...,[Hn, H!], and whose decoration is

Taom(a® a:ic) (1) = Taom(as a:xy) ().
Now, we can firstly extend IT to IT by a (— »IL), as follows:

II: A K{, K5 F [KY, K3

II:(— I)—
(=D Abpi K — K, K} — KY)

By Definition 7, it must be /\:L'.Tdom(A**,m:K{)(H) = AvTyom(ar k) (I11). To
conclude, it is enough to apply Ry, ..., Ry, to the paths rpy, ..., py, of II.
The other case, which requires some work to be proved, has (— Eprz.) as last
rule of I1;.
All the remaining cases, instead, exploit the induction in the simplest way.



Lemma 8. IT : {21 : 01,...,Zp : On} Fan M o 7 implies w : 01,...,00 b1 T
such that M = T, . ., (7).

Proof. The proof is by induction on I7. Here we limit to sketch only the not
obvious case. Assume to prove IT : {z1 : 01,...,2n : On} FA M : 0 A 7 from
the assumptions {1 : 01,...,Zp : op} Fa M 2o and {x1 : 01,...,2n 1 On} Fa
M : 7. By induction, we get both o1,...,0, Frp 0 and o1,...,0, Frp 7. Then,
Lemma 7 implies [01,01],...,[0n,0n] FiL [0,7], to which we can apply (Alrr)
to conclude.

Definition 14. A judgment K1, ..., K, F;r H is proper if, and only if, H and
every K; is an atom.

We are finally in the position to relate IL and IT:

Theorem 4. 7 : o01,...,0, by 7 if, and only if, x1 : o1,...,2n : op Fa
Toy.w,(7) 7, for every w:o1,...,0n b1, T proper.

Proof. Directly from Lemma 6 and Lemma 8.

Ezample 4. Let m be the equivalence class which IIs (or IT;p) in Example 3
belongs to. The corresponding deduction of -, is Ilg of Example 2.

The correspondence between IL and IT allows to derive for free the property
of strong normalization of the A-terms, typable in IT, with respect to the -
reduction. This property has been first proved in [19].

Theorem 5. Let I'=n M : 0. Then, M is strongly normalizable.

Proof. The proof proceeds in two steps. Firstly, we embed the derivation of
'+ M : o into LJ, getting a derivation I1. Secondly, we assume the existence
of a redex of M not present in the normal form of II, getting a contradiction.
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