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ABSTRACT. We propose a new bi-intuitionistic type theory called Dualized Type The-
ory (DTT). It is a simple type theory with perfect intuitionistic duality, and corresponds
to a single-sided polarized sequent calculus. We prove DTT strongly normalizing, and
prove type preservation. DTT is based on a new propositional bi-intuitionistic logic called
Dualized Intuitionistic Logic (DIL) that builds on Pinto and Uustalu’s logic L. DIL is a
simplification of L by removing several admissible inference rules while maintaining consis-
tency and completeness. Furthermore, DIL is defined using a dualized syntax by labeling
formulas and logical connectives with polarities thus reducing the number of inference rules
needed to define the logic. We give a direct proof of consistency, but prove completeness
by reduction to L.

1. INTRODUCTION

The verification of software often requires the mixture of finite and infinite data types. The
former are used to define tree-based structures while the latter are used to define infinite
stream-based structures. An example of a tree-based structure is a list or an AVL tree.
Infinite stream-based structures can be used to verify properties of a software system over
time or to verify liveness properties of the system; see the introduction to [I8] for a great
discussion of the use of co-induction to study software systems. An example of an infinite
stream-based structure is an infinitely branching tree, or an infinite list.

Finite tree-based structures can be modeled by inductive data types while infinite
stream-based structures can be modeled by coinductive data types. Thus, tool support
for reasoning about the behavior of a software system must provide both inductive data
types as well as coinductive data types, and allow for their mixture. However, there are
problems with existing systems that do provide both inductive and coinductive data types.
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For example, Agda restricts how inductive and coinductive types can be nested (see the
discussion in [1]), while Coq supports general mixed inductive and coinductive data, but in
doing so, sacrifices type preservation. Therefore, what is the proper logical foundation to
study the relationships between inductive and coinductive data types? By studying such a
foundation we may determine in what ways inductive and coinductive data can be mixed
without sacrificing expressivity or key meta-theoretic properties.

One fairly obvious relationship between inductive and coinductive data types is that
they are duals to each other. We believe that the proper foundation for studying inductive
and coinductive types must be able to express this symmetry while maintaining construc-
tivity. It turns out that a constructive logical foundation may lie in an already known
constructive logic known as bi-intuitionistic logic.

Bi-intuitionistic logic (BINT)[ is a conservative extension [8] of intuitionistic logic with
prefect duality. That is, every logical connective in the logic has a dual. For example, BINT
contains conjunction and disjunction, their units true and false, but also implication and
its dual called co-implication (also known as subtraction, difference, or exclusion).

Co-implication is fairly unknown in computer science, but an intuition of its meaning
can be seen in its interpretation into Kripke models. In [29] 30] Rauszer gives a conserva-
tive extension of the Kripke semantics for intuitionistic logic that models all of the logical
connectives of BINT by introducing a new logical connective for co-implication. The usual
interpretation of implication in a Kripke model is as follows:

[A — B]y =V w <w — [A]w — [Blw
Rauszer took the dual of the previous interpretation to obtain the following;:
[A— B]yw = 3w <wA=[A]w A [Blw
The previous interpretation shows that implication considers future worlds, while
co-implication considers past worlds.

We consider BINT logic to be the closest extension of intuitionistic logic to classical
logic while maintaining constructivity. BINT has two forms of negation, one defined as

usual, A =l —_1, and a second defined in terms of co-implication, ~A €T _ A The
latter we call “non-A”. Now in BINT it is possible to prove AV ~A for any A [7]. In
fact, the latter, in a type theoretic setting, corresponds to the type of a constructive control
operator [§].

BINT is a conservative extension of intuitionistic logic, and hence maintains construc-
tivity, but contains a rich notion of symmetry between the logical connectives. Thus, any
extension of a BINT logic must preserve this symmetry, and hence, if we add inductive data
types, then we must also add co-inductive data types. However, all of this is premised on
the ability to define a BINT type theory.

The contributions of this paper are a new formulation of Pinto and Uustalu’s BINT
labeled sequent calculus L called Dualized Intuitionistic Logic (DIL) and a corresponding
type theory called Dualized Type Theory (DTT). DIL is a single-sided polarized formulation
of Pinto and Uustalu’s L, thus, DIL is a propositional bi-intuitionistic logic, and builds on
L by removing the following rules (see Section [3] for a complete definition of L):

We only consider propositional logic in this paper. Note that first-order BINT is non-conservative over
first-order intuitionistic logic [30} [I5], but we believe that second-order BINT is conservative over second-
order intuitionistic logic, but we leave this to future work.
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We show that in the absence of the previous rules DIL still maintains consistency (Theo-
rem [£.12)) and completeness (Theorem [£.43). Furthermore, DIL is defined using a dualized
syntax that reduces the number of inference rules needed to define the logic.

Since DIL has multiple conclusions, and the active formula is on the right, DIL must
have a means of switching out the active formula with another conclusion. This is done in
DIL using cuts on hypotheses. We call these types of cuts “axiom cuts.” These axiom cuts
show up in non-trivial proofs like the proof of the axiom AV ~A for any A [7]. Furthermore,
when the latter is treated as a type in DTT, the inhabitant is a continuation without a
canonical form, because the inhabitant contains as a subexpression an axiom cut. Thus,
the presence of these continuations prevents the canonicity result for a type theory — like
DTT — from holding. Thus, if general cut elimination was a theorem of DIL, then AV ~A
would not be provable. So DIL must contain cuts that cannot be eliminated. This implies
that DIL does not enjoy general cut elimination, but all cuts other than axiom cuts can
be eliminated. Throughout the sequel we define “cut elimination” as the elimination of all
cuts other than axiom cuts, and we call DIL “cut free” with respect to this definition of cut
elimination. The latter point is similar to Wadler’s dual calculus [36].

The general form of a DIL sequent is G;T' + p A @ n where I' is a context, multiset of
hypotheses of the form p’ B@n’, p is a polarity that can be either + or —, and n is a node
of the abstract Kripke graph G which is a list of edges. Think of GG as a list of constraints
on the accessibility relation in the Kripke semantics. The negative hypotheses in I' are
alternate conclusions. In fact, if we denote by I'? the subcontext of I' consisting of all the
hypotheses with polarity p, then we can translate a DIL sequent, G;I' - p A @ n, into the
more traditional form, where if p = +, then the sequent is equivalent to G;I'" - + A@Qn,T'~,
but if p = —, then the sequent is equivalent to G;I'",—AQn - T'".

The polarities provide two main properties of DIL and DTT. The first, which is more
fundamental than the second, is the ability to single out an active formula providing a
single-conclusion perspective of a multi-conclusion logic. This is important if we want to
obtain a type theory in the traditional form: a single term on the right. The second main
property is they provide a means of significantly reducing the number of inference rules that
define the logic. Above we saw that in G;I"' - + A @ n we think of A as being on the right,
but in G;I'  — A @ n we think of A as being on the left, and thus, if we index the logical
operators of DIL with polarities, for example in A A, B, we can collapse the left and right
rules into a single rule. For example, A Ay B is conjunction, but A A_ B is disjunction, and
the right-rule for conjunction mirrors the left-rule for disjunction, but we move from the
right to the left, but in DIL this is just a change in polarity. The right-rule for conjunction
and the left-rule for disjunction can thus be given by the single rule:

Gi;'FpA@n G;'pB@n
G;T'Fp(ANn, B)@Qn

AND
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A summary of our contributions is as follows:

A new formulation of Pinto and Uustalu’s BINT labeled sequent calculus L called Dualized
Intuitionistic Logic (DIL),

e a corresponding simple type theory called Dualized Type Theory (DTT),

a computer-checked proof — in Agda — of consistency for DIL with respect to Rauszer’s
Kripke semantics for BINT logic,

a completeness proof for DIL by reduction to Pinto and Uustalu’s L, and

the basic metatheory for DTT: type preservation and strong normalization for DTT. We
show the latter using a version of Krivine’s classical realizability by translating DIL into
a classical logic.

The rest of this paper is organized as follows. We first discuss related work in Section 2
Then we introduce Pinto and Uustalu’s L calculus in Section Bl and then DIL in Section Ml
We present the consistency proof for DIL in Section F.I and then show DIL is complete
(with only axiom cuts) in Section Following DIL we introduce DTT in Section [B and
its metatheory in Section[Gl All of the mathematical content of this paper was typeset with
the help of Ott [33].

2. RELATED WORK

The main motivation for studying BINT is to use it to study the mixture of inductive and
co-inductive data types, but from a constructive perspective. However, a natural question
to ask is can classical logic be used? There has been a lot of work done since Griffin’s
seminal paper [14] showing that the type of Peirce’s law corresponds to a control operator,
and thus, providing a means of defining a program from any classical proof; for example see
[27, 31, 9, B6]. Kimura and Tatsuta extend Wadler’s Dual Calculus (DC) with inductive
and coinductive data types in [19]. The Dual Calculus was invented by Wadler [36], and is
a multi-conclusion classical simple type theory based in sequent calculus instead of natural
deduction. DC only contains the logical operators conjunction, disjunction, and negation.
Then he defines the other operators in terms of these. Thus, co-implication is defined, and
not taken as a primitive operator. Kimura and Tatsuta carry out a very similar program to
what we are proposing here. They add inductive and co-inductive types to DC, show that
the rich symmetry of classical logic extends to inductive and co-inductive types, and finally
shows how to embed this extension into the second-order extension of DC. The starkest
difference between their work, and the ultimate goals of our program is that we wish to be
as constructive as possible. We choose to do this, because we ultimately wish to extend
our work to dependent types, which we conjecture will be a goal more easily reached in a
constructive setting versus a classical setting. Extending control operators to dependent
types is currently an open problem; for example, general Y-types cannot be mixed with
control operators [16].

As we mentioned above BINT logic is fairly unknown in computer science. Crolard
introduced a logic and corresponding type theory called subtractive logic, and showed it
can be used to study constructive coroutines in [7},[8]. He initially defined subtractive logic in
sequent style with the Dragalin restriction, and then defined the corresponding type theory
in natural deduction style by imposing a restriction on Parigot’s Au-calculus in the form of
complex dependency tracking. Just as linear logicians have found — for example in [32] —
Pinto and Uustalu were able to show that imposing the Dragalin restriction in subtractive
logic results in a failure of cut elimination [28]. They recover cut elimination by proposing a
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new BINT logic called L that lifts the Dragalin restriction by labeling formulas and sequents
with nodes and graphs respectively; this labeling corresponds to placing constraints on
the sequents where the graphs can be seen as abstract Kripke models. Goré et al. also
proposed a new BINT logic that enjoys cut elimination using nested sequents; however it is
currently unclear how to define a type theory with nested sequents [13]. Bilinear logic in its
intuitionistic form is a linear version of BINT and has been studied by Lambek in [21] 22].
Biasi and Aschieri propose a term assignment to polarized bi-intuitionistic logic in [6]. One
can view the polarities of their logic as an internalization of the polarities of the logic we
propose in this article. Bellin has studied BINT similar to that of Biasi and Aschieri from a
philosophical perspective in [2] [3, 4], and he defined a linear version of Crolard’s subtractive
logic, for which he was able to construct a categorical model using linear categories in [5].

DIL sequents are labeled with an abstract Kripke graph that is defined as a multiset of
edges between abstract nodes — labels denoted n. Then all formulas in a sequent are labeled
with a node from the graph, and the inference rules of DIL are restricted using conditions
on the graph and the nodes on formulas that are based on the interpretation of formulas
into the Kripke semantics. This idea in BINT logic comes from Pinto and Uustalu’s L [28],
but their work was inspired by Negri’s work on contraction and cut-free modal logics [25].

A system related to both L and DIL is Reed and Pfenning’s labeled intuitionistic logic
with a restricted notion of control operators. Their logic can also be seen as a restriction of
classical logic by labeling the formulas with strings of nodes representing a directed path in
the Kripke semantics. That is, a formula is of the form A[p] where p is a string of nodes where
if p =mnqing---n;_1n; then we can intuitively think of p as a path in the Kripke semantics,
and hence, p represents the path Rnq (Rng (--- (Rn;—1n;)---)), where R is the accessibility
relation. One very interesting aspect of their natural deduction formulation — which has a
term assignment — is that it contains the terms throw and catch, which are used to allow for
multiple conclusions. These give the logic some control like operators intuitionisticly. We
conjecture that the propositional fragment of Reed and Pfenning’s system should be able
to be embedded into DIL fairly straightforwardly. In fact, throw and catch correspond to
our axiom cuts mentioned in Section [£.2] which allows DIL to switch between the multiple
conclusions. Both L and DIL have a more general labeling than Reed and Pfenning’s system,
because theirs only speaks about a single path, and future worlds along that path, but L
and DIL allow one to talk about multiple different paths, and consider both future and past
worlds.

Similarly, to L, DIL, DTT, and Reed and Pfenning’s logic Murphy et al. use a labeling
system that annotates formulas with worlds, and use world constraints to restrict the logic
[24]. They even use the same syntax as DIL and DTT, that is, their formulas are denoted
by AQuw, which stands for A is true at the world w. It would be interesting to see if their
work provides a means of extending DIL and DTT to BINT modal logic.

An alternative approach to Pinto and Uustalu’s L was given by Galmiche and Méry [11].
They give a labeled sequent calculus for BINT and a counter-model construction similar
to L, but they use a different method for constructing the labeled sequent calculus called
connection-based validity. Their system uses a different notion of graph called R-graphs
that annotate sequents, but these graphs are far more complex than the abstract Kripke
graphs of DIL and L. Méry et al. later implement an interactive theorem prover for their
system [23].
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(formulas) A,B,C == T| L|ADB|A<B|AANB|AVB
(graphs) G == |(n,n)|G,G

(contexts) A == |n: AT

(sequents) Q == ThkgA

Figure 1: Syntax of L.

3. PINTO AND UUSTALU’S L

In this section we briefly introduce Pinto and Uustalu’s L from [28]. The syntax for formulas,
graphs, and contexts of L are defined in Figure [Il, while the inference rules are defined in
Figure 2l The formulas include true and false denoted T and L respectively, implication
and co-implication denoted A D B and A < B respectively, and finally, conjunction and
disjunction denoted A A B and A V B respectively. So we can see that for every logical
connective its dual is a logical connective of the logic. This is what we meant by BINT
containing perfect intuitionistic duality in the introduction. Sequents have the form I' Fg A,
where I" and A are multisets of formulas n : A labeled by a node n, G is the abstract Kripke
model or sometimes referred to as simply the graph of the sequent, and n is a node in G.

A graph is a multiset of directed edges where each edge is a pair of nodes. One should
view these edges as constraints on the accessibility relation in the Kripke semantics; see the
interpretation of graphs in Definition 4.7 and the definition validity for L in Definition E.411
We denote (n1,n2) € G by nyGng. Furthermore, we denote the union of two graphs G' and
G’ as GUG'. Now each formula present in a sequent is labeled with a node in the graph.
This labeling is denoted n : A and should be read as the formula A is true at the node n.
We denote the operation of constructing the list of nodes in a graph or context by |G| and
|| respectively. The reader should note that it is possible for some nodes in the sequent to
not appear in the graph. For example, the sequent n : A . n : A, - is a derivable sequent.
The complete graph can always be recovered if needed by using the graph structural rules
REFL, TRANS, MONL, and MONR.

Consistency of L is stated in [28] without a detailed proof, but is proven complete with
respect to Rauszer’s Kripke semantics using a counter model construction. In Section M
we give a translation of the formulas of L into the formulas of DIL (Section .2.1]) and a
translation in the inverse direction (Section[£.2.2]), which are both used to show completeness
of DIL in Section

4. DuaLizep INTUITIONISTIC LOGIC (DIL)

The syntax for polarities, formulas, and graphs of DIL are defined in Figure B where a
ranges over atomic formulas. The following definition shows that DIL’s formulas are simply
polarized versions of L’s formulas.

Definition 4.1. The following defines a translation of formulas of L to formulas of DIL:
D(T) = (+) D(AAB) = D(A)A;:D(B) D(AD>B) = D(A) —4 D(B)
D(L) = (=) D(AVv B) = D(A)A_D(B) D(B<A) = D(A)—_D(B)

We represent graphs as lists of edges denoted n; <, n2, where we denote an edge
from m; to no by n; <y mno, and we denote the edge from no to ny by n; <_ no. Lastly,
contexts denoted I' are represented as lists of formulas. Throughout the sequel we denote
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Figure 2: Inference Rules for L.

(polarities) p = +|—
(formulas) A,B,C == al|(p)|A—, B|AN, B
(graphs) G == -|n <, |GG
(contexts) I == -[pd@n|,TV
(sequents) Q = GT'FpA@n

Figure 3: Syntax for DIL.

the opposite of a polarity p by p. This is defined by + = — and — = +. The inference rules
for DIL are in Figure [l
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cuT
Gi;'FpA@n
Figure 4: Inference Rules for DIL.
REL_AX — REL_REFL
G,n 5, 0,G'Fn x5 0 GEn <3 n
Gl—nﬁ}n’ Gl—n’<;n” Gl—n’<;§n
p REL_TRANS ~—1T——-— REL_FLIP
GEn <xj n” GkEn<xpn

Figure 5: Reachability Judgment for DIL.

The sequent has the form G;T' F p A @ n, which when p is positive (resp. negative) can
be read as the formula A is true (resp. false) at node n in the context I" with respect to the
graph G. Note that the metavariable d in the premise of the ANDBAR rule ranges over the
set {1,2} and prevents the need for two rules. The inference rules depend on a reachability
judgment that provides a means of proving when a node is reachable from another within
some graph G. This judgment is defined in Figure In addition, the iMP rule depends
on the operations |G| and |I'| that simply compute the list of all the nodes in G and T
respectively. The condition n’ ¢ |G|, |I'| in the IMP rule is required for consistency.

The most interesting inference rules of DIL are the rules for implication and
co-implication from Figure Ml Let us consider these two rules in detail. These rules mimic
the definitions of the interpretation of implication and co-implication in a Kripke model.
The IMP rule states that the formula p (A —, B) holds at node n if p A @ n/ holds at an
arbitrary node n’ where we add a new edge n =<, n’ to the graph, then p B @ n’ holds.
Notice that when p is positive n’ will be a future node, but when p is negative n’ will be
a past node. Thus, universally quantifying over past and future worlds is modeled here
by adding edges to the graph. Now the IMPBAR rule states the formula p (A —; B) is
derivable if there exists a node n’ that is provably reachable from n, p A is derivable at
node n/, and p B @ n' is derivable at node n’. When p is positive n’ will be a past node,
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but when p is negative n’ will be a future node. This is exactly dual to implication. Thus,
existence of past and future worlds is modeled by the reachability judgment.

Before moving on to proving consistency and completeness of DIL we first show that
the formula A A_ ~ A has a proof in DIL that contains a cut that cannot be eliminated.
This also serves as an example of a derivation in DIL. Consider the following where we leave
off the reachability derivations for clarity and IV = — (AA_ ~A)@Qn,— A Q n:

—_—  AX —————— UNIT
G;,IN'T"F—-A@n G, I+ (+)@n
GII'F+~AQn
Vi ANDBAR Vi A
G, I"F+(AA_~A)Q@n GI')I'"'+—(AA_~A)@n

IMPBAR

X

GT, (Ar_~A)Qnr-t+AQn et
ANDBAR
GT,—(AN_~A)@nEt+(AA_~A)@n
Now using only an axiom cut we may conclude the following derivation:
AX

GT,—(AN_~A)QnF+(AA_~A)Qn G, —(AN_~A)@Qnk —(AN_~A)Qn
GTH4+ (AN ~A)@Qn
The reader should take notice to the fact that all cuts within the previous two derivations are
axiom cuts — see the introduction to Section for the definition of axiom cuts — where the
inner most cut uses the hypothesis of the outer cut. Therefore, neither can be eliminated.

cuT

4.1. Consistency of DIL. In this section we prove consistency of DIL with respect to
Rauszer’s Kripke semantics for BINT logic. All of the results in this section have been
formalized in the Agda proof assistant]. We begin by first defining a Kripke frame.

Definition 4.2. A Kripke frame is a pair (W, R) of a set of worlds W, and a preorder R
on W.

Then we extend the notion of a Kripke frame to include an evaluation for atomic
formulas resulting in a Kripke model.

Definition 4.3. A Kripke model is a tuple (W, R, V'), such that, (W, R) is a Kripke frame,
and V is a binary monotone relation on W and the set of atomic formulas of DIL.

Now we can interpret formulas in a Kripke model as follows:

Definition 4.4. The interpretation of the formulas of DIL in a Kripke model (W, R, V) is
defined by recursion on the structure of the formula as follows:

i} (AN Bl = [AluA[Bl
%Efiﬁ“’ = AN Ble — [Al.V Bl
v [A—y Bly = vu'e W-Rww — [Al — [Bla

ol = Vwa 4" Bl, = 3w e W.Rw wA-[ALy A [Blu

The interpretation of formulas really highlights the fact that implication is dual to
co-implication. Monotonicity holds for this interpretation.

Lemma 4.5 (Monotonicity). Suppose (W, R, V') is a Kripke model, A is some DIL formula,
and w,w’ € W. Then Rww' and [A] imply [A]w -

2Agda source code is available at https://github.com/heades/DIL-consistency
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At this point we must set up the mathematical machinery that allows for the interpre-
tation of sequents in a Kripke model. This will require the interpretation of graphs, and
hence, nodes. We interpret nodes as worlds in the model using a function we call a node
interpreter.

Definition 4.6. Suppose (W, R, V) is a Kripke model and S is a set of nodes of an abstract
Kripke model G. Then a node interpreter on S is a function from S to W.

Now using the node interpreter we can interpret edges as statements about the reacha-
bility relation in the model. Thus, the interpretation of a graph is just the conjunction of
the interpretation of its edges.

Definition 4.7. Suppose (W, R, V) is a Kripke model, G is an abstract Kripke model, and
N is a node interpreter on the set of nodes of G. Then the interpretation of G in the Kripke
model is defined by recursion on the structure of the graph as follows:

[1~ = T
[[711 <4 ng,G]]N = R(N 711) (N 712) AN [[G]]N
[[711 <_ ng,G]]N = R(Nng) (an)/\[[G]]N
The reachability judgment of DIL provides a means to prove that two particular nodes

are reachable in the abstract Kripke graph, but this proof is really just a syntactic proof of
transitivity. The following lemma makes this precise.

Lemma 4.8 (Reachability Interpretation). Suppose (W, R, V') is a Kripke model, and [G] N
for some abstract Kripke graph G. Then

i if GFm <4 ng, then R(N ny) (N ng), and

il. if GFm <_ ng, then R(N ny) (N mq).

We have everything we need to interpret abstract Kripke models. The final ingredient
to the interpretation of sequents is the interpretation of contexts.

Definition 4.9. If F' is some meta-logical formula, we define p F' as follows:
+F=F and —F=-F.

Definition 4.10. Suppose (W, R, V) is a Kripke model, T" is a context, and N is a node
interpreter on the set of nodes in I'. The interpretation of I' in the Kripke model is defined
by recursion on the structure of the context as follows:

[ =T
[[p AQ nvr]]N = p[[A]](Nn) N [[F]]N

Combining these interpretations results in the following definition of validity.

Definition 4.11. Suppose (W, R,V) is a Kripke model, I" is a context, and NN is a node
interpreter on the set of nodes in I'. The interpretation of sequents is defined as follows:

[GiTFpA@n]y = if [G]n and [[]y, then p[A](np)-

Then a sequent G;I" - p A @ n is valid when [G;T' F p A @ n] 5 holds for any N and in any
Kripke model.

Notice that in the definition of validity the graph G is interpreted as a set of constraints
imposed on the set of Kripke models, thus reinforcing the fact that the graphs on sequents
really are abstract Kripke models. Finally, using the previous definition of validity we can
prove consistency.
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Theorem 4.12 (Consistency). Suppose G;I' = p A @Q n. Then for any Kripke model
(W, R,V) and node interpreter N on |G|, [G;T F p AQn]y.

4.2. Completeness of DIL. DIL has a tight correspondence with Pinto and Uustalu’s L.
In [2§] it is shown that L is complete with respect to Kripke models using a counter-model
construction; see Corollary 1 on p. 13 of ibid. We will exploit their completeness result
to show that DIL is complete. First, we will give a pair of translations: one from L to
DIL (Definition [4.29]), and one from DIL to L (Definition d.32]). Using these translations
we will show that if a L-Sequentﬁ is derivable, then its translation to DIL is also derivable
(LemmalL.3T]), and vice versa (Lemma[4.37T). Next we will relate validity of DIL with validity
of L, and show that if a DIL-sequent is valid with respect to the semantics of DIL, then its
translation to L is valid with respect to the semantics of L (Lemma [A.42]). Finally, we can
use the previous result to show completeness of DIL (Theorem [£.43]).

Throughout this section we assume without loss of generality that all L-sequents have
non-empty right-hand sides. That is, for every L-sequent, I' Fo A, we assume that A # -
We do not loose generality because it is possible to prove that I" k¢ - holds if and only if
I'tg n:L for any node n (proof omitted).

We proved DIL consistent when DIL contained the general cut rule, but we prove DIL
complete when the cut rule has been replaced with the following two inference rules, which
can be seen as restricted instances of the cut rule:

pB@n' € (I',pAQn) G;I''pAQnFpBQ@n/

GiTFpA@n AxCuT

pB@n € (I,pAQ@n) GI,pAQntpB@n’

GTrpAan AXCUTBAR

4.2.1. A L to DIL Translation. In this section we show that every derivable L-sequent
can be translated into a derivable DIL-sequent. Before giving the translation we will first
show several admissibility results for DIL of inference rules that are similar to the ones we
mentioned in Section @l These two rules are required for the crucial left-to-right lemma.
This lemma depends on the following admissible rule:

Lemma 4.13 (Weakening). If G;T' - po BQn is derivable, then G;T',py AQny - ps BQny
1s derivable.

Proof. This holds by straightforward induction on the assumed typing derivation. ]

Note that we will use admissible rules as if they are inference rules of the logic through-
out the sequel.

Lemma 4.14 (Left-to-Right). If G;I'1,p A@Qn,T's - p’ B@n' is derivable, then
sois G;I'1, Iy, p’ B@Qn'FpAQn.
Proof. Suppose G;T'1,p A@Qn,T'y - p’ B@Qn/ is derivable and I's =3 I';, p A @ n,T'y. Then
we derive G;T'1,T'9,p’ BQn/ - p AQ n as follows:
G;TsF-p Ba@n
p'B@n’ € (I's,p’ B@Qn") G;T'3,p’B@n'p'B@n
G;I',T2,p’ BQn' FpAQn

> WEAKENING
AxCur

3We will call a sequent in L a L-sequent and a sequent in DIL a DIL-sequent.
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Thus, we obtain our result. L]

We mentioned in the introduction that DIL avoids having to have rules like the mono-
tonicity rules and other similar rules from L. To be able to translate every derivable sequent
of L to DIL, we must show admissibility of those rules in DIL. The first of these admissible
rules are the rules for reflexivity and transitivity.

Lemma 4.15 (Reflexivity). If G,m <, m;I' - p AQn is derivable, then so is G;T"
pAQmn.

Proof. This holds by a straightforward induction on the form of the assumed derivation.[ ]

Lemma 4.16 (Transitivity). If G,n1 <y n3;I'F p AQn is derivable, ny <,y np € G and
ng <pr n3 € G, then G;I' = p AQn is derivable.

Proof. This holds by a straightforward induction on the form of the assumed derivation.[]

There is not a trivial correspondence between conjunction in DIL and conjunction in L,
because of the use of polarities in DIL. Hence, we must show that L’s left rule for conjunction
is indeed admissible in DIL.

Lemma 4.17 (AndL). If G;I',p AQnt p BQn is derivable, then G;I' - p (AN B)@n
1s derivable.

Proof. This proof holds by directly deriving G;I' F p (AAp B)@n in DIL. For the complete
proof see Appendix U]

L has several structural rules. The following lemmata show that all of these are admis-
sible in DIL.

Lemma 4.18 (Exchange). If G;T'+ p AQn is derivable and 7 is a permutation of T', then
G;nI'+pAQn is derivable.

Proof. This holds by a straightforward induction on the form of the assumed derivation.[ ]
Note that we often leave the application of exchange implicit for readability.

Lemma 4.19 (Contraction). If G;T',p AQn,p AQn,I"+ p’ BQn/, then G;T,p AQn, T -
p'BQn/ .

Proof. This holds by a straightforward induction on the form of the assumed derivation.[ ]

Monotonicity is taken as a primitive in L, but we have decided to leave monotonicity as
an admissible rule in DIL. To show that it is admissible in DIL we need to be able to move
nodes forward in the abstract Kripke graph. This is necessary to be able to satisfy the graph
constraints in the rules IMP and IMPBAR when proving general monotonicity (Lemma [Z.25]).
The next result is just weakening for the reachability judgment.

Lemma 4.20 (Graph Weakening). If G+ n <

» N2, then G, ng <p/ ng b ng KX ne.

~p

Proof. This holds by a straightforward induction on the form of the assumed derivation. []
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The function raise is an operation on abstract Kripke graphs that takes in two nodes n;
and ng, where ny is reachable from ny, and then moves all the edges in an abstract Kripke
graph forward to mg. This essentially performs monotonicity on the given edges. It will
be used to show that nodes in the context of a DIL-sequent can be moved forward using
monotonicity resulting in a lemma called raising the lower bound logically (Lemma [24]).

Definition 4.21. We define the function raise on abstract graphs as follows:
raise (ny, na, ) =

raise (ng, ng, (m1 <p m,G)) = mng <X, m,raise (ny, ng, G)
raise (n1, ng, (m <p nl,G)) = m <p ng,raise(ni, ng, G)
raise (n1, n2, (m <, m',G)) = m <, m/, raise (n1, ng, G), where m # n; and m’ # n;.
raise (n1, ng, (m <3 m',G)) = m <p m/,raise (n1, ng, G), where m # n; and m’ # n;.

Lemma 4.22 (Raising the Lower Bound). If G+ ng <y m and G,G1 = m \p, m’, then
G, raise (n1,ng, G1) = m <y m'.

Proof. This proof holds by induction on the form of G,G1 F m \]*3, m’. For the full proof
see Appendix [A.2] ]

Lemma 4.23 (Graph Node Containment). If G F ny 4; ny and ny and ny are unique,

then ny, ng € |G|.

Proof. This holds by straightforward induction on the form of G+ n; <}, na. L]
Finally, we arrive to raising the lower bound logically and general monotonicity. The

latter depending on the former. These are the last of the admissibility results before showing
that all translations of derivable L-sequents are derivable in DIL.

Lemma 4.24 (Raising the Lower Bound Logically). If G,G1,G";T'+pAQ@Qn and G,G'
n < ng, then G,raise (n1,n2,G1),G';TFpAQn,.

Proof. This proof holds by induction on the form of G,G1,G’;T + p A @ n. For the full
proof see Appendix [A.3 O]

Lemma 4.25 (General Monotonicity). If G+ ni <3 ng, ..., GEng <5 0, GEm <)
m', and G;p1 A1 Qny, ...,p; A; Qn; = p BQm, then G;p1 A1Qnf, ..., p;A;Qnl - pBQm'.

Proof. This proof holds by induction on the form of G;p1 A1 @Qny, ..., p; A; Qn; = p BQm.
For the full proof see Appendix [A.4]l O

The following are corollaries of general monotonicity. The latter two corollaries show
that the monotonicity rules of L are admissible in DIL.

Corollary 4.26 (Monotonicity). Suppose G = ny <, na. Then

i ifGiT,pAQ@m, I+ p'BQ@Qn/, then G;T,p AQny, I" - p' BQn/, and

il. if GGT'FpAQmny, then G;T'Fp AQ ny.
Corollary 4.27 (MonoL). If G;T',p AQn;,p AQny, IV - p’ BQn' is derivable and ny <,
ny € G, then G;T,p AQny, IV F p' BQn' is derivable.

Proof. This result easily follows by part one of Corollary [£.26] and contraction (Lemmal[Z.19]).
L]
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Corollary 4.28 (MonoR). If G;T,pA@Qn;,I" - pAQny and my <, n2 € G, then
G;T,T" - p AQ ny is derivable.

Proof. Suppose G;T',p A @ n, I - pA@ny and n; <, np € G. Then by part one of

monotonicity (Corollary 28] we know G;T',p A Q ny, IV F p A @Q ny. Finally, we know by
the axiom cut rule that G;T', TV F p A Q ny. O

We now have everything we need to prove that every derivable sequent of L. can be
translated to a derivable sequent in DIL. The following definition defines the translation
from L into DIL.

Definition 4.29. The following defines a translation of formulas of L to formulas of DIL:

D(T) = (+) D(AAB) = D(A)A,DB) D(ADB) = D(4)—, D(B)
D(L) = (-) D(AVB) = D(AA_D(B) D(B=<A) = D(4)—_D(B)

Next we extend the previous definition to contexts:

D(-)? - .
D(n:AT)Y = pD(4)@n,DI)?

The following defines the translation of graphs:

D(") - .
D((n17n2)7G) = m <+ n27D(G)
The translation of a L-sequent is a DIL-sequent that requires a particular formula as the
active formula. The following defines such a translation:

An activation of a L-sequent I' Fg A is a DIL-sequent
D(G);D(I")",D(A1,A2)” F +D(A) @n, where A = Ay, n: A, As.

The previous definition implies the following result:
Lemma 4.30 (Reachability). If niGng, then D(G) - n1 <% no.

The following result shows that every derivable L-sequent can be translated into a
derivable DIL-sequent. We do this by considering an arbitrary activation of the L-sequent,
and then show that this arbitrary activation is derivable in DIL, but if it so happens that
this is not the correct activation, then we can always get the correct one by using the
left-to-right lemma (Lemma F.I4)) to switch out the active formula.

Lemma 4.31 (Containment of L in DIL). If D(G);I” F + A @ n is an activation of the
derivable L-sequent T' ¢ A, then D(G);T" + + A Q n is derivable.

Proof. This proof holds by induction on the form of the sequent I' F¢ A. For the full proof
see Appendix O]
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4.2.2. A DIL to L Translation. This section is similar to the previous one, but we give a
translation of DIL-sequents to L-sequents. We first have the definition of the translation
from DIL to L.

Definition 4.32. The following defines a translation of formulas of DIL to formulas of L:

L((+)) = T  LAALB) = LAALB) LA—.B) = LA)>L®B)
L((=)) = L  LAA_B) = LA)VLB) LB—-_A) = L) <L(B)

Next we extend the previous definition to positive and negative contexts:

L+A4A@n,T)" = n:L(A),LDT)*"
L(—4@n,I)" = L)
L(—A4@n, )™ = n:L(A),LT)”
L+A@n, ')~ = LI~

The following defines the translation of graphs:

L(n1 <4 HQ,G) = (nl,ng),L(G)
L(n2 <_ nl,G) = (nl,ng),L(G)

Finally, the following defines the translation of DIL sequents:

L(G:TE+AQ@n) = L))" Fygn: A LT)"
L(G:TH—-A@n) = L) ,n:Abyg LT)”

Next we have a few admissible rules that are needed to complete the proof of containment
of DIL in L.

Lemma 4.33 (Left and Right Weakening in L).
WEAKL: IfT',n: AFqg A, thenT,n: A, n: Btg A.
WEAKR: IfTkFgn: A A, thenT Fgn:An: B,A.

Proof. Both parts of this result hold by straightforward induction on the assumed derivation.

[

Lemma 4.34 (Left and Right Contraction in L).
CONTRL: IfFl, n:ATy,n:ATskg A, then'1,n: AT, I's kg A.
CONTRR: IfP Fa Ar,n: A, Ao,n: A Ag, thenT'Fg A1, Ao, n: A, Ag.

Proof. Both parts of this result hold by straightforward induction on the assumed derivation.

[

Lemma 4.35 (Reachability Weakening in DIL). For any ni,ny € |n <, n,G|,|I| if
Grkm < mpand G;T'Fp AQn, then G,m <, ny; T -pA@Qn.

Proof. By straightforward induction on the form of G;I'Fp A @ n. L]
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Finally, the next two results show that every derivable DIL-sequent can be translated
into a derivable L-sequent. One interesting aspect of these results is that DIL inference
rules where the active formula is positive correspond to the right-inference rules of L, and
when the active formula is negative correspond to left-inference rules of L. In addition, the
use of axiom cuts in DIL correspond to uses of contraction in L.

Lemma 4.36. Suppose G;I' - p AQn is a derivable DIL-sequent such that for any ny, ny €
In <p n,GLITlif GEm <3, no, then m <y m2 € G. Then by using the definition of
the translation of DIL-sequents we have that L(G;T'F p A @ n) is a derivable L-sequent.

Proof. This proof holds by induction on the assumed derivation. For the full proof see

Appendix [A.6 L]

Lemma 4.37 (Containment of DIL in L). Suppose G;T' b p AQn is a derivable DIL-sequent.
Then there exists an abstract Kripke graph G', such that, L(G';T Fp A@n).

Proof. Suppose G;I' = p A @ n is a derivable DIL-sequent. Then by repeatedly applying
Reachability Weakening in DIL (Lemma [A.35]), which can only be applied a finite number
of times before reaching a fixed point, we will obtain a derivation G”;T" - p A @ n satisfying
the condition:

for any ny,me € |n <p n, G"|,|T], if G" Fm <y M2, then my < mp € G"
Choose G' = G”. Then we obtain our result by applying Lemma .36l to G';T' - p A Qn.[]

4.2.3. Completeness. We now use the previous translations as a means to exploit the com-
pleteness result of L. The following definition and lemma relate the two translations that
will be needed by our main results of this section.

Definition 4.38. We say two abstract Kripke graphs, G; and Gs, are isomorphic iff for
any n1 <p m2 € G, m <p m2 € Ga or npg <p n € G, and for any n; <, no € Go,
ny Xp N2 € G1 or ny <p M1 € Gi.

Lemma 4.39 (L and D Relationships).

i. For any abstract Kripke graph G, D(L(G ) somorphzc to G.
ii. For any abstract Kripke graph, L( (@) =
iii. For any DIL-formula A, D(L(A4)) = A.

1

iv. For any L-formula A, L(D(A)) = A.

e e

Proof. Part i and ii follow directly by induction on G, and part iii and iv follow directly by
induction on A. []

It is straightforward to extend the previous result to contexts in both DIL and L.

The interpretation of L-formulas into a Kripke model is identical to the interpretation
of DIL-formulas. Thus, we use the same syntax to denote the interpretation of an L-formula.
In fact, we have the following straightforward result.

Lemma 4.40. Suppose (W, R, V) is a Kripke model and N is a node interpreter. Then the
following hold:

L [A) vy iff [L(A)]N -
ii. [G]w iff for any mL(G)na, R(N ny1) (N ng).
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iii. [T]n #ff for any n: L(A) € L(T)*,[L(A)]Nn, and for any n: L(A) € L(T')™,
LA -
We recall the definition of validity in L due to Pinto and Uustalu [28].

Definition 4.41 (Counter Models and L-validity (p. 6, Definition 1, [28])). A Kripke model
(W, R, V) and node interpreter N is a counter-model to a L-sequent " Fg A, if
i. for any n1Gna, R (N ny) (N ng);
ii. for any n: A €T, [A]nn; and
ili. for any n: B € A, ~[B]nn-
The L-sequent is L-valid if it has no counter-models.

The following lemma relates validity of DIL to validity of L, and is the key to proving
completeness of DIL.

Lemma 4.42 (DIL-validity is L-validity). Suppose [G;T" + p AQn]y holds for some Kripke
model (W, R,V) and node interpreter N on |G|. Then by using the translation of DIL-
sequents from Definition[{.2.9 we have that L(G;T'F p A @ n) is L-valid.

Proof. This result holds essentially by definition. For the full proof see Appendix [A7 [

Finally, we have completeness of DIL by connecting all of the results of this section.

Theorem 4.43 (Completeness). Suppose (W, R,V) is a Kripke model and N is a node
interpreter. If [G;T'F p AQ n]y holds, then G;T' = p A@Q n is derivable.

Proof. Suppose (W, R,V) is a Kripke model and N is a node interpreter. Furthermore,
suppose [G;T' F p A @Q n]y holds. Let p = +. By Lemma we know L(T")* FLe)
n : L(A),L(I")” is valid, and by completeness of L (Corollary 1, p. 13, [28]) we know
L(T)* Fre) n - L(A),L(T")~ is derivable. By containment of L in DIL (Lemma E3T]) we
know that the activation D(L(G));D(L(T)")*,D(L(T")")~ + +D(L(A)) @ n is derivable.
Finally, by Lemma we can see that the former sequent is equivalent to G;I'-p A Q n,

and thus, we obtain our result. The case when p = — is similar, but before using Lemmal[4.39]
one must first use the left-to-right admissible rule (Lemma [4.14]). O

5. DuALIZED TYPE THEORY (DTT)

In this section we give DIL a term assignment yielding Dualized Type Theory (DTT). First,
we introduce DTT, and give several examples illustrating how to program in DTT. Then
we present the metatheory of DTT.

The syntax for DTT is defined in Figure [0l Polarities, types, and graphs are all the
same as they were in DIL. Contexts differ only by the addition of labeling each hypothesis
with a variable. Terms, denoted ¢, consist of introduction forms, together with cut terms
va.t-tH. We denote variables as Z, Y, Z, .... The term triv is the introduction form for
units, (¢,t') is the introduction form for pairs, similarly the terms in;y ¢ and ing ¢ introduce
disjunctions, Az.t introduces implication, and (¢, ¢') introduces co-implication. The type-
assignment rules are defined in Figure [[, and result from a simple term assignment to the
rules for DIL. Finally, the reduction rules for DTT are defined in Figure 8 The reduction

4In classical type theories the symbol p usually denotes cut, but we have reserved that symbol — indexed
by a polarity — to be used with inductive (positive polarity) and coinductive (negative polarity) types in
future work.
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(indices) d == 1|2
(polarities) p u= +|—
(types) A, B,C == (p)|A—p,B|AN, B
(terms) t u= z|triv|(t,¢)|ing t| Azt ]| (¢, t)
(canonical terms) ¢ == z|triv|(t,t)) |ingt | Azt ]| (¢, )
(graphs) G == -In =, n|GE
(contexts) ' == -|z:pdQn |, IV
Figure 6: Syntax for DTT.
GFn < n' N
X
GI'z:pAQ@n,"kFz:pAQn/ G;Tktriv:p(p)Qn

G I'Ft:pAQn GI'Ft:pBQn

GTF (h,t):p(AA, B)@n AND

G I'Ht:pAg;Qn

ANDB
G;T'Fingt:p (A1 Np A2)Qn NDBAR

n' & |G| ||
(G,n gp n);Tz:pAQn'Ft:pBQn/
GiI'FXzt:p(A—, B)@n

ImpP

Gkn <30
GTFt:pAQn GT'Fth:pBaQ@n/

ImPBA
GiTF (Lt p(A oy B)Qn MPBAR

Gl',x:pAQnkt;:+BQn’
G,z :pAQnkty: —BQn/

Cur
GThtvaxtiet:pAQn

Figure 7: Type-Assignment Rules for DTT.

rules should be considered rewrite rules that can be applied anywhere within a term

congruence rules are omitted.)

. (The

Programming in DTT is not functional programming as usual, so we now give several
illustrative examples. The reader familiar with type theories based on sequent calculi will
find the following very familiar. The encodings are similar to that of Curien and Herbelin’s
Apfi-caleulus [9]. The locus of computation is the cut term, so naturally, function application

is modeled using cuts. Suppose
Dy =% GTFM.t:4+ (A= B)@n
Dy =% G+t :4+4aQn
I =df P y:.—Ban

Then we can construct the following typing derivation:
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RI
vz ATt (b, ) ~ vzt /x]t e b Me
RIMPBAR - RAND1
vzt o) s NT.t ~> v z.lg o [ty /2]t vz.(ty,te)sing t ~> vzt ot
- RAND2 - RANDBARI1
vzt te)singt ~ vz.dy et vzingte(t,t) ~ vzt
z & FV ()
- RANDBAR2 ——— RRET

vzingts (ty,tp) ~ vz.tety Vx.tex ~t

B L

vz.(vzdyety) et~ vzft/z]ty o [t/x]t RBETA
RBETAR

vz.co(Vxdyoty) ~ vze/x]ty o e/t

Figure 8: Reduction Rules for DTT.

AX

Do G;F'}—y:—B@n
D, GT'F{t',y):—(A—=, B)@n
G;TFvydz.t-{t' y):+B@n
Implication was indeed eliminated, yielding the conclusion.

There is some intuition one can use while thinking about this style of programming
that is based on the encoding of classical logic — Parigot’s Au-calculus — into the m-calculus.
See for example [35, [I7]. We can think of positive variables as input ports, and negative
variables as output ports. Clearly, these notions are dual. Then a cut of the form v z.t « ¢
can be intuitively understood as a device capable of routing information. We think of this
term as first running the term ¢, and then plugging its value into the continuation ¢’. Thus,
negative terms are continuations. Now consider the instance of the previous term v z.t « y
where ¢ is a positive term and y is a negative variable (an output port). This can be
intuitively understood as after running ¢, route its value through the output port y. Now
consider the instance v z.t « z. This term can be understood as after running the term ¢,
route its value through the output port z, but then capture this value as the return value.
Thus, the cut term reroutes output ports into the actual return value of the cut.

There is one additional bit of intuition we can use when thinking about programming in
DTT. We can think of cuts of the form vz.(Azy - - - Azj.t)«(t1, (ta,- - (t;, z) - - - ) as an abstract
machine, where Az - - - Az;.t is the functional part of the machine, and (¢, (ta, - (t;,2) -+ )
is the stack of inputs the abstract machine will apply the function to ultimately routing
the final result of the application through z, but rerouting this into the return value. This
intuition is not new, but was first observed by Curien and Herbelin in [9]; see also [10].

Similarly to the eliminator for implication we can define the eliminator for disjunction
in the form of the usual case analysis. Suppose G;I'F ¢ : +(AA_B)Qn, G;T,z: + AQn +
th:4+CQn,and G;I',z : + BQnt & : + C@Qn are all admissible. Then we can derive the
usual eliminator for disjunction. Define case tof z.ty, z.ty =% v 2. (v 21.(v 2.t « (21, 2)) *
(va.tgs2)) s (va.ty«2). Then we have the following result.

IMPBAR

cuT
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Lemma 5.1. The following rule is derivable:
GTz:pAQnkt:pCQn
Gz :pBQnkit:pCQn Gi'Ft:p(AN; B)@Qn
G;T'Fcasetof z.t1, 2.t : pCQn

Proof. A full derivation in DTT can be found in Appendix [B.1l L]

CASE

Now consider the term v z.in; (v y.iny (y, triv) « ) « z. This term is the inhabitant of
the type A A_ ~ A, and its typing derivation follows from the derivation given in Section Ml
We can see by looking at the syntax that the cuts involved are indeed on the axiom z, thus
this term has no canonical form. In [8] Crolard shows that inhabitants such as these amount
to a constructive coroutine. That is, it is a restricted form of a continuation.

We now consider several example reductions in DTT. In the following examples we
underline non-top-level redexes. The first example simply a-converts the function Az.z into

Az.z as follows:
Azvy ez (z,y) (RLrP) Azvy.zey

(RRET)

AZ.2

A more involved example is the application of the function Az.(Ay.y) to the arguments triv

and triv.
vz x.(Ay.y) « (triv, (triv, z)) By z.Ay.y « (triv, z)

(RImp) .
~ vztrivez

(RRET) .
~ triv

6. METATHEORY OF DTT

We now present the basic metatheory of DTT, starting with type preservation. We begin
with the inversion lemma, which is necessary for proving type preservation.

Lemma 6.1 (Inversion).

i. IfG;T'F (t, ) :p(AN, B)@n, then Gt :pAQn and G;T' -t : p BQn.

. IfG;T Fingt:p (A1 Ay A2) @, then GsT'Ht:pAgQn.

ii. If G F Xzt :p(A —, B)Qn, then (G,n <, n');T,z:pAQn'Ft:pBQ@n for any
W ¢ |G),IT].

w. If GT = (ti,t) : p(A =5 B)Qmn, then G Fn <3 n', GGT' -t : pAQn/, and
G;T'Fty:pBQn/ for some node n'.

Proof. Each case of the above lemma holds by a trivial proof by induction on the assumed
typing derivation. L]

The results node substitution and substitution for typing are essential for the cases of type
preservation that reduce a top-level redex. Node substitution, denoted [n; /ng|n, is defined
as follows:

[n1/nelne = m

[n1/mg]n = n where n is distinct from ny
The following lemmas are necessary in the proof of node substitution for typing.
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Dx:pAT'F.z:pA CLASSAX TF, triv : p (p) CLASSUNIT
Pretipd Lreh:pB CLASSAND
[k (t,t2) :p(AAy B)
Tr. irlzd:c:tp' (pAf:i\z_} 1) CLASSANDBAR FlliijxptA;a '_]:pBB) CrassImp
Lz:pAFct1:+B
T &ifg : pi:cji EP)B CussstupBan TP CuassCur

Figure 9: Classical typing of DTT terms

Lemma 6.2 (Node Renaming). If G1,Ga = m <

have [n4/ns5]G1, [na/n5]Ga = [na/ns]m <, [na/ns]ng.

ng, then for any nodes ny and ns, we

Proof. This proof holds by induction on the assumed reachability derivation. For the full
proof see Appendix ]

Lemma 6.3 (Node Substitution for Reachability). If G,ny <p, n2,G' F ny <3 ns and

Sp
G,G'=m <, ng, then [ng/n2]G, [n3/no]G" = [n3/no]na <5 [n3/na]ns.

Proof. This proof holds by by induction on the form of the assumed reachability derivation.
For the full proof see Appendix U]

Lemma 6.4 (Node Substitution for Typing). If G,m =<, n2,GT F t: psAQng and
G,G' -y Xp, na, then [n4/m2]G, [na/n2]G's [na/ma]l' -t 2 pa A @ [ny/nans.

Proof. This holds by induction on the form of the assumed typing derivation. See Appen-
dix for the full proof. O

The next lemma is crucial for type preservation.
Lemma 6.5 (Substitution for Typing). If G;T't : py AQny and G;T',z : py AQny, TV -
t2 L P2 Ba@ N9, then G;P,F/ = [tl/x]tg L P2 Ba@ ny.

Proof. This proof holds by induction on the second assumed typing relation. For the full
proof see Appendix ]

Lemma 6.6 (Type Preservation). If G;T'Ft:pAQn, and t ~ ¢/, then G;T - ¢ :p AQn.

Proof. This proof holds by induction on the form of the assumed typing derivation. For the
full proof see Appendix U]

A more substantial property is strong normalization of reduction for typed terms. To
prove this result, we will prove a stronger property, namely strong normalization for reduc-
tion of terms that are typable using the system of classical typing rules in Figure[@ [7]. This
is justified by the following easy result (proof omitted), where DN(I") just drops the world
annotations from assumptions in I':

Theorem 6.7. If G;T'Ht:pAQn, then DN(T') F.t:p A
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te[A]"T Vo e Var. Vt' € [A]~. va.t+t' € SN
te[A]~ Vo € Var. V' € [A]™¢. va.t'«t € SN
te [(+)]*e te Var V t = triv

te (=) te Var

teA—4 B]tC
teA—_ B]tc
te[Any B]te

te [[Al A AQ]]JrC

te Var v Jz,t'.t =X x.t’ AV € [A]T. [t"/x)t’ € [B]T
te Var v dty € [[Aﬂ_,tz S [[Bﬂ+ t= <t1,t2>

te€ Var v 3ty € [A]",t2 € [B]". t = (t1, t2)

te Var vV 3d.3t € [A4]T. t=ing ¢

R S R

Figure 10: Interpretations of types

Let SN be the set of terms that are strongly normalizing with respect to the reduction
relation. Let Var be the set of term variables, and let us use x and y as metavariables for
variables. We will prove strong normalization for classically typed terms using a version of
Krivine’s classical realizability [20]. We define three interpretations of types in Figure [I0
The definition is by mutual induction, and can easily be seen to be well-founded, as the
definition of [A]™ invokes the definition of [A]~ with the same type, which in turn invokes
the definition of [A]™¢ with the same type; and the definition of [A]*t¢ may invoke either
of the other definitions at a strictly smaller type. The reader familiar with such proofs will
also recognize the debt owed to Girard [12].

Lemma 6.8 (Step interpretations). If t € [A]" and t ~ t', then t’ € [A]"; and similarly
if t € [A]~ ort € [A]*e.

Proof. The proof is by a mutual well-founded induction. Assume ¢t € [A]" and ¢ ~ /. We
must show ' € [A]*. For this, it suffices to assume y € Var and t” € [A]~, and show
vy.t'«t” € SN. From the assumption that ¢t € [A]T, we have

vy.tst" € SN

which indeed implies that
vyt +t" € SN
A similar argument applies if ¢ € [A] ™.

For the last part of the lemma, assume ¢t € [A]T¢ with ¢ ~ ¢/, and show t' € [A]*°.
The only possible cases are the following, where t ¢ Vars.

If A= Ay —, Ag, then t is of the form A\z.t, for some z and t,, where for all t;, € [A;]™,
we have [ty /z]t, € [A2]T. Since t ~ t/, ¢ must be A\x.t], for some ¢/, with t, ~ t/,. It suffices
now to assume an arbitrary t, € [A1]T, and show [t,/z]t), € [A2]T. But [tp/z]t, ~ [tp/z]t,
follows from t, ~ t, so by our IH, we have [t,/x]t], € [A3]*, as required.

If A= Ay —_ Ao, then t is of the form (#, ) for some t; € [A;]” and ty € [A]™;
and ¢ = (t{, t}) where either t| = t1 and ty ~ t}, or else t; ~~ t| and t, = to. Either way, we
have t} € [A1]™ and ¢, € [A2] ™ by our IH, so we have (¢, ) € [A1 —_ A3]™¢ as required.

The other cases for A = Ay A, Ay are similar to the previous one. U]
Lemma 6.9 (SN interpretations).
1. [A]T €SN 3. [A]” €SN
2. Vars C [A]~ 4. [A]T¢ C SN

Proof. The proof holds by mutual well-founded induction on the pair (A,n), where n is
the number of the proposition in the statement of the lemma; the well-founded ordering in
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question is the lexicographic combination of the structural ordering on types (for A) and
the ordering 1 > 2 > 4 > 3 (for n). For the full proof see Appendix [C.Gl ]

Definition 6.10 (Interpretation of contexts). [I'] is the set of substitutions o such that for
allz:pAel, o(x) € [A]P.

Lemma 6.11 (Canonical positive is positive). [A]*T¢ C [A]*

Proof. Assume t € [A]"¢ and show ¢ € [A]T. For the latter, assume arbitrary x € Vars

and t' € [A] ", and show vz.t+t' € SN. This follows immediately from the assumption
that ¢/ € [A]~. ]

Theorem 6.12 (Soundness). If 'k, t: p A then for all o € [I'], ot € [A]P.

Proof. The proof holds by induction on the derivation of I' . ¢ : p A. For the full proof see
Appendix [C7 U]

Corollary 6.13 (Strong Normalization). If G;I'Ft¢:p AQn, then t € SN.
Proof. This follows easily by putting together Theorems [6.7] and [6.12] with Lemma L]

Corollary 6.14 (Cut Elimination). If G;T' b t : p A @ n, then there is normal t' with
t ~*t' and t' containing only cut terms of the form vz.y+t or va.t-y, for y a variable.

Lemma 6.15 (Local Confluence). The reduction relation of Figurel8 is locally confluent.

Proof. We may view the reduction rules as higher-order pattern rewrite rules. It is easy
to confirm that all critical pairs (e.g., between RBETAR and the rules RIMmpP, RIMPBAR,
RAND1, RANDBAR1, RAND2, and RANDBAR2) are joinable. Local confluence then fol-
lows by the higher-order critical pair lemma [26]. Il

Theorem 6.16 (Confluence for Typable Terms). The reduction relation restricted to terms
typable in DTT is confluent.

Proof. Suppose G;T' ¢ : p AQ@Qn for some G, T', p, and A. By Lemma [6.6], any reductions
in the unrestricted reduction relation from ¢ are also in the reduction relation restricted

to typable terms. The result now follows from Newman’s Lemma, using Lemma [6.T5] and
Theorem [6.13] H

7. CONCLUSION

We have presented a new type theory for bi-intuitionistic logic. We began with a compact
dualized formulation of the logic, Dualized Intuitionistic Logic (DIL), and showed soundness
with respect to a standard Kripke semantics (in Agda), and completeness with respect
to Pinto and Uustalu’s system L. We then presented Dualized Type Theory (DTT), and
showed type preservation, strong normalization, and confluence for typable terms. Future
work includes further additions to DTT, for example with polymorphism and inductive
types. It would also be interesting to obtain a Canonicity Theorem as in [34], identifying
some set of types where closed normal forms are guaranteed to be canonical values (as
canonicity fails in general in DIL/DTT, as in other bi-intuitionistic systems).
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APPENDIX A. PROOFS FROM SECTION [4.2} COMPLETENESS OF DIL

A.1l. Proof of Lemma [4.17. Suppose G;I',p AQn + p B@n is derivable. By weakening

we

know G;I',p(AN; B)@Qn,pB@n,pAQnt pBQn. Then G;T'+p(AA; B)@Qn is

derivable as follows:

wh

D, Dy
GT.p(Ar, B)@ntpBan "
p(Ang B)@nel,p(AN; B)@n GI'p(ANg B)QntEp(AA; B)@n
G;TFp(An; B)@n

T

ANDBAR

AxCut

ere we have the following subderivations:
D[):
GT.p (AN, B)@npBGnpAG@nrpAan
T, p b nP n,p nkp n ANDBAR
G I'p(AN; B)@Qn,pBQn,pAQntp(AA; B)@Qn
Dlt
pB@nel',p(AAN; B)@Qn,pBQn,pAQn G;F,‘T)(A/\;;B)@n,foB@n,ﬁA@n)—pB@nAXCUT
G;I'p(AN; B)@n,pB@QntpAQ@n
DQ:

p(ANg B)@nel,p(AAN; B)Qn,pBQn,pAQn Do
GI''p(ANp B)@Qn,pB@QntpAQn

AXCuT
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A.2. Proof of Lemma [4.22k Raising the Lower Bound. This is a proof by induction
on the form of G,G1 F m <7, m'.

Case AX
/ / 1 /
G,m Xy m',G"Fm <, m

Note that it is the case that G',m <, m',G" = G,G;. If m <, m’ € G, then we
obtain our result, so suppose m <, m’ € G1. Suppose p = p’. Now if m # ny, then
clearly, we obtain our result. Consider the case where m = n;. Then it suffices to show
G, raise (n1,m2,G),n2 <p m,raise (ny, ng, G7) = my <5 m' where G1 = G,m <,
m’,G. This holds by the following derivation:

*

REL_AX
GFn <F ng G, raise (n1,n2, G1), n2 <, m’,raise (ni, n2, Gy) F na2 <, m’
P ; REL_TRANS

G, raise (n1,n2,GY), n2 <p m',raise(n1,ng, GY) Fn1 < m
Now suppose p’ = p. if m’ # ny, then clearly, we obtain our result. Consider the case
where m’ = ny. Then it suffices to show G, raise (n1, na, G1), m <p ng, raise (ny, n2, GY) -
m <3 m where Gy = G, m <p n1,GY. This holds by the following derivation:
GFm <, n

2
; 7 - 77 * REL-AX ———————— REL_FLIP
G, raise (n1,n2,Gy), m <p ng,raise(ny, n2,Gy) Fm <; m2 Ghna p m

REL_TRANS
. ! . 1"
G, raise (n1, n2, G), m <3 na,raise(ni,n2,G{) Fm ;<; ny

Case REFL
G,GiFm <, m
Note that in this case m’ = m. Our result follows from simply an application of the

REL_REFL rule.

G,Gi+m < m” G,Gi1Fm” < m’
Case o REL_TRANS
G,Gitm <X m

Sp
This case holds by two applications of the induction hypothesis followed by applying the
REL_TRANS rule.

G,GiFm 4;—, m
Case FLIP
G,GiEm <y m’

This case holds by an application of the induction hypothesis followed by applying the
REL_FLIP rule.

A.3. Proof of Lemma Raising the Lower Bound Logically. This is a proof by
induction on the form of G,G1,G";T' F p A@ n. We assume with out loss of generality that
ny € |G|, and that n; # ng. If this is not the case then raise (n1,n2,G1) = Gy, and the
result holds trivially.

G,G1,G' -1’ <p n

Case T ; AX
G,G1,G\T,pAQ@Qn FpAQ@n
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Clearly, if G,G1,G' = n' <5 n, then G,G',G1 = n’ < n. Thus, this case follows by
raising the lower bound (Lemma [£22]), and applying the AX rule.

C
e G.GL,GiTFppyan
Trivial.
G,G1,G"";TFpA Qn G,G1,G"";TFpAy,@Qn
Case AND

G,Gl,G/;F F p(Al Np Ag) Qn

This case holds by two applications of the induction hypothesis, and then applying the
AND rule.

G,Gl,G/;Fl—pAd@n
G,Gl,G/;FFp(Al /\]3 AQ)@TL

Similar to the previous case.

Case ANDBAR

n' ¢ |G,G1,G|,|T|
(G,G1,G',n <, n');T,pA1@Qn'FpAy@n'
G,Gl,G/;F F p(A1 —p AQ) @n

Since we know ny # ng, then by Lemma [£23 we know ny,ne € |G,G’|. Thus, n' #
ni # me. Now by the induction hypothesis we know (G,raise (n1,n2,G1),G',n <y
n');T,p A1 @Qn' - p Ay @n'. This case then follows by the application of the IMP rule
to the former.

Case

IMP

G,G1,G'Fn <p n'
C G,G1,G;TFpA,Qn G,G1,G;TFpA,@n B
ase IMPBAR
G,Gl,G/;FFp(Al —p AQ)@TL

Clearly, G,G1,G" = n <3 n' implies G,G',G1 = n <3 n/, and by raising the lower
bound (Lemma A22)) we know G, G’ raise (n1,n2,G1) = n <3 n', which then implies
G, raise (n1,m2,G1),G' = n <3 n'. Thus, this case follows from applying IMPBAR to the
application of the induction hypothesis to each premise and

G, raise (11, n, G1),G' = n x5 0.

C pT'@n' €T G,G,G;T,pTQnkpT @n’ G
ase AxCuT
G,G1,G'\;T'pT@n
This case follows by a simple application of the induction hypothesis, and then reapplying
the rule.

C pT'@n' €T G,G,G'\T,pTQntpT @Qn/ CurB
ase AXCUTBAR
G,G,G:TFpT@n

Similar to the previous case.
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A.4. Proof of Lemma [4.25: General Monotonicity. This is a proof by induction on
the form of G;p1 A1 Qmny, ...,p; A; Qn; - p BQm. We assume without loss of generality
that all of n,n] ..., n;, n/ are unique. Thus, they are all members of |G| by Lemma .23

G+ n; #;—J m
A
Gy AiQnq, ...,p; A; Qny F@Aj@m
It must be the case that p B @m = p; A; @m for some 1 < j < i. In addition,
we know G F n; 4;1, n]’., G F ny 4;3 m, and G + m 4;3 m'. It suffices to show
G;pAi1Qnf, ..., p;A;Qn) F p; Aj @ m/, but to obtain this result it suffices to show that
G = n} <p, m', but this holds by first using REL_FLIP to obtain G - n; <% n; followed

J J j
by two applications of transitivity.

Case X

C
e Gipr A1 Qny, o pi Ay @ = p (p) @my o
Trivial.
G;ppr A1 Qnq, ...,p; A, Qn; - p B @Qm
G;ppr A1 Qnq, ...,p; A, Qn; - pBy,@m
Case ND

A
G;p A1 Q nq, ...,ﬁiAi@nil—p(Bl/\pBg)@m

This case follows easily by applying the induction hypothesis to each premise and then
applying the AND rule.

C G;p1A1Qnq, ...,p; A, Qn; - pBgQm B
ase ANDDBbAR
G;p_lAl@nl,...,ﬁiAi@nil—p(Bl/\z—,Bg)@m

This case follows easily by the induction hypothesis and then applying ANDBAR.

n' & |G|, |p AL Q@ny, ..., p; A; @y
G,mi <p n');p1 A1 Quny, ., p; A Qny,p By @Qn' +p By @n'

Case IMP
G;ﬁlAl@nl, ...,ﬁiAi@ni Fp(Bl —p Bg)@m
We know by assumption G F ny <7, ny, ..., Gk n; <pi n/, and by graph weakening
(Lemmal20) G,m <, n'Fm <5 nq, ..., Gom <p 0/ 0y <5, ni. We also know by

applying the REL_REFL rule that G,m <, n'Fn' <3 n’and G,m <, n'Fn' 5} n'.

Thus, by the induction hypothesis we know (G, m =<, n'); p1A1Qnf,...,p;A;Qn., p B;@
n’ + p By @n'. Now we can raise the lower bound logically (Lemma 24]) with G; =
m <p n' and the assumption G = m <3 m' to obtain

(G,raise (m,m',m <, n'));p1A1Qn{,...,p;A;Qnl,pB; Qn' - pBy @7/, but this is
equivalent to (G, m <, n');p1A1Qni{,...,p;A;Qn/,p Bi@n' - p B, @n'. Finally, using
the former, we obtain our result by applying the IMP rule.
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GFm <xj n'

G;p_lAl@nl,...,@Ai@nil—f)Bl@n'

G;p_lAl@nl,...,ﬁiAi@nil—pBg@n'
G;ﬁlAl@nl,...,ﬁiAi@’nil—p(Bl —p Bg)@m

We can easily derive G+ m’ <3 n’ as follows:

Case

IMPBAR

GFm -4;; n’

————————— REL_FLIP
Gkn' <5 m Gkm <, m
T < REL_TRANS
n o<, m
Case LB REL_FLIP
GFm' Z;n

~p
This case then follows by applying the induction hypothesis twice to both G;p A1 @
ni, ...,p; A; Qn; - pB; @ n' and GippnAiQmng, ....,p; A; Qmn; - pBy @Q n' using the
assumptions G = ny <3 ng, ..., GEng <5, n;, and the fact that we know G - n’ <,
n' and G F n’ <5 n'.

p’jAj@nje(p’lAl@nl,...,ﬁiAi@ni)

G;p1 A1 Qnyq, ...,ﬁiAi@ni,i)B@ml—ijj@nj
GipprAi1Qny, ...,p; A;Qn; EpBQ@m

We know by assumption that G = ny <5 ny, ..., GFn <3 nj,and GFm <5 m'.

~Np1
In particular, we know G + n; 41*% n]’ ft is also the case that if p; A; Q n; € (p A1 Q
ni, ..., Pi A; @n;), then p; A; @ n]’ € (mAi1@Qn’,...,p;A;@Qn}). This case then follows by
applying the induction hypothesis to G;py A1 Qnq, ...,p; A; Qn;,p BQmt p; A; Qnj,
to obtain, G;p141@n,...,p;A;@Qnj,p B @ m; I p; A; @ n}, followed by applying the
AXCUT rule.

Case

AXCuT

@Aj@nje(ﬁlAl@NL ...,ﬁiAi@ni)
G;])]Al@nl,...,ﬁiAi@ni,i)B@ml—ijj@nj
G;pp A1 Qnq, ...,p; A, Qn; FpBQ@m

Similar to the previous case.

Case

AXCuTBAR

A.5. Proof of Lemma [4.3Tt Containment of L in DIL. This is a proof by induction
on the form of the sequent I' kg A.

Case —————— REFL
Trg A
We know by the induction hypothesis that every activation of I' kg (, ) A is derivable.
Suppose that D(G, (n,n)); D(I')*,I" - + AQn is an arbitrary activation, where D(A)~ =
D(A;)",— A@Qn,D(As2)” and I" = D(A1)~,D(As)~. This is equivalent to D(G),n <+
n; D(T)*, T" F 4+ A@ n, and by the admissible rule for reflexivity (Lemma T5]) we have
D(G);D(T)",T"F+AQn.
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an’ng

nang

r l_G,(nl,ng) A
kg A

We know by the induction hypothesis that every activation of I' g (n, ny) A is deriv-
able. Suppose that D(G, (n1,n3)); D(I')",I" - + A @ n is an arbitrary activation, where
D(A)” =D(A;)",—AQ@n,D(A3)” and I" = D(A1)7,D(A3)~. This sequent is equiv-
alent to D(G),m1 =<+ ng;D(I)",I” F + A @ n. Furthermore, it is clear by definition
that if n1Gng and nyGng, then ny <y ny € D(G) and ny <4 ng € D(G). Thus, by the
admissible rule for transitivity (Lemma 16]) we have D(G);D(I')", I F + 4 @ n, and
we obtain our result.

TRANS

F,n:AI—Gn:A,AHYP

It suffices to show that every activation of I';n : A Fg n : A, A is derivable. Clearly,
D(@);D(I)*,+D(A) @n,D(A)” + +D(A) @Qn is a activation of T',n : A kg n: A, A.
In addition, it is derivable:

R
D(G)Fn <y n e

D(G);D(I')",D(A)",+D(A)@nk +D(A)@n
D(G);D(I)",+D(A) @n,D(A)”" - +D(A) @ n

In the previous derivation we make use of the exchange rule, which is admissible by
Lemma 18]

Now consider any other activation D(G);I” + +D(B) @ n’. It must be the case that
I"=DM)*",+D(A)@n,D(A;)",—D(A)@n,D(Ay)~ for some Ay and Ay. This sequent
is then derivable as follows:

Ax

EXCHANGE

—————— REFL
D(G)Fn <} n

D(G); D(I")*,D(A1)~,D(A2)~,—D(B)@n',+D(A)@ntF +D(A)@n Ax
D(G);D(I)T,+ A@n,D(A1)",D(A2)",—B@n'++D(A)@n
D(G); D(I)T, +D(A) @n,D(A1)~,—D(A) @n,D(A2)” ++D(B)@n’
Thus, we obtain our result.

EXCHANGE

LEFT-TO-RIGHT

anng
Iim:Ang: Abg A

Case MONL

F,nltAFgA

Certainly, if n;Gng, then ny <4 ny € D(G). We know by the induction hypothesis
that all activations of I',ny : A, ng : A bg A are derivable. Suppose D(G);T" + + B @
n is an arbitrary activation. Then it must be the case that I = D(I')*,+D(A) @
ny,+D(A) @ ng,D(A1)~,D(A2)", where D(A)”™ = D(A1)",— B @ n,D(A2)". Now
we apply the monoL admissible rule (Lemma [£.27)) to obtain D(G);D(T")*,+D(A) @
n1,D(A1)7,D(A2)” F 4+ B @ n, which is an arbitrary activation of I',ny : A kg A.
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anW,Q
C F"GnliA,W,gZA,A R
ase
Fkgng: AA MON

If nyGny, then n;y <4+ ny € D(G). We know by the induction hypothesis that all
activations of I' ¢ ny : A, ng : A, A are derivable. In particular, the activation (modulo
exchange (LemmalIR)) D(G);D(I')*,D(A)~,—D(A)@ny - + D(A)@ny is derivable. It
suffices to show that D(G); D(I')*,D(A)~ I + D(A) @ ny. This follows from the monoR
admissible rule (Lemma [A.28]). Finally, any other activation of I' g ng : A, A can be
activated into D(G); D(T')",D(A)~ + +D(A4) @ ny (Lemma [£14)). Thus, we obtain our
result.

o A
Case —————— TRUEL
I'n:TrkgA

We know by the induction hypothesis that all activations of I' - A are derivable.
Suppose D(G);T" - + D(A)@n is an arbitrary activation of I' ¢ A. Then it must be the
case that IV = D(I')*,D(A1)~,D(A2)~, where D(A)™ = D(A;)~,—D(A) @n,D(Ay)".
Now by weakening (Lemma I3) we know D(G);IV,+ (+) @n’' - + D(A) @ n, and by
exchange (Lemma [LTg])

D(G);D(I)*,+ (+) @n/,D(A;)",D(A2)” = +D(A) @ n, which is exactly an arbitrary
activation of I',n/ : T g A.

C - R
ase Tran T.A TRUE
It suffices to show that every activation of ' k¢ n : T,A is derivable. Consider
the activation D(G);D(I')",D(A)~ = +D(T) @ n. This is easily derivable by ap-
plying the UNIT rule. Any other activation of I' ¢ n : T,A is derivable, because
D(G);D(I')*,D(A)” = +D(T) @n can be activated by Lemma [Z.T4l

Case m FALSEL
Suppose D(G); D(T")",+D(L) @n,D(A;)",D(A2)” = +D(A) @ n’ is an arbitrary acti-
vation of I', n : L5 A, where D(A)™ = D(A1)~,—D(4)@n’,D(A3)~. We can easily see
that by definition D(G); D(T')*,+D(L)@n,D(A;)~,D(A2)” + +D(A)@n’ is equivalent
to D(G);D(I')",+ (=) @n,D(A1)",D(A2)” - +D(A4) @n'. We can derive the latter as
follows:

+()@ner,-D(A)@n’ D@;T,-DA)@nF—(—yan

D(G);D(I) ", +(—) @n,D(A1)”,D(A2)" F+D(A) @n’
In the previous derivation I = D(T') ", + (—) @n, D(A1) ™, D(A3) ™. Thus, any activation
of I',n : 1Fg A is derivable.

AXCUTBAR
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kg A
Case —————— FALSER
I'tegn LA

We know by the induction hypothesis that all activations of I' F¢ A are derivable. Sup-
pose D(G);T" + 4+ D(A)@n is an arbitrary activation of I' ¢ A. Then it must be the case
that I" = D(I')*,D(A)~. Now by weakening (Lemma FI3]) we know D(G);T”, — (—) @
n' = +D(A) @ n, and by the left-to-right lemma (Lemma [L14) D(G);I",—D(A) @ n +
+ (—) @n’/, which — modulo exchange — is equivalent to

D(G@);D(I')*,D(A)” F +D(L)@n'. Thus, we obtain our result.

F,n: T1,77,Z T2 |—0A
Case ANDL
Fn:ThiANTobg A
We know by the induction hypothesis that all activations of I'yn : Ty, n : T Fg A are
derivable. In particular, we know the following:

D(G);D(I)*,+D(Ty) @n,+D(T2) @n,D(A1)",D(A2)” F +D(A4)@n/
where D(A)™ = D(A;)~,—D(A) @ n’,D(A3)~. Using exchange we know
D(G@);D(I")*,D(A1)",D(A2)~,+D(Ty)@Qn,+D(Tz)@n - +D(A)@n’', and by the left-
to-right lemma D(G); D(T')*,D(A1)7,D(A2)",+D(T1) @n,—D(A)@n' - —D(Ty) Qn,
and finally by one more application of exchange
D(G@);D(I")*,D(A1)",D(A2)~,—D(A)@n/,+D(Ty) @n + —D(T>) @mn. At this point
we know D(G); D(T")*,D(A1)7,D(As)~,—D(A)@n' = —D(Ty) Ay D(T3) @ n by using
the admissible ANDL rule (Lemma [£17]). Now using left-to-right we know the following:
D(G);D(I')*,D(A1)",D(A2)",+D(T1) Ay D(Ty) @n - +D(A) @n'

is derivable. Lastly, by exchange D(G); D(I')",+ D(T1) A+ D(T2)@n,D(A1)~,D(As)™
+ D(A) @n' is derivable, which is clearly an arbitrary activation of I';n : Ty A Th ¢ A.

I'tgn:AA
C I'tgn:B,A R
ase FI—Gn:A/\B,AAND

We know by the induction hypothesis that all activations of I' g n : A, A as well as
' kg n : B,A are derivable. In particular, D(G);D(I')",D(A)” + +D(A) @ n and
D(G);D(I")*,D(A)” + +D(B) @ n are derivable. Now by applying the AND rule we
obtain D(G); D(I")*,D(A)™ + +D(A) Ay D(B) @ n, which is a particular activation of
I'tg n: AA B,A. Finally, consider any other activation, then that sequent implies
D(G);D(I")*,D(A)” F +D(A) A+ D(B) @ n is derivable using Lemma 14l Thus, we
obtain our result.
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I'n:AFg A
I'n:Bltg A
Case DISJL
I''n: AVBtFg A
We know by the induction hypothesis that all activations of I',n : A F¢ A and I',n :
B Fg A are derivable. So suppose

D(G); D(I)*, 4+ D(A) @n,D(A')™ F +D(C) @n/

and
D(G);D(I)*,+D(B)@n,D(A")” - +D(E)@Qn”
are particular activations, where
D(A)” =D(A;)",—-D(C)@n',D(A3)",—D(E)@n",D(A3)”
and
D(A/)_ = D(Al)_, D(Ag)_, D(Ag)_
By exchange (Lemma [.I8) we know

D(G); D(I')",D(A")7, +D(4) @n - +D(C) @n’
and
D(G);D(I)*,D(A")",+D(B)Qn +D(E)Qn".
Now by the left-to-right lemma (Lemma [£.14]) we know :
D(G);D(I)*,D(A")~,—D(C)@n'F-D(A)@n
and
D(G);D(I")*,D(A")",-D(E)@n" - —-D(B) @n,
and by applying weakening (and exchange) we know
D(G);D(I)*,D(A"),-D(C)@n/,~D(E)@n" - -D(A)@n
and
D(G);D(I)*,D(A)~,—-D(C)@n',—D(E)@n" - -~D(B) Qn.
At this point we can apply the AND rule to obtain
D(G);D(I)*,D(A")",—-D(C)@n',—D(E)@n" - —~D(A) A_ D(B) @n,
to which we can apply the left-to-right lemma to and obtain
D(G);D(I)*,D(A")~,—D(E)@n",+ D(A)A_D(B)@n + +D(C)@n'. Finally, we can
apply exchange again to obtain
D(G);D(I)*,+D(4) A_ D(B) @n,D(A")",—D(E) @n" - +D(C) @,

which — modulo exchange — is an arbitrary activation of I',n : AV B bg A. Thus, we
obtain our result.

Tkgz:Ty,z: To,A
Case DISJIR
IF'tgz:TyV Ty, A

This case is similar to the case of ANDR case, except, it makes use of the ANDBAR rule.
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an’ng
I |_G ny : Tl,A
Tong: Tobg A
Case 272 ¢ IMPL

F,nllTlDTgFgA

We know by the induction hypothesis that all activations of I' g ng : Ty, A and T, ny :
Ty ¢ A are derivable. In particular, we know D(G); D(T')*,D(A)~ F +D(Ty) @ ny is
derivable, and so is D(G);D(I")*,D(A)” + —D(T2) @ ny. The latter being derivable
by applying the induction hypothesis followed by exchange (Lemma [£.18]) and the left-
to-right lemma (Lemma [£14]). We know n;Gng by assumption and so by Lemma
D(G) F ny 5% no. Thus, by applying the IMPBAR rule we obtain D(G); D(I')",D(A)~
—D(Ty) =4 D(Ty)@ny. At this point we can apply left-to-right to the previous sequent
and obtain an activation of I',n; : T4 D Ty F¢ A. Any other activations can be used
to derive D(G); D(T')",D(A)™ F +D(T1) @ny and D(G); D(T')™,D(A)™ F — D(T5) @ ny,
and thus, thus we obtain our result.

Pong 0 T FGuf(ng,mo)y 2t T2, A

I'tem: 11D TQ,A

This case follows the same pattern as the previous cases. We know by the induction
hypothesis that all activations of I',n2 © T1 Fqu{(ny,n)} M2 @ T2, A are derivable. In
particular, D(G),n; <+ ng;D(I)T,+D(T1) @ ng,D(A)~ + +D(T3) @ ny is derivable.
By exchange (Lemma [L.I8])

D(G),n1 <+ ng; D(T)",D(A)~,+D(T1) @ny - + D(T2) @ny is derivable, and by apply-
ing the TMP rule we obtain D(G);D(I')*,D(A)” + +D(T}) —+ D(T3) @ nq, which is a
particular activation of I' g ny : Ty D T, A. Note that in the previous application of
IMP we use the fact that if ny € |G|, |T|,|A[, then ny & |D(G)|,|D(I')*,D(A)~|. Lastly,
any other activation of I' ¢ ny : Ty D Ta, A implies D(G); D(T')*,D(A)™ = +D(T}) —+
D(T2) @ ny is derivable by the left-to-right lemma, and hence is derivable.

Case IMPR

Foni s Th Fauf(n,ng)y Mt T2, A

F,n2:T1<T2FgA

We know by the induction hypothesis that all activation of

Uym Ty Faug(ng,ng)y ™ ¢ T2, A are derivable. In particular,

D(G),m <4 m2;D(I)T,+D(T1)@ny,D(A)” F + D(T3) @mny is derivable. By exchange
(Lemma I8) D(G),my <+ n2;D(T)T,D(A)~,+D(T1)@ny + + D(T) @ny is derivable.
Now by the left-to-right lemma we know

D(G),m =<4+ n2;D(I)T,D(A)",—D(T2) @ny - —D(Ty) @ nyq, and by assumption we
know y ¢ |G|, |T'|,|A|, which implies

ni ¢ |D(G)|,|D(T)*,D(A)~| is derivable. Thus, by applying the IMP rule we know
D(G),n1 <4+ mo;D(I)",D(A)” + —D(Ty) —_ D(Ty) @ ny is derivable. Clearly, this
is a particular activation of I',ny : Ty < Ty Fg A, and any other activation implies

Case SUBL
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D(G),m =<+ n2;D(T)",D(A)” F —D(T) —— D(Ty) @ ny is derivable by the left-to-
right lemma, and hence are derivable.

an’ng
I l_G ny Tl,A
I''m:Totg A

Case L7276 SUBR

IFFang:Th < TQ,A

This case follows in the same way as the case for IMPL, except the particular activation
of I',ny : T ¢ A has to have the active formulas such that the rule IMPBAR can be
applied.

A.6. Proof of Lemma [4.36l This is a proof by induction on the assumed typing deriva-
tion.

C GFn 4; n’
ase AX
G I,pAQnI'FpAQnqn
We only show the case when p = 4, because the case when p = — is similar. By the defini-

tion of the L-translation we must show that the L-sequent L(I")*,n : L(A), L(T")" k@
L(T)~,n" : L(A4),L(I")~ is derivable. Since we know that for any ni,ng € |n =<
n, G|, |T|, if G+ n <, m2, then m < np € G, it must be the case that n <4 n' €@,
and thus, nL(G)n'. At this point we may apply the L inference rule MONL using this
fact. Therefore, we have derived L(T')™,n : L(A4),n" : L(A),L(T")* Fr) LT)7,n :
L(A),L(I")~, and then we may complete the derivation by applying the L inference rule
HYP.

C
ase GTT pan UNIT

Suppose p = +. Then by the definition of the L-translation we must derive
L(D)* by n: T,LT)7,
but this follows by simply applying the L inference rule TRUER.

Suppose p = —. Then by the definition of the L-translation we must derive
L(F)+, n: L '_L(G) L(F)_,
but this follows by simply applying the L inference rule FALSEL.
GiI'FpAQn Gi;I'FpB@n
Case AND
G;T'Fp(An, B)@Qn
Suppose p = +. Then by the induction hypothesis we know the following:
L(F)+ '_L(G) n: A, L(F)_
L(P)+ |_L(G) n: B, L(F)_
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By the definition of the L-translation we must show that
L(F)+ '_L(G) n:AN B, L(F)_
This easily follows by applying the L inference rule ANDR.

Now suppose p = —. Then by the induction hypothesis we know the following:
LT) ", n: Al LT)™
L(T)",n: B Fre L)~
By the definition of the L-translation we must show that
L(D)*,n: AV BFyg LT)™.
This easily follows by applying the L inference rule DISJL.

Case GiLEpAa@n ANDBAR
G;I'Fp(A1Np Az)Qn
Suppose p = 4+ and d = 1. Then by the induction hypothesis we know the following;:
L)t FL n: L(Aq),L(T)~
Then by the L admissible inference rule WEAKR (Lemma [£.33) we know the following:
L)t Fiy n: L(Ar), n s L(Ag), L(T)™

Thus, we obtain our result that L(T')™ F gy n : L(A1) V L(A2), L(T")~ is derivable by
applying the L inference rule DISJR. The case for when d = 2 is similar.

If p = — then the result follows similarly to the case when p = + except that the

derivation is a result of applying the rule ANDL after applying the admissible L inference
rule WEAKL to the induction hypothesis.

n' & |G|, |T|
(Gyn =p n');T,pAQ@n' FpB@n
Case IMP
GiI'p(A—,B)@Qn

Suppose p = +. Then by the induction hypothesis we know the following:
L(D)*, 0" : L(A) Fayu(nnny 7'+ L(B), L)~

We know by assumption that n’ ¢ |G|, |T'|, and hence, n’ ¢ |L(G)]|,|L(T)*|,|L(T)~| by
the definition of the L translation. Therefore, our result follows by simply applying the
L inference rule iMPR.

Suppose p = —. This case follows similarly to the case when p = 4+, but we conclude
with the L inference rule suBL.

GFn 4; n’

GI'pAaQn Gi'+pBan/
Case IMPBAR
GiI'Fp(A—; B)Qn
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Suppose p = 4. Then by the induction hypothesis we know the following:
1. L(P)+, n': L(A) l_L(G) L(F)_
ii. L(D)* by n': L(B), L)~
Furthermore, we know for any ni,np € |n < n,G, || if G F m <y n2, then

n <p 12 € G, and we know by assumption that G - n <* n/, and thus, n <_ n’ € G,
hence, n'L(G)n by the definition of the L-translation.

It suffices to show that L(T')* k(g n: L(B) < L(A4),L(T")~, but this follows by applying
the L inference rule SUBR using i and ii from above as well as the fact that we know
n'L(G)n.

Now suppose p = —. Similar to the case when p = 4, but we conclude with applying
the L inference rule iMPL, and the induction hypothesis provides the following:

1. L(F)+ l_L(G) n': L(A), L(P)_
ii. L(D)*, 0" L(B) Fe LD~

pB@n € (T,pAQn) G:I',pAQnkpBa@n
Case AxXCuT
GiI'FpAQn
Suppose p = 4. Then by the induction hypothesis we know the following:
L(I)Y*, n' : L(B) L) n L(A), L)~
Now we know that p B@Qn' € (I',p A@Qn), and hence, n’ : L(B) € L(T')", which implies
we know the following;:
L(F1)+7 ’fl/ : L(B)7 L(P2)+7 ’fl/ : L(B) '_L(G) n: L(A)7 L(F)_
Therefore, by applying the admissible L inference rule CONTRL we know the following;:
L(C1)™,n": L(B),L(C2)™ ey n: L(A), L(D)~
This is equivalent to our result:
L(T)™* FLa no: L(A),L(T)™

Suppose p = —. Then by the induction hypothesis we know the following:
L(I)*, n' : L(A) L) n L(B),L(T")~

This case now follows similarly to the previous case by exposing n : L(B) in L(I")~, and
then using contraction on the right.

pBa@n € (I,pAQn) GI,pAQntpBa@n
Case AXCUTBAR
G;I'FpA@n
This case is similar to the previous case except in the case when p = + we use contraction
on the right, and then when p = — we use contraction on the left.
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A.7. Proof of Lemma DIL-validity is L-validity. Suppose [G;T'F p A @ n]y
holds for some Kripke model (W, R, V') and node interpreter N on |G|, and p = +. It suffices
to show that L(I')* () n : L(A),L(T")~ is L-valid. By the definition of the interpretation
of DIL-sequents (Definition .IT]) we know that

if [G]n and [y, then p[A] )

Now to show that L(T')" () n : L(A),L(I")~ is L-valid we must show that at least one of
the following does not hold:
i. for any nL(G)ng, R (N ny) (N ng)
ii. for any n:L(B) € L(D)",[L(B)]Nn
iii. for any n:L(B) € (n:L(A4),L(T)7),~[L(B)]nn
So if neither [G]n or [I]x hold, then neither of i or ii will hold. Thus, L()* () 7 :
L(A4),L(I")~ is L-valid.

So assume [G]n or [I']n hold. Then both i and ii are satisfied by Lemma [£.400 However,
we now know +[A]yn) = [A](vys) holds, and hence by Lemma [£.40, iii does not hold.
Therefore, L(I')* gy n : L(A),L(I')~ is L-valid.

Now suppose p = —. It suffices to show that L(I)*,n : L(4) k) L)~ is L-valid.
However, notice that we must show that at least one of the following does not hold:

i. for any nL(G)ng, R(N ny) (N ng)

ii. for any n:L(B) € (L(T)*,n:L(A)),[L(B)]Nn

iii. for any n:L(B) € L(I')~,=[L(B)]nn
However, notice that ii will allows be false in this case, because if [G]x or [I']; hold, then
we know —[A](yn) = —[A](nn), which implies that —[L(A)](yn). Therefore, L(T')",n :
L(A) ki) L(D)™ is L-valid,

APPENDIX B. PROOFS FROM SECTION B DUALIZED TYPE THEORY

B.1. Proof of Lemma [5.I1 Due to the size of the derivation in question we give several
derivations that combine to form the typing derivation of
G;T'tcasetof z.t1,z.to : p C Qn.

The typing derivation begins using cut as follows:
Dy Dy

GThrva(va(vate(z,2)(Velezn))(Vetez):+CQn ¢

uT

Then the remainder of the derivation depends on the following sub-derivations:
Dy :
Ds Dy

Gl,z:—CQnbtrvza.(vate(z,z)(Vetezn):+AQn ¢

uT
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Dy G;F,zO:—C@n,x:+A@nl—z0:—C'@nAX
cuT
Gl,zg:—CQnFvztien:—AQn
GTl,z:+AQnk-H :+CQn
WEAKENING

GTl,%n:—CQn,z:+AQnk#:+CQn

Dy Gil,:—CQun,z1: —AQn,z:+BQnkzx:—CQn

CUT
GTl,:—CQn,z1:—AQntvatezxn:—BQn
D¢ Dz
cuT
Gl ,z:—CQn,z1: —AQntvzmte(z,2):+BQn
Gl,z:+BQntt:+CQn
WEAKENING
GTl,%:—CQn,z1:—AQn,z:+BQntt:+CQn
Gi'Ft:+(AN_B)Qn
WEAKENING

Gl,2:—CQn,z:—AQn,zn: —BQntt:+(AAN_B)Qn

Dy Dy
Gl,z:—CQn,z: —AQn,zp: —BQnk (2,2):—(AA_B)@Qn

AND

G;F,zO:—C’@n,zl:—A@n,zzz—B@nl—zlz—A@nAX

G;F,zO:—C’@n,zl:—A@n,zgz—B@nl—zQ:—B@nAX

APPENDIX C. PROOFS FROM SECTION [6f METATHEORY OF DTT
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C.1. Proof of Lemma Node Renaming. This is a proof by induction on the
assumed reachability derivation. Throughout each case suppose we have nodes ng4 and ns.

Case

Trivial.

Case

Trivial.

AX

Gom <p 13, G Fmy <5

p ™

¥ REFL
G1,GoFn #p n
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G1,GoFmy <5, 0 G, Gabn' <5 mg
Case TRANS

G1,GaFm <, m3

By the induction hypothesis we know that for any nodes nj and nf we have

[ny/ng]G, [ny/n5)Ga = [nj/nglm <5, [ng/ng]n’, and for any nodes nj and ng we
have [ny/ng]G1, [ng/ng]Ge = [nf/nf]n" <5 [nf/ng]ns. Choose ny for ny and nf
and ns for nf and ng to obtain [ny/ns]G1,[na/ns]Ge &= [na/nslm <, [n4/ns]n’ and
[na/n5]G1, [na/n5)Go = [na/ns]n’ < [n4/ns]ng. Finally, this case follows by reapplying
the rule to the previous two facts.

/ *
Gkn <p n
- FLIP

GFn <;n

Case

Similar to the previous case.

C.2. Proof of Lemma Node Substitution for Reachability. This is a proof by
induction on the form of the assumed reachability derivation. Throughout the following
cases we assume G, G’ F my <p, ms holds.

Case AX

*
Gi,ny <p 15,Ga g X)) s

Suppose Gi,n4 <p n5,G2 = G,n1 <, n2,G’. Then either n; <, n2 € G1, 1 <p,
ng € G, or 1 <p, N2 = mg <p N5. Suppose n; <y, ng € Gy, then Gp =
Gi,m <p m,GY. Then it is easy to see that [n3/n2]GY,[n3/n2]GY,[ns/n2lna <,
[ng/n2]ns, [n3/n2)Ga = [ng/n2]ny < [n3/n2]ns is derivable by applying AX. The case
where n1 <, 12 € Gy is similar.

Now suppose n1 <p, n2 = n4 <p n5. Then we know by assumption that

AX

Gi,m <p n2,Ga F iy <3 o

P
Then it suffices to show [n3/n2]G1, [n3/n2]G2 & [n3/n2]m <, [n3/ng]ng, which is equiv-
alent to [n3/n2]G1, [n3/n2]G2 & [ng/m2]n < nz. Now if mp is equivalent to np, then
[ng/n2]G1, [n3/n2]Ga & [n3/m2]m <}, ng holds by reflexivity, and if n; is distinct from
ng, then [n3/n2|G1, [n3/n2]Ga = [n3/n2]n1 <, ng is equivalent to [ng/n2]G1, [n3/n2]Ga =
n1 <p n3. We know by assumption that G, G'Fm <p, 713 holds, which is equivalent to
G1,G2 Fm < n3. Now if ng is equal to ng, then [n3/n2]G1, [n3/n2]Ga = n1 <, n3 is
equivalent to G1,Ga = n1 X} n3. So suppose ng is distinet from ng, then by Lemma [6.2]
we know [ng/n2]G1, [n3/n2]Ge = m < ns.

Case REFL

G,m <p m,G' Fn 4; n

Trivial.
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G,m <p, 2, G g <56 GEong <5 ns
Case TRANS

/ *
G,m <p m2,G Fng < m5

This case by applying the induction to each premise, and then reapplying the rule.

/ *
G,m <p, M2, G Fns <5

Case FLIP
G,m <p, m2,G g < 1
This case holds by applying the induction hypothesis to the premise, and then reapplying
the rule.

C.3. Proof of Lemma Node Substitution for Typing. This is a proof by induc-
tion on the form of the assumed typing derivation. Throughout each of the following cases
we assume G, G’ Fny <5, nq holds.

G,m <p, m2,G' 0 < 03 A
X
G,ni <p m2, G,y :pp AQn,Toby:pr AQng

Case

First, by node substitution for reachability (Lemma [6.3)) we know
[na/m2]G, [na/n2]G" t= [na/me]n <3 [na/me]ns. Thus, by applying the AX rule we may
derive [ny/no)G, [n4/n2)G’; [na/n2)T1, y : po AQ[nyg/nan, [ny/no)Ta by : po AQ[ng/ng]ns.

Case UNIT
G,m <p, N2, G';T - triv : ps (p2) @ ng

Trivial.

G,m %pl TLQ;FI_ t 2p2A1@n3 G,m %pl TLQ;FI_ tg:pQAg@ng
G, n1 #pl ng;F [ (tl, tg) 1 P2 (A1 /\p2 Ag) @ n3

This case holds by applying the induction hypothesis to each premise, and then reapply-
ing the rule.

AND

Case

G,m '\<p1 NQ;Fl— t,:pgAd@n;;

- ANDBAR
G,n <p, ng; Fing ' pa (A4 Npy A2) @ ng

Case

This case holds by applying the induction hypothesis to the premise, and then reapplying
the rule.

n' & |G,m <p m, G| |7

(Gym <py 2, G ng <p, 00, ipp Ay @Qn/ =t i py Ay @/
G, m <p NQ,G,;F Fx.t': D2 (Al —py Ag) Q@ ng

First, if n’ ¢ |G,m <p, m2,G'|,|T|, then n’ ¢ |G,G’|,|I'|. Furthermore, we know

that [ng/no]n’ & |[na/n2]G, [na/n2]G'|, |[na/ne]T|, because we know n’ is distinct from

ng by assumption, and if n’ is equal to ng, then n’ ¢ |G,n1 =<p, no, G|, |T| implies

that n; must also be n4, because we know by assumption that G,G’ + mg <p s

Imp

Case
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which could only be derived by reflexivity since n’ ¢ |G,G’|,|T'|, but we know by as-
sumption that n’ ¢ |G,n1 <, ne,G’|[,|T'|, which implies that n’ must be distinct
from nq, and hence a contradiction, thus n’ cannot be ny. Therefore, we know n’ ¢

|[na/n2]G, [na/n2]G'|, |[na/ma]T|.

By the induction hypothesis we know
([na/n2)G, [na/n2]G’, [na/n2lng <py [na/n2]n’);[na/ne|T, z : p2 A1 @Q [na/n2]n’ bt/ : pa Ao @ [ng/ng|n’,
which is equivalent to
([na/n2)G, [na/n2) G’ [na/n2lng <py n');na/mo]l,z i pa Ay @n' =t py Ay @0,
Finally, this case follows by applying the IMP rule using
n' & |[na/ne)G, [na/n2]G', |[ns/n2]T'| and the previous fact.
G,m <p, m2,G' g 5, 0
G,m <p, no, G Tt i pp Ay Qn/ G,m <p no, G Tty i pp Ay @ 1/
G, ny <Xp, HQ,G/;F F <t1, t2> ) (Al — Ag) Q ng

We now by assumption that G, G’ - my <p, M4 holds. So by node substitution for reach-
ability (Lemma B.3) we know [n4/ne]G, [na/n2]G" &= [na/na]ns <35, [na/n2]n’. Now by
the induction hypothesis we know [ng/n2]G, [n4/n2]G’; [na/n2]T F t1 = p2 Ay @ [ng/no]n’
and

[n4/n2)G, [ng/n2]G"; [ng /1)U F o : po A3 @ [ny/ng|n’. This case then follows by applying
the rule IMPBAR to the previous three facts.

Case

IMPBAR

G,m <p, m, G T, y:ppAQngb-t:+C@Qn
G,m <p, m, G T, y:ppAQngkth:—C@Qn

G,m <p; ng,G/;Pl—VLE.t1°t2:p2A@n3

This case follows by applying the induction hypothesis to each premise, and then reap-
plying the rule.

Case

Cur

C.4. Proof of Lemma Substitution for Typing. This proof holds by a straight-
forward induction on the second assumed typing relation.

Gktn <t n

Case 4 ; AX
GTy,y:pCQn,IhFy:pCQn
Trivial.
Case UNIT

G;T1Ftriv:p(p)@Qn

Trivial.
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G;T1 1t :pAQ@Qn G Hth:pB@n
Case — AND
GiI'1F (t,t) :p(Ci Ay Co)@n
Suppose I't = I',z : p; A @ ny,IV. Then this case follows from applying the induction
hypothesis to each premise and then reapplying the rule.

GIhkt:pCyj@n
Case - ANDBAR
G; T |—1ndt:p((]1 Np Cg)@n
Suppose I't = TI',z : p1 A @Q ny,IV. Then this case follows from applying the induction
hypothesis to the premise and then reapplying the rule.

n/ ¢ |G|7|F1|
(Gyn <p n');T,z:pCi@n' Ht:pCr@n/
Case Imp
GiI'iF Xzt :p(Cy —p C2)@Qn

Similarly to the previous case.

GFn <} n'
. G;Th vt :pCi@n G;Fll—té:ng@n’I B
ase MPBAR
G (i, 6) :p(CL =5 Co)@n
Suppose I't = T',z : p; A @ ny,IV. Then this case follows from applying the induction
hypothesis to each premise and then reapplying the rule.

GiTy,y:pCQ@Qnkt:+C' @n
GiTy,y:pCQnkty): —C'@n’
GiTiFvati-th:pCQn

Similarly to the previous case.

Case Cut

C.5. Proof of Lemma Type Preservation. This is a proof by induction on the
form of the assumed typing derivation. We only consider non-trivial cases. All the other
cases either follow directly from assumptions or are similar to the cases we provide below.

GIl,z:pAQnkt:+BQn
Gl,z:pAQnkty: —BQn
Case Cur
G'Fvatista:pAQn
The interesting cases are the ones where the assumed cut is a redex itself, otherwise this
case holds by the induction hypothesis. Thus, we case split on the form of this redex.
Case Suppose v 2.ty « to = v @Ayt « (85, t)), thus, t; = Ay.t{ and o = (t}, ¢5). This
then implies that B = By —4 By for some By and Bs. Then

t=vatyeto =va Ayt (6, ) ~valth/ylt - t) =t

Now by inversion we know the following:
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(" o n" )z p n,y:+b;1Qn L1 :+B2Qn
1) G,(n g4 n");T AQ By@n” k-t By @ n”
for some n” & |G|,|T',z:p AQn|

(2) GiTyz:pAQntt):+B Q@n”
(3) GiTyz:pAQnttf:—By@n"”
(4) GEn' <5 0"
Using (1) and (4) we may apply node substitution for typing (Lemma [6.4]) to obtain
(5) [0 /n"1G; [0 /0" 0,z :pAQn,y: +BQn" -t : + By@n”.
Finally, by applying substitution for typing using (2) and (5) we obtain
n"/n|G;n" /n" D,z D n ylty i + By @Qn'™,
6 " " G " " P A @ '_ té { B @ "
and since n” is a fresh in G and T" we know (6) is equivalent to
(NG;T,x:pAQnt[t5/y|t] : + Bo@n".
Finally, by applying the CUT rule using (7) and (3) we obtain
GiT vty ylt -ty : pAQn.

C.6. Proof of Lemma SN Interpretations. For purposes of this proof and subse-
quent ones, define §(t) to be the length of the longest reduction sequence from ¢ to a normal
form, for t € SN.

The proof of the lemma is by mutual well-founded induction on the pair (A, n), where
n is the number of the proposition in the statement of the lemma; the well-founded ordering
in question is the lexicographic combination of the structural ordering on types (for A) and
the ordering 1 > 2 >4 > 3 (for n).

For proposition (1): assume t € [A]", and show ¢t € SN. Let = be a variable. By TH(2),
z € [A] ™, so by the definition of [A]™, we have

ve.tex € SN

This implies t € SN.

For proposition (2): assume x € Vars, and show = € [A]~. For the latter, it suffices
to assume arbitrary y € Vars and t' € [A]"¢, and show v y.t'« x € SN. We will prove this
by inner induction on §(¢'), which is defined by TH(4). By the definition of [A]*¢ for the
various cases of A, we see that v y.t' < x cannot be a redex itself, as ¢ cannot be a cut. If ¢/
is a normal form we are done. If ¢ ~ ¢”, then we have ¢ € [A]*¢ by Lemma [6.8] and we
may apply the inner induction hypothesis.

For proposition (3): assume ¢ € [A] ™, and show ¢ € SN. By the definition of [A]~ and
the fact that Vars C [A]™¢ by definition of [A] ¢, we have

vy.ye-t €SN

This implies t € SN as required.

For proposition (4): assume ¢ € [A]*¢, and consider the following cases. If t € Vars
or A = (+), then ¢ is normal and the result is immediate. So suppose A = A; — As.
Then ¢t = Az.t’ for some z and ¢ where for all t” € [A;1]*, [t"/z]t’ € [A2]". By IH(2), the
variable z itself is in [A1]T, so we know that ¢’ = [x/z]t' € [A3]T. Then by TH(1) we have
t' € SN, which implies Az.t’ € SN. If A= A; —_ Ay, then t = (1, to) for some t; € [A;]~
and ty € [A2]*. By IH(3) and IH(1), t; € SN and t2 € SN, which implies (#;, %) € SN.
The cases for A = A; A\, A are similar to this one.
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C.7. Proof of Theorem [6.12: Soundness. The proof is by induction on the derivation
of ' . ¢t : p A. We consider the two possible polarities for the conclusion of the typing
judgment separately.

Case CLASSAX
Fz:pAT'F.z2:pA

Since o € [,z : p A,T], o(z) € [A]? as required.

Case - CrLAsSUNIT
[ b triv: + (+)

We have triv € [(+)]7¢ by definition.

Case - CrLAsSUNIT
Ik, triv: — (=)
To prove triv € [(—)], it suffices to assume arbitrary y € Vars and t € [(—)] "¢, and
show v y.t « triv € SN. By definition of [(—)]"¢, ¢t € Vars, and then v y.t « triv is in
normal form.

'kt :+ A I'k.tb:+ B
Case i i CLASSAND
'k, (tl,tg) c+AANL B
By Lemma [G.11], it suffices to show (otq,0t2) € [A Ay B]™¢. This follows directly
from the definition of [A A B]™¢, since the IH gives us ot; € [A]* and oty € [B] ™.

Case Pheti:i-A  Thet: =4 CLASSAND
'k, (tl, tg) i — A1 A_ Ay

It suffices to assume arbitrary y € Vars and t' € [A; A_ A3]™¢, and show vy.t' «
(cti,0t) € SN. If t' € Vars, then this follows by Lemma from the facts that
ot1 € [A1]T and oty € [A2]T, which we have by the IH. So suppose ¢’ is of the form
in, t” for some d and some t” € [A4]T. By the definition of SN, it suffices to show that
all one-step successors t, of the term in question are SN. The proof of this is by inner
induction on §(t”) + §(ot1) + 6(ot2), which exists by Lemma [6.9] using also Lemma
Suppose that we step to t, by stepping t”, ot1, or oty. Then the result holds by the
inner IH. So consider the step

vyingt’« (ot oty) vyt oty

We then have v y.t" «o t; € SN from the facts that t” € [44]" and oty € [Ag] ™, by the
definition of [A4]™.

C k.t + Ay o ANDB
A A
ase Pkeingt:+ Ay A Ag LASSANDEAR
By Lemma [B.I1], it suffices to prove ingot € [A; A_ As]™, but by the definition of
[A1 A Ag]™, this follows directly from ot € [A4]™, which we have by the TH.
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k.t — Ay

Case CLASSANDBAR

Fkeingt: — Ay Ay Ag

To prove ingot € [A1 Ay Ag]™, it suffices to assume arbitrary y € Vars and t' €
[A1 A4+ Ag] ™6, and show v y.t'«ing ot € SN. If ¢’ € Vars, then this follows from the fact
that ot € SN, which we have by Lemmal[6.9from ot € [A4]~ (which the IH gives us). So
suppose t' is of the form (sy, s2) for some s; € [A1]T and sy € [A3] . It suffices to prove
that all one-step successors of the term in question are in SN, as we did in a previous
case above. Lemma [6.9]lets us proceed by inner induction on d(ot)+d(s1) + (s2), using
also Lemma If we step ot, s; or so, then the result holds by inner IH. Otherwise,
we have the step
vy.(s1,8)ingot~vy.sgeot

And this successor is in SN by the facts that sg € [A4]T and ot € [A4]~, from the
definition of [A4]™.

e:+AF.t:+B

Case CrassIMmp

'eXet:4+A—4 B

By Lemma [6.11] it suffices to assume arbitrary y € Vars and ¢ € [A]*, and prove
[t'/z](ct) € [B]". But this follows immediately from the IH, since [t'/z](ot) = (o] —
t')t and o[z — t] € [T,z : + A].

e:—AF.t:—B

Case CrassIMmp

't dzt:—A—_ B

It suffices to assume arbitrary y € Vars and ¢’ € [A —_ B]*¢, and show v y.t'«Az.ot €
SN. Let us first observe that o ¢ € SN, because by the IH, for all ¢’ € [,z : — A],
we have o't € [B]~, and [B]~ € SN by Lemma We may instantiate this with
o[z — z], since by Lemma [6.9] « € [A]~. Since ot € SN, we also have Az.oc t € SN.
Now let us consider cases for the assumption ¢’ € [A —_ B]*¢. If ¢ € Vars then we
directly have vy.t' « A\z.ot € SN from Az.oct € SN. So assume t' = (t1, to) for some
t1 € [A]” and ty € [B]'. By Lemma again, we may reason by inner induction on
d(t1) + 6(t2) + 0(ot) to show that all one-step successors of v y.(t;, t2) « \z.o t are in SN,
using also Lemma[6.8l We can see that t1, to, and ot are structurally smaller, and hence,
if any one of them steps, then the result follows by the inner IH. So suppose we have
the step
vy (t, o) e Az.ot ~ vy.to«[t1/z](0t)

Since t; € [A] ™, the substitution o[z — ¢;] isin [,z : — A]. So we may apply the IH to
obtain [t1/z](ot) = oz +— t1] € [B]~. Then since to € [B]*, we have v y.ts « [t /z](0 t)
by definition of [B]*.

k.ot —A I'k.tb:+B

Case CrassIMPBAR

'k, <t1, t2> L+ (A —_ B)

By Lemma [6.17] as in previous cases of positive typing, it suffices to prove (o t1,0 t3) €
[A —_ B]*¢. By the definition of [A —_ B]"¢, this follows directly from ot; € [A]~
and oty € [B]", which we have by the TH.
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k.t + A I'k.tb:—B
Case CLassIMPBAR
I |—C <t1, t2> L= (A — B)
It suffices to assume arbitrary y € Vars and t' € [A —, B]'¢, and show vy.t’ -
(o t1,0 t2) € SN. By the TH, we have ot; € [A]T and oty € [B]~, and hence ot; € SN
and oto € SN by Lemma If ¢ € Vars, then these facts are sufficient to show the
term in question is in SN. So suppose t' = Ax.t3, for some x € Vars and t” such that
for all t4 € [A]™", [ts/z]ts € [B]T. By similar reasoning as in a previous case, we have
ts € SN. So we may proceed by inner induction on §(t1) + d(t2) + 0(t3) to show that all
one-step successors of v y.\z.t3+ (0 ty,0 tp) are in SN, using also Lemma[6.8 We can see
that t3, ot1, and oty are structurally smaller, and hence, if anyone of them steps, then
the result follows by the inner IH. So consider this step:

I/y.)\x.tg . <O’ t1,0't2> ~ I/y.[O' tl/x]tg 'O'tg

Since we have that ot; € [A] ™, the assumption about substitution instances of t3 gives
us that [ot1/z]ts € [B]*, which is then sufficient to conclude v y.[o t1/z|t3 + 0ty € SN
by the definition of [B]*.

I'e:—AF. 4t :+ B Ie:—AF.t:—B
Case CrassCuT
I'tevetioth:+ A

It suffices to assume arbitrary y € Vars and ¢’ € [A]~, and show vy.(vx.oty <o ty) »
t' € SN. By the IH and part 2 of Lemma [69] we know that oty € [B]" and oty €
[B]~. By Lemma again, we have t' € SN, ot; € SN, and oty € SN. So we
may reason by induction on §(t') + d(ot1) + §(ot2) to show that all one-step successors
of vy.(vz.oty «oty)+t' are in SN, using also Lemma We can see that t', otq,
and ots are structurally smaller, and hence, if any one of them steps, then the result
follows by the inner TH. The only possible other reduction is by the RBETAL reduction
rule (Figure §). And then, since ¢ € [A]~, we may apply the IH to conclude that
[t'/z](ct1) € [B]" and [t'/z](ot2) € [B]~. By the definition of € [B], this suffices to
prove v y.[t'/z]o ty « [t'/z]o to € SN, as required.

ae:—AF.t1:+ B Ie:—AF.tb:—B
Case ’ chit ’ c® CrassCut
I'tovetiotp: — A

It suffices to consider arbitrary y € Varsand ¢’ € [A]™, and show v y.t'«(vz.0 t1+0 ty) €
SN. By the IH and part 2 of Lemma [6.9, we have ot; € [B]" and oty € [B]~, which
implies ot; € SN and ots € SN by Lemma again. We proceed by inner induction
on §(t') + 6(ot1) + d(ote), using Lemma [6.8 to show that all one-step successors of
vy.t'e(v.otyeotp) are in SN. We can see that ¢, ot1, and oty are structurally smaller,
and hence, if any one of them steps, then the result holds by inner IH. The only other
reduction possible is by RBETAR, since t' cannot be a cut term by the definition of
[A]"¢. In this case, the IH gives us [t'/z]ot; € [B]" and [t'/z]ots € [B] ™, and we then
have v y.[t'/z]o t; + [t'/x]o t2 € SN by the definition of [B]™.

This work is licensed under the Creative Commons Attribution-NoDerivs License. To view
a copy of this license, visit http://creativecommons.org/licenses/by-nd/2.0/ or send a
letter to Creative Commons, 171 Second St, Suite 300, San Francisco, CA 94105, USA, or
Eisenacher Strasse 2, 10777 Berlin, Germany
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